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The carboxylic acid-pyridine supramolecular heterosynthon 
can be exploited to predictably generate binary crystalline 
phases involving me-ibuprofen, rac-flurbiprofen or aspirin. 

The concept of crystal engineering was originally introduced in 
the context of stereochemical control of photochemical reac­
tions, 1 but it has subsequently been shown to have wider 
implications for materials science. In the context of pharmaccu­
Licals, there are imponant process and intellecLUal property 
implications related to control and reproducibility of composi­
tion and polymorphism.2 ,3 In this contribution, we focus upon 
how crystal engineering can be applied towards small organic 
molecules and generation of novel pharmaceutical composi­
tions. This study is premised on the assumption that pharmaceu­
tical molecules are inherently predisposed for such studies since 
they contain exofunctional supramolecular synthons.4 

Supramolecular synthons that are based upon hydrogen 
bonds represent a prototypal tool for crystal engineering5 and 
can be readily categorized as illustrated in Scheme 1: 'supramo­
lecular homosynthons' from self-complementary moieties, e.g. 
the dimer formed by carboxylic acids, I; 'supramolecular 
heterosynthons' from two or more components, e.g. the dimer 
formed by pyridines with single or multiple carboxylic 
acids,6 --IO II. 

Hctcrosynthon II has previously been exploited for liquid­
crystalline materials,7 two-dimensional beta networks,7 two­
dimensional corrugated sheets9 and 'ternary supermolecules' 10 

and similar heterosynthons have been used as templates for 
control of solid-state reactions.1 1 We herein extend its use to the 
realm of pharmaceutical molecules by forming novel composi­
tions of ibuprofen, 12 flurbiprofen, 13 and aspirin. 14 

Supramolecular complexes A-D form when me-ibuprofen, 
rac-flurbiprofen or aspirin are crystallized in the presence of 
dipyridyls: (ibuprofen)z(4,4'-bipyridine), A (Fig. l); (flurbipro­
fen)2(4,4'-bipyridine), B, (Fig. 2); (t1urbiprofen)2 (trans­
l,2-bis(4-pyridyl)ethylene), C (Fig. 2); (aspirin)z(4,4'-bipyr­
idinc), D (Fig. 3); A-D were characterized by FT-IR 
spectroscopy, XRPD. DSC, TGA and single crystal X-ray 
diffractiont . The crystal structures of A-D exhibit the expected 
2 : 1 stoichiometries because of heterosynthon II. The resulting 
3-component adducts are centrosymmetric for A-C and exhibit 
herringbone packing patterns of the type seen in the pure 
phases.12,13 All hydrogen bonds in A-C are consistent with 
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expected values, 15 -- 18 including the C-II···O interaction19,20 that 
affords rigidity to this supramolecular heterosynthon and helps 
to explain tl1e similarity between the crystal packing ofA-C and 
the pure pharmaceutical phases. 

The 3-component supramolecular adduct formed between 
aspirin and 4,4-bipyridine differs from A-C in that the 4,4'­
bipyridine molecules are twisted with a torsion angle of 39° 
rather than planar and the planes of the C 6 rings in the aspirin 
molecules are oriented with a torsion angle of ca. 54°. This 
precludes formation of a centrosymmetric supramolecular 
adduct and results in dramatically different crystal packing. The 
crystal packing of adducts of D results in a channel inclusion 

Fig. 1 The 3--component adducts present in pure ibuprofen and A (above); 
the herringbone crystal-packing pattern seen in A (below). 
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Fig. 2 The 3-component adducts present in pure flurbiprofen. B and C 
(above); the herringbone crystal-packing pattern seen in C. which is 
isostruclural with B (below). 
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J<'ig. 3 The '.\-component adducts present in pure aspirin and n (above); the 
open framework c1ystal packing pattern seen in D (below). The hourglass 
channels have effective dimensions as follows: 4.7 A in height; 2.4 A wide 
at the narrowest point (middle); 2.7 A wide at the widest point (top & 
bottom). 

compound, presumably lemplated by the presence of hexane 
during crystallization (Fig. 3). A review of the crystallographic 
literature revealed that 4,4-bipyridine moieties exhibit torsional 
flexibility in other circumstances.15 

In conclusion, supramolccular heterosynthons can be ex­
ploited for generation of binary crystals that contain pharmaceu­
tical components and, furthermore, the nature of the non­
pharmaceutical component can dramatically affect crystal 
packing and, therefore, physical properties. For example, the 
melting points for A-C are higher than their pure individual 
components, and the melting point of D, a phase that exhibits 
dramatically different crystal packing, has a lower melting point 
than its pure individual components.:!: 

Whereas A-D should only be regarded as model compounds, 
we believe that the observations reported herein could have 
broad implications for the formulation of pharmaceuticals since 
control of composition can in appropriate circumstances now be 
regarded as being addressable via a supra.molecular relro­
synthetic21 approach. Further studies will focus upon multiple 
component crystalline phases that will be designed and 
optimized for improved pharmaceutical performance and 
contain components that are generally regarded as safe (GRAS) 
by the FDA. 22 -

M. Z and N. R. H. gratefully acknowledge support from the 
Vahlteich Research Award from the College of Pharmacy, 
University of Michigan. 

Notes and references 
t Synthesis and data: A---C were prepared by dissolving the pharmaceuti­
cal and bipyridine molecules in a 2 : 1 ratio in acetone and slow 
evaporation. D was prepared by dissolving aspirin and 4,4' -dipyridyl (2 : 1) 
in hexane and addition of diethyl ether. FT-IR spectra confirmed that 
deprolonalion did nol occur. Single crystal X-ray diffraction data for A-D 
were collected on a Brnker SMART-APEX CCD Diffractometer. Diffracted 
data were corrected for absorption using the SADABS 23 program. 
SHELXTI,24 was used for the strncture solution and refinement was based 
on IFl2 . All non-hydrogen atoms were refined anisotropically. Carboxylic 
acid protons were located and refined with isotropic thermal parameters 
whereas the remaining hydrogen atoms were fixed in idealized positions 
and refined isotropically with thermal parameters based upon the corre­
sponding carbon atoms [U (H) = 1.2 Ueq (C)J. In Band C the fluorine atom 
was disordered between the 2 and 6 positions of the benzene ring with the 
major component having ~ 70% occupancy. Calculated and experimental 
XRPD patterns for A-D are consistent with single crystals being 
representative of the bulk phases. 

Crystal data for A: C'.:;6H4 4'""12O4 , M = 568.73, triclinic, space group P 1; 
a = 5.759(3), b = l 1.683(6), c = 24.705(1 I) A, a = 93.674(11), /3 = 
90.880(10). y = 104.045(7) 0

, U = 1608.3(13) A.3 , T = 200(2) K. Z = 2. 
p(Mo-KCY) = 0.076 mm- 1. [) 0 = l .174 Mg m-3 , A = 0.71 OD A.3 • F(OOO) 
= 6l2, 20max = 23.29°. 5208 reflections measured, 3362 unique (R,nt = 
0.0826). Final residuals for 399 parameters were R 1 = 0.0964, wR2 = 
0.2510 for I > 2c;/J), and R1 = 0.1775, wR2 = 0.2987 for all 3362 data 
. C,ystul dutu for B: C40H,4 F 2 N 2 0 4 M = 644.69, monoclinic P2i/n; a = 
5.860(4), b = 47.49(3). c = 5.928(4) A, /J = 107.382 (8) 0

, U = l 574.3(19) 
A', T = 200(2) K. Z = 2, p(Mo-KCY) = 0.096 mm·· 1, D 0 = 1.360 Mg m"""'3• 

A = 0.71073 A3 , F(000) = 676, 20rnax = 21.69°. 4246 reflections 
measured, 1634 unique (R1m = 0.0677). Final residuals for 226 parameters 
were R1 = 0.0908, wR2 = 0.2065 for/ > 2c;(l), and R 1 = 0.1084, wR2 = 
0.2209 for all 1634 data. 

Crystal data for C: C 42H 3 e;F2 N 2 0 0 • 11-1 = 670.73, monoclinic P21/n; a = 
5.8697(9), b = 47.357(7), c = 6.3587(10) A, /J = 109.492(3) 0

, U = 
1666.2(4)A.3 , T = 200(2) K, Z = 2, p(Mo-K,x) = 0.093 mm 1, D 0 = 1.337 
Mg m··3 • A= 0.71073 A3, F(000) = 704, 20max = 21.69°. 6977 reflections 
measured, 2383 unique (R1m = 0.0383). Final residuals for 238 parameters 
were R1 = 0.0686, wR2 = 0.1395 for I > 2c;(F). and R 1 = 0.1403. wR2 = 
0.1709 for all 2383 data. 

Crystal data for D: C 28H 2 4-1'1 2 0 8 • ld = 5l6.49, orthorhombic Pbcn: a = 
28.831(3), b = 11.3861(12), c = 8.4144(9) A. U = 2762.2(5) A3, T = 
173(2) K, Z = 4, p(Mo-K<X) = 0.092 mm-1, De= 1.242 Mg m-:1, A = 
0.71073 A.3 , F(000) = 1080. 20max = 25.02°. 12431 reflections measured, 
2433 unique (R,n, = 0.0419) Final residuals for 202 parameters were R1 = 
0.0419. wR2 = 0.1358 for l > 2mJ), and R1 = 0.0541, wR2 = 0.1482 for 
all 2433 data. 

CCDC 188913--188916. See http://www.rsc.org/suppdata/cc/b2/ 
b208574g/ for crystallographic files in CIF or other electronic format. 
!;Melting points (°C): A: 117-120; B: 155-160; C: 153-158; D: 91-96; 
aspirin: 133--135: ibuprofen: 77--78; ilurbiprofen: 113--114: 4,4'-bipyricline: 
1 I I --114; trans- l ,2-bis(4-pyridyl)ethylene: 150---153. 
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Understanding and Control of Nucleation, Growth, Habit, Dissolution and Structure of 
Two- and Three-Dimensional Crystals Using 'Tailor-Made' Auxiliaries 
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(Rectived 24 March 1994, accep1td 25 Oc/Ober 1994) 

Abstract 

Tailor-made auxiliaries for the control of nucleation and 
growth of molecular crystals may be classified into two 
broad categories: inhibitors and promoters. Tailor-made 
inhibitors of crystal growth can be used for a variety of 
purposes, which include morphological engineering and 
etching, reduction of crystal symmetry, assignment of 
absolute structure of chiral molecules and polar crystals, 
elucidation of the effect of solvent on crystal growth, 
and crystallization of a desired polymorph. As for crystal 
growth promoters, monolayers of amphiphilic molecules 
on waler have been used lo induce the growth of a variety 
of three-dimensional crystals at the monolayer-solution 
interface by means of structural match. molecular com­
plementarity or electrostatic interaction. A particular 
focus is made on the induced nucleation of ice by mono-

vslie uiserowitz obtained his PhD in 1966, working on thtr­
mochromy in the group of the /au Gerhard Schmid/ al the 
WeizmaM lns1itute of Science. ffe then moved 10 the Organic 
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PhD in 1967 in so/id-stalt chemistry. also in Gerhard Schmidt's 
rtsearch group. He did postdoctoral research with Paul Barrie/I 
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for th,: design of syslt!ms for the generation and amplifica1ion 
of optical activity via crys1al!ization. Ji was during this puiod 
rhar the l.aha¥-l..t:iserowi1z collabormion s1arred, wi1h studies 
of photochemical reactions in solids. This team-work continued 
wilh a study of crystal 11uclea1ion, growth and dissolution in the 
presence of tailor-made awr.iliaries. Roni1 Popovilz-Biro received 
her PhD in soiid-s1a1e chemisrry in 1979, working in the research 
group of M. lAh.av. After a postdoctoral period ar rhe Universiry 
cf California she returned 10 the Weizmann lnstitule. She has 
since directed her efforts al the oriented growth of crystals 
via Lang,m,ir monolayers and rite design of multilay" films. 
Jsabel/t Weissbuch received her PhD in chemistry in 1985 at the 
Weizmann institute of Science. She has continued to work at the 
WeizmaM Institute where her main inures/ has bun solid-stale 
chemistry, with emphasis on the design and use of auxiliaries for 
the control of crystal nucleation, morphology and polymcrphism, 
as well as struc1ure determination of mono- and multilayer films. 
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layers of water-insoluble aliphatic alcohols. The 1wo­
dimensional crystalline structures of such monolayers 
have been studied by grazing incidence X-ray diffrac• 
lion. It has become possible to monitor, by this method, 
the growth, dissolution and structure of self-aggregated 
crystalline monolayers. and indeed multilayers, affected 
by the interaction of solvent molecules in the aqueous 
subphase with the arnphiphilic headgroups, and by the 
use of tailor-made arnphiphilic additives. 

l. Introduction 

Although crystals and crystallization as a process play 
an important role in pure and applied science, our 
ability to design crystals with desired properties, and 
our control over crystalli:z.ation based on structural un­
derstanding are still limited. Indeed our ignorance or the 
overall process of crystal growth is brought lo the fore 
by comparison with the controlled crystal growth pro­
vided in biomineralization. Organisms can mold crystals 
of specific morphologies, sizes and orientations in the 
form of composites of minerals and organic materials 
with characteristics vastly different from those of !heir 
inorganic counterparts (Ll:iw~nstam & Weiner. 1989; 
Addadi & Weiner, 1992). Nevertheless, the technological 
advances in controlling the microstructure of inorganic 
materials on the subnanometer scale have led 10 tremen• 
dous success in the- preparation of ceramics, synthetic 
layered microstructures and semiconducting materials. 
Paradoxically, advances in the field of organic materials 
have not been as striking, although the techniques for 
lhe preparation of films such as Langmuir-Blodgett and 
self-assembled multilayers on solid support hold promise 
as pyroelectric, piezoelectric and frequency doubling 
devices etc. The thread that binds these diverse topics 
involves molecular interactions at interfaces. 

The surfaces of a growing crystal can be thought of as 
composed of 'active sites' which interact s1ereospecifi­
cally with molecules in solution, in a manner similar 
10 enzyme-substrate or antibody-antigen interactions. 
The repetitive arrangements at crystal surfaces, and the 
knowledge we have of their structures, offer simpler 
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means to pinpoint molecular intenctions. It is possible to 
use the concept of molecular recognition at interfaces to 
address open questions in the areas of crystal nucleation 
and growth. crystal polymorphism, and interactions wilh 
the growth environment. 

Landmark papers for the prediction of crystal mor­
phology were provided by Hartman & Perdoli; ( l 955a)J), 
Hartman (1973) and Hartman & Bennema (1980), who 
laid the ground rules for a quantitative determination 
of crys!Al morphology, based on the internal crystal 
structure. Regarding the effect of additives and solvent 
on crystal grnwlh and morphology, a variety of important 
experimental studies have been reported in the latter half 
of lhis century. For example, Wells (1946) perfonned 
elegant experiments particularly on polar crystals to 
demonstrate the effect of solvent on crystal growth 
and shape. Changes in habit induced in NaCl crystals 
by the presence of o-amino acids were reported by 
Fenimore & Thraikill ( 1949). Buckley (I 951) described 
a variety of crystal habit modifications, in particular the 
effect of dyes which led to changes in morphology and 
to colored inclusions known as hourglass or Maltese 
cross shapes, Whetstone (l 954) explained the nature 
of such dye ndsorption phenomena in inorganic crys­
tals. He invoked a structural match involving Coulomb 
interactions between the additive and the structure of 
the crystal surface onto which adsorption occurred. ln 
the case of molecular crystals, the sugar technologists 
(Smythe, 1967, 1971; van Hook, 1968, 1981; Mantovani, 
Gilli & Faglioli, 1967) studied the effect of raffinose 
on the growth of sucrose during extraction of the lat• 
ter from molasses. By carrying out kinetic studies, 
they established that raffinose hinders growth along 
specific directions of sucrose crystals and proved the 
presence of its selective occlusion. The control, however, 
on nucleation, growth, dissolution and morphology of 
molecular crystals remained primarily a matter of 'mix 
and try'. There was no general approach for the design 
of additives targeted for binding 10 particular crystalline 
phases or preselected faces of any crystal. It was not, and 
still is not, possible to wield the exquisite control mother 
nature exerts in the field of biological mineralization. 

In recent years a stereochemical approach has been 
adopted involving the growth and dissolution of molec­
ular crystals in the presence of 'tailor-made• auxil­
iaries, which interact with specific crystal faces and 
may be crystal growth inhibitors or nucleation promoters 
(Addadi et al., 1985; Weissbuch, Addadi, Lahav & 
Leiserowitz, 1991). With the assistance of such molec­
ular auxiliaries it is possible to examine a variety of 
processes. We list first those which have involved crystal 
growth inhibitors. Crystals may be engineered with de­
sired morphologies (Berkovitch-Yellin, Addadi, Jdelson, 
Lahav & Leiserowitz, 1982). A correlation may be made 
between the chirality of tailor-made additives and the 
macroscopic properties of affected host crystals. By such 

means, the absolute configuration of chiral molecules 
or polar crysl.8.ls may be assigned (Addadi, Berkovitcb­
Yellin, Weissbuch, Lahav & Leiserowitz., 1986). With 
occlusion of the additive into the crystal, the sym­
metry of the crystal may be reduced, thus making 
a 'centrosymmetric' crystal emit a second hannonic 
signal on irradiation with a laser beam (Weissbuch, 
Lahav, Leiserowitz, Meredith & Vanherzeele, 1989). 
Molecular crystals can be etched at desired faces on 
dissolution (Shimon, Lahav & Leiserowit.z, 1985, 1986) 
and the effect of solvent on crystal growth may be 
elucidated (Wireko et al., 1987; Shimon, Vaida, Addadi, 
Lahav & Leiserowiu, 1990, 1991). Crystallization of a 
desired phase may be induced for the resolution of chiral 
molecules (Addadi, van Mil & Lahav, 1982; Addadi, 
Weinstein, Gali, Weissbuch & Lahav, 1982). or for 
the precipitation of a polar crystal polymorph (Staab, 
Addadi, Leiserowitz & Lahav, 1990). 

With tailor-made auxiliaries in the form of crystal 
nucleation promoters it has proven possible to engineer 
two-dimensional crystalline monolayers composed of 
amphiphilic molecules on aqueous solutions to induce, 
by epitaxy, nucleation of crystals at the. .,,onolayer­
solution interface (Landau, Popovitt-Biro, Levanon, 
Leiserowitz. & Lahav, 1986; Landau et al., 1989) and, as 
a corollary, lo acquire information relevant to the mecha• 
nism of nucleation of crystals in biological environments 
(Mann, 1988; Mann, Heywood, Rajam & Birchall, 
1988). The crystallinity of such Langmuir mono­
layers on the water surface has been demonstrated by 
grazing incidence X-ray diffraction measurements, also 
leading to structure determination almost at the at,omic 
level (Jacquemain et al., 1990). The knowledge acquired 
from such induced crystallization and diffraction 
experiments led to the use of alcohol monolayers for 
induced nucleation of ice (Gavish, Popovitz•Biro, Lahav 
& Leiserowitz, 1990; Popovitz-Biro, Wang, Majewski, 
Leiserowit.z & Lahav, 1994; Wang et al., 1994). The 
monolayers on the liquid surface can also be used for 
studying the effect of solvent on the formation, growth 
and structure of polymorphic arrangements of two­
dimensional crystallites, information not easily deduced 
from lhree-dimensional crystals. 

Here we present a birds-eye view of all these different, 
yet connected, topics. 

2. Morphological crystal engine-ering 

The habit of a crystal is defined by the relative rates of 
its growth in different directions; the faster the growth in 
a given direction, the smaller the face developed perpen• 
dicular thereto. Consequently, when growth is inhibited 
in a direction perpendicular to a given face, the area 
of this face is expected to increase relative to the areas 
of other faces of the same crystal. Differences in the 
relative surface areas of the various faces car. therefore 
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be directly correlated to the inhibition in different growth 
directions. Dramatic morphological changes observed 
during the growth of organic crystals in the presence 
of additives revealed a high degree of spedficity in 
the interaction of the foreign material with the different 
structures of surfaces of the crystalline matrix. Such a 
change in crystal morphology is depicted in Scheme 1. 

y ~8 = A==l> ~ ~ 

SlertosclecllVC ad,orplion 8 
of additive inhibiu the 

un1flce1ed cryml growlh growth or the 8 race, arrcc,ed Cl)ISl.al growth 

t1tc or grow1h o( B>A ra1t or growth of A > II 

Scheme I. 

As mentioned previously, the role played by im­
purities on the habit modification of crystals (Kem, 
1953) has long attracted the attention of crystal growers. 
However. such studies did not. in the main, involve 
morphological change by design. This became possi­
ble with the use of 'tailor-made' additives. From a 
systematic study of a variety of organic compounds 
crystallized in the presence of additives of molecular 
structure similar 10 the structures of the correspond· 
ing substrate molecules (Addadi et al., 1985), and so 
labeled 'tailor-made• additives (or auxiliaries), it was 
possible to deduce a stereochemical correlation between 
the structures of the affected crystal surfaces and the 
molecular structure of the additive. We could infer that 
the 'tailor-made' additive is adsorbed on the growing 
crystals, but only at certain surfaces and then wilh the 
part of the adsorbate that differs from that of the substrate 
emerging from the crystal. This selective adsorption of 
!he tailor-made additive at crystal faces and concomitant 
inhibition of their growth is depicted in Scheme 2. Once 
this mechanism was established, it became possible to 
exploit it to systematically modify the morphology of 

Scheme 2. 

crystals by tailoring additives lhat bind at preselected 
faces and thus inhibit growth in a predictable manner. 

Benz.amide, Ct.HsCONH2, provides an example where 
the host-additive interactions at the growing solid-liquid 
interface can be pinpointed and correlated with 
the change in crystal morphology (Berkovitch-Yellin, 
Addadi, ldelson, Lahav & l.eiserowitz., 1982). This 
compound crystallizes from ethanol as plates [Fig. l(a)], 
in the monoclinic space group P2i/c. The molecules in 
the crystal fonn hydrogen-bonded cyclic dimers, further 
interlinked by hydrogen bonds to yield ribbons parallel 
to the b-axis [Fig. 2(a)J. The ribbons are stacked along 
lhe 5.6 A a-axis to form sUible (001) layers. These tightly 
packed layers juxtapose along the c-direction, interacting 
via weak van der Waals interactions between phenyl 
groups, thus accounting for the {001) plate-like shape 
of the crystals. Be1120ic acid additive, Ct,H5COOH, 
adopting the stable O=C--OH synplanar conformation, 
can replace a molecule of benzamide at the end of a 
ribbon [Fig. 2(a)). however, at the site of the additive, 
an attractive N-H · • •O bond ( - 25 kj mo1-1) is replaced 
by repulsion (4-8 kj mol-1) between adjacent oxygen 
lone-pair electrons of the bound additive molecule and 
of the oncoming benzamide molecule, leading to an 
overall loss in energy of 29-33 kj mol" 1 (Berkovitch­
Yellin et al., 1985). As predicted, the presence of 
benzoic acid in solution inhibits the growth of the 
benzamide crystals along b, transforming lhe pure 
plate-like crystals into needles elongated along the 
a-axis [Fig, l(b)]. Inhibition of growth along the a­
direction was accomplished by adding o-toluamide, o­
H3CC6H.CONlh, to the crysUilliz.ation solution. The 
crystals consistently grew as ban elongated in b [Fig. 
l(c)J. The additive o-toluamide can easily be adsorbed in 
the hydrogen-bonding chain without disturbing growth 
in the ~irection. The o-methyl group emerges. from 
the (104) side face (Fig. 2(b)J, and thus interferes with 

Fig. I. Cryst.als of bc:nwnide: (al pure, (bHd) grown in the presence 
of additives: (I,) bcnz.oic acid, (c) o-totuamide and (d) p--wluamide. 
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growth in the a-direction, along which the dimers are 
stacked. The relative orientation of benz.amide at the 
f 001 l faces is shown in Fig. 2(c). Thinner and thinner 
plates (Fig. l(d)I are obtained by adding increasing 
amounts of p-toluamide, p-H3CC6~CONH2, whose p­
methyl substiruent perturbs the already weak van der 
Waals interactions between the phenyl layers in the c• 
direction (Fig. 2(c)J. 

The present approach which is based upon specific 
molecular interactions at the solid-liquid interface was 
applied to a variety of molecular crystals, including a­
amino acids, dipeptides, primary and secondary amides, 
carboxylic acids, sugars, steroids etc. It therefore appears 
to be general and has since been successfully applied 
to a large class of materials, be they organic (Lewi.as, 
Tack, Beiny & Mullin. 1991; Skoulika, Michaelidis 
& Aubry, 1991: Antinozzi, Brown & Punch. 1992), 
inorganic {Black et al., 1991: Cody & Cody, 1991: 
Ristic, Sherwood & Wojeshowski, 1994) or biological 
(Markman, Elias. Addadi, Cohen, & Berkovitch-Yellin, 
1992). 

3. 'Tailor-made' etchants for organic crystals 

Growth and dissolution are not reciprocal processes. 
Growth forms are bound by the slowest growing faces, 

' , ·0-C-)-Ql i • I : i ! S A axis 

substrate\ °1'~·-·;~ · 
l o-t··>-0 

t .... ~;, \ irowmg t.lln:cuon 
. . --f·•·.,~ 1 of crystal 
,mpunty -~, .•. .,r -..., 

,-rcpul,ion 
. .: 

(001} 

(OOi) 
(c) 

Fig. 2. (a) Scbematic representation ol !he ribbon motif of hydrogen• 
bonded dimers of bcn.umidc molecules interlinl<ed along Ille 51>-uis, 
showing the effect oi benwic acid illhibiting growth along the b­
direclioo, (b) Packing ammgement of benzamide, viewed along the 
l>-uis. showing !he effect of o-toluamidt inhibiting growlh along Ille 
a-direction. (c} Packing anangem<nt of bcnumide, viewed along the 
b-axis, showing 111<: effect of p-1olu1midc inhibiting growth along the 
c-direction. 

dissolution forms by the fastest dissolving directions (de 
Boer. 1993). Nevertheless, we found that a 'tailor-made' 
inhibitor of growth of a given crystal face affects the rate 
of dissolution of !hat same crystal face (Shimon, Lahav 
& Lciserowitz, 1985. 1986). 

It has long been recognized that partial dissolution of 
crystals in the presence of additives may induce the for­
mation of well shaped etch-pits on particular faces of the 
crystal. For example, when crystals of caJcite were par­
tially dissolved in the presence of D· or t-tartaric, -malic 
or -lactic acids, etch-pits with enanl.iomorphous shapes 
were observed (Honess, 1927). Owing to the complexity 
of the etching mechanism, no simple model involving a 
stereochemical correlation between lhe structure of I.he 
etchant, that of the to-be-etched face, and the symmetry 
and the geometry of the etch-pit, had been evolved, so 
that selection of etcharits was done generally by trial 
and error. 

Crystal dissolu1ion invariably begins at sites of emerg. 
ing dislocations (Hom. 1952; Gevers, Amelinckx & 
Dekeyser, 1952). Al such sites more than one type 
of facial surface is exposed to the solvent. When an 
additive that binds selectively to a given face of the 
crystal is present in the solu1ion, the crystal dissolves 
in different directions al rates that differ from those in 
the pure solution. Subsequenlly, e1ch-pits are formed 
at the dislocation centers on those faces at which the 
additives are bound. lt is also correct to say ihat there is a 
difference between etching and dissolution. By inhibiting 
the latter, the former is made more prominent. The 
possibility of designing molecules which can interact 
s1ereospecifically with a given face of a crystal should, 
in principle, make those molecules efficient etchants of 
the face. Therefore, it was anticipated that the same 
molecules, which act as 'tailor-made' growth inhibitors 
of a given face, operate as 'tailor-made' etchants of 
the same face when the crystal is partially dissolved. 
The generality of this approach was tested on several 
molecular crystals (Shimon, Lahav & Leiserowit:i, 1985, 
1986), which we illustrate with one example. 

We consider the packing characteristics of the o­
form of glycine, •H3NCH2COi, a prochiral molecule 
containing two H atoms at the central C atom that 
are enantiotopic, namely, replacing one of these H 
atoms by a different group yields a chiral molecule. 
a-Glycine packs in an arrangement [Fig. 3(a}l of space­
group symmetry P2ifn. Of lhe four symmetry-related 
molecules [1, 2, 3 and 4, Fig. 3(a)J, (I) and (2), related 
by twofold screw symmetry. have their C-H.., bonds 
pointing in the +b-direction and emerging from the 
(0IO) face. By symmetry, molecules (3) and (4), related 
to (l) and (2) by a center of inversion, have their 
C-Hti* bonds pointing toward -b and emerging from 
the (0i0) face. Only the (R)-amino acid additives 

• Note that we have used the !'relog & Hc!mchen {1982) nomenclallirC 
to specify the diastcreo1opic C-H ligands. 
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can substitute a glycine molecule at the (I) and (2} 
sites, and then only on !be (010) face, while only (S)­
amino acids can be adsorbed at sites (3) and (4) on 
the (010) face. This constraint arises from the steric 
requirement 1hat the additive molecule be recognized 
on the {0101 surfaces as a 'host' molecule so that the 
o-amino acid side chain can replace the H atom of 
glycine only al the C-H bond emerging from the crystal 
surface. Otherwise. repulsion would occur between the 
additive and the surrounding molecules on the crystal 
surface. a-Glycine crysulli:zes from water as bipyramids 
[Fig. 3(b)l. Crystallization experiments in the presence 
of (R)-o-amino acid additives led to the formation of 
pyramids witb a (0IO) basal plane, because growth in 
the +b direction is inhibited [Fig. 3(c)]. (S)-o-Amino 
acid additives induce the enantiomorphous morphology 
[Fig. 3(d)]. Racemic o:-amino acid additives cause the 
formation of 10101* plates [Fig. 3(e)], because growth 

• Nole that the symbol Ink/I refers to all the symmetry-related faces, 
whereas (hk/l refers 10 only the face specified by hJ.I. 

(010) 

(OiO) 

(a) 

{b) (c) (d) (t) 

Fig. 3. (a) Paclc.ing amngement of <>•glycine viewed along the a-axis 
showing I.he four symme1ry•rclated molecules: !he C-H,. bonds, 
almost parallel 10 b, or the molecules point wwanis the (010) face 
and the corresponding C-HM bonds towards lhc (Oio) face. (b}-(e} 
Crystal morphologies of a-glycine when grown in the presence 
of: (!>) no additive. (t) R-a-amino acids, Id) S-o-omino acids and 
(e) raccmic <>-amino acid additives. 

at both the +band -b sides of I.he crystal is inhibited 
(Weissbuch et al., 1983). 

The faces relevant to the etching process are of lhe 
type {010). being those inhibited on growth. Plate• 
like crystals of glycine with such well developed faces 
were submitted to partial dissolution in an undersatu­
rated solution of glycine containing variable amounts 
of other o-amino acids. ln the presence of racemic 
additive, the rate of dissolution was much slower than 
in their absence. Moreover, the inhibition was more 
pronounced, the bulkier the additive side chain (Shimon, 
Lahav & Leiserowitz, 1986; Shimon, Zbaida, Addadi, 
Leiserowitz & Lahav. 1988). When resolved R-alanine, 
•H3NCH(CH3)CO2, was present in the solution, well 
developed etch-pits were formed only on the (010) face 
[Fig. 4(a)]. These pits exhibit twofold morphological 
symmetry with surface edges parallel to the a- and c• 
axes of the crystal. The enantiotopic (0i0) face dissolved 
smoothly [Fig. 4(b)], exactly as ii does when the crys­
tal is dissolved in an undersaturated solution of pure 
glycine. As expected, S-alanine induced etch-pits on the 
(010) face. Racemic alanine etched both opposite {OlOf 
faces. The well established role played by dislocations 
for inducing etch-pit formation was also demonstrated. 
A pure crystal of glycine was cleaved through its basal 
plane to expose the (0IO) and (0i0) faces. These two 

(a) lb) 

(C) 

Fig. 4. Opiical microscope photographs or the 10101 faces of an o· 
glycine crystal after etching: (a) and (b) !he (010) and (OiO) laces as 
etched by R-alanine: (r) and tdl the (010) and (OiO) faces of• cleaved 
crystal after cu:hing with racemic alanine. 
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parts of the crystal, on being etched with racemic alanine 
additive, displayed etch-pits in equivalent regions of the 
two cleaved faces [Figs. 4(c) and (d)J. 

The same type of chiral selectivity holds for an enan• 
tiomorphous pair of crystals dissolved in the presence 
of a chiral-resolved molecule, when only one of the 
enantiomer:s is etched. Such enantioselective etching 
experiments provide a simple method of differentiating 
between enantiomorphous single crystals which do not 
express hemihedral faces. The method has been demon­
strated for a class of racemic o-amino acids !hat crys­
tallize as conglomerate mixtures (i.e. each enantiomer 
crystallizes in its own enantiomorphous crystal), such as 
chiral-resolved glutamic acid.HCI and asparagine.H,O 
(Shimon, Lahav & Leiserowit:z., 1986). Moreover, it also 
proved possible to bring about a pronounced separation 
of enantiomorphs by the enantioselective dissolution of 
a conglomerate mixture in the presence of 'tailor-made' 
optically pure polymeric additives (Shimon, Zbaida, 
Addadi. Leiserowit:z. & Lahav. 1988). 

4. Assignment of absolute configuration of 
crystals and molecules 

4.1. Polar crys1a/s 
The standard method for the direct assignment of the 

absolute configuration of polar crystals, composed of 
chiral, racemic or nonchiral molecules, was introduced 
by Bijvoet in 1948 with the use of anomalous X-ray 
scattering. Over the past decade, several independent 
methods for the assignment of the absolute configuration 
of polar crystals have been applied, including the effect 
of tailor-made molecular additives on crystal morphol­
ogy and structure, as well as gas-solid reactions (Paul & 
Curtin, 1987) and ferroelectric measurements in liquid 
crystals (Walba, Razuvi, Clarie & Parmer, 1988). The 
induced change in crystal morphology with tailor-made 
additives, the anisotropic distribution of the additive 
inside the host crystal, and the role played by additives 
for the fomiation of etch-pits can be taken advantage 
of for the assignment of the absolute configuration of 
chiral molecules and polar crystals. In this way it has 
been possible to assign the absolute molecular structure 
of a variety of molecular systems, such as a-amino 
acids, sugars and steroids (Addadi, Berkovitch-Yellin. 
Weissbuch, Lahav & Leiserowitz, 1986). Although one 
might argue that these studies have only confirmed 
what was already known, they demonstrate the interplay 
between molecular chirality and various macroscopic 
phenomena, and also satisfy the curiosity of students 
of stereochemistry with an inadequate knowledge of X­
ray scattering. Furthermore, the method has been applied 
to assign the absolute structures of polar crystals whose 
constituent molecules are either a racemic mixture or 
nonchiral, and may be the only viable method if the 
constituent molecules are hydrocarbons. 
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To demonstrate the method we first focus on polar 
crystals composed of chiral-resolved molecules. The 
method involves the principle of fixing the orientation 
of the constituent molecules vis-a-vis the polar axis, 
or axes, of the crystal and subsequently determining 
the absolute configuration of the chiral molecules. This 
principle is depicted in Scheme 3, which shows two 
enantiomorphous sets of hands arranged in a lattice, right 
hands forming an (R)* crystal and left hands forming 
an (S)* crystal. The fingers of the hands arc exposed 
at the (010) face of the right-handed 'molecules' and, 
by symmetry, al the (OiO) face for the lefl•handed 
'molecules'. Thus, by detennining at which face of 
the crystal &pecimen the fingers or wrists are exposed, 
the handedness of the constituent molecules may be 
assigned. This may be perfonned by applying the two­
step adsorption-inhibition mechanism described above 
with appropriate tailor-made additives. 
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We illustrate this approach with the example 
of N-(£-cinnamoyl)alanine (Berkovitch-Yellin, Addadi, 
ldelson, Leiserowitz & Lahav, 1982). Molecules of N­
(£-cinnamoyl)-S-alanine (la) crystallize in space group 
P2 1• The packing arrangement delineated by the crystal 
faces as grown from methanol solution is shown in 
Fig. 5. The molecules are arranged such that !he 
carboxyl groups emerge at the two { Ii I ) faces and the 
C(chiral)-H bonds are directed along the +b axis. In 
a study on the effect of tailor-made additives 011 the 
morphology of pure N-(£-cinnamoyl)-(S)-alanine { la, 
Fig. 6(a)], ii was found, as expected. that the methyl 
ester (lb), of the same absolute configuration as the 
host molecule (la), induced large {Ii I} faces [Fig. 
6(b)], since the O-CH3 group replaces a 0-H group 
emerging from such faces. Tailor-made additive N-(E• 
cinnamoyl)-(R}•alanine (le) of configuration opposite 

•Notc I.hat for convenience !be panmtheses enclosing lhe cbin,lity of 
the molecule spedt\cs a crysu.l: absence thereof. such as R. S or RJ, 
5PCCitie£ Ilic molecule only. 
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> that of the host induced, as expected, a (010) face 
Fig. 6(c)), because of an interchange of CH3 and H at 
1e guest asymmetric carbon so that the C-CH3 guest 
1oiety replaces the emerging host C-H bond. 

(le) 

It was found that solvent may act in a manner similar 
to the tailor-made additives, for example, by growing 
(la) from acetic acid (Shimon, Vaida, Addadi, Lahav 
& Leiserowitz, 1991) instead of methanol. Acetic acid 
is a solvent which can selectively bind at the ex• 
posed carboxylic acid groups of the two I Ji 1) faces, 
forming a hydrogen-bonded dimer (2a). Acetic acid 
can also bind to the CHC02H moiety of ciruwnoy­
lalanine via a cyclic dimer (2c) on the (010) face. 
The dimer (2b) is the motif adopted by acetic acid 
in its own crystal structure (Jonsson, 1971), fonning 
a C-H· • ,O(carbonyl) interaction. (Taylor & Kennard, 
1982; Berkovitch-Yellin & Leiserowitz, 1984). Crys­
tallization of N-(£-cinnamoyl)alanine (la) from glacial 
acetic acid yields crystals with the morphology shown 
in Fig. 6(d), in keeping with expectation. 

A nice example of how a.nomers, interconvertible in 
solution, may be used for the assignment of absolute 

(2a) 
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configuration is provided by the influence on the mor­
phology of o-lactose hydrate crystals by the anomeric 
,8-lactose molecules present in solution (Michaelis & van 
K.reveld, 1966: Visser & Bennema, 1983). 

Direct assignment of the absolute configuration of 
chiral-resolved molecules by the difference in wetting 
properties of hydrophobic and hydrophilic crystal faces 
was made possible (Wang, Lahav & Leiserowitz, 1991) 
using crystals of !he class belonging to chiral-resolved 

r,,,,;.~ 
,., "-----------,,-----------""{ 

coiO) 
(u) 

h 

Fig. S. Packing amuigemcni of N·(E•cinnamoylHS)•alaninc delineated 
by the faces observed in the pure crysla!. io dcmoru11111c the effect 
of the tailor-made additive$, (a) shows the orientation of only three 
host molc:culcs vis-a-vis the crystal faces. 

(iii) (Oio) (Iii) (Oil) 
(a) (b) 

{i 12) 
(112) (010) 

(~ 
Z, (001) 

{OiO) (OiO) 

(c) (tf) 

Fig. 6. Morphologi~ of measured crystals of N-(E..:innamoyl'HSl· 
alanine. (a)-{c) refer to crystals grown from methanol: (a) pure crystal. 
(b) grown in the presence of the melhyl ester (lb). (c) grown in the 
J""scn<:• of £-<:innamoyl-(R)-alani.ne (le) mt! (d) pure aysal grown 
from acetic acid. 
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alkyl gluconamides, C~H2n • 1NHCO(CHOH),CHOH, 
n == 7-10. The molecules crystaUize as plates in an 
arrangement ale.in to that depicted in Scheme 3, namely 
head-to-tail, as shown in Fig. 7 (Zabel et al., 1986). 
Thus, one face of the piate crystal is hydrophobic and the 
opposite hemihedral face is hydrophilic. Contact angle 
measurements with a variety of polar solvents deposited 
on the opposite plate-like faces of specimen crystals 
could establish which face is hydrophobic and which 
is hydrophilic. This infonnation fixes the orientation 
of the constituent molecules along the polar b-axis of 
the crystal specimen and cons~uently their chirality. 
These wettability experiments also led to crystal growth 
experiments on these systems to help determine the role 
of solvent on crystal growth, as discussed in a later 
section. 

The last example involves etching experiments, which 
have the advantage that they may be performed on pure 
specimen crystals which had not been grown in the 
presence of a tailor-made additive. Here we describe 
the assignment of the absolute structure of racemic 
(R,S)-alanine by enantioselective etching (Shimon er al., 
1986). This compound crystallizes in the polar space 
group Pna2 1• In the crystal, which is needle-like along 
the c-axis, the R- and S-moleculcs are oriented with 
respect to the polar needle c•axis so that the carboxylale 
CO2 groups are exposed at one end of the polar axis 
and the amino NH:t groups at the opposite end. The 
crystals exhibit different (hemihedral) faces at opposite 
ends of the c-axis in the sense that one end face is flat and 
the opposite capped. Conventional X-ray crystallography 
does nol aUow one to assign the absolute molecular 
orientation with respect to the polar axis, and so at which 
ends are the CO2 and the NH; groups exposed. Etching 

b 

(a) ( b) 

Fig. 7. Head-to-tail packing amngemenl of (al N-(n-heptyl)-D­
gluconamide in space group /'I and (b) N-{n-octyl)-D-gluconamide 
in space group n, . 
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has been successfully applied for such an assignment by 
making use of the well developed {2101 side faces of 
the needle. The orientations of the (R) and (S)•molecules 
vis-a-vis the four symmetry-related {2101 side faces for 
the two possible orientations of the crystal slJ'Ucture 
with respect to the polar axis are shown in Figs. 8(a) 
and (b). Naturally, all four symmetry-related molecules 
are exposed at each of the four symmetry-related (2101 
faces, but only one of the four molecules is oriented such 
that its C-CH3 group emerges from a panicular {2!01 
crystal face, as shown in Fig. 8. Once these orientations 
in a specimen crystal are determined, the absolute molec­
ular ammgement vis-I.I-vis the polar axis is assigned. 
Partial dissolution in the presence of S-o-amino acids 
such as serine, +H3NCH(CH2OH)CO2, or phenylalanine, 
•H3NCH(CH2C6Hs)C02 - , should replace an (S)-alanine 
substrate molecule at only the (210) and (2i0) faces for 
the orientation shown in Fig. 8(a), but would affect the 

It 

(MO) (MO) 

CHJ /H H~ Clli 

c ... + ...... c 
l 'NH3 NH)',...A 
coo· coo- coo- · coo· 

----a-----'!► D --------► a coo- coo-
' ,f NH; NH3:_ Y 
C ..,.C 

'--11 H w<s CH3 Cll3 
(MO) (MO) 

(A) (B) 

Fig. 8. Schem&lic (mm2 point group) representatioo or !he orienta­
tion of !he row molecules of (R ..S)•alanine vis-d••is d!c symmetry• 
related 12!01 faces, when viewed along !he polar c-ui,. 'lllesc 
four molecules are oriented such !hit only one has ils C--CH3 
group emerging from a given 12101 fa.:e. (A) and (8) represent !he 
lwo altcm.ativc orientations or the molecules fo, the concsponcling 
orien1.11ions of Ille polar cryst~I s1ructurc for a given direction of the 
e-uis. 

Fig. 9. Scanning eleCffilel micrograph of one o( lhe 1210) side faocs of 
(R,5)-alanine e1.:hed by (S)•lhreonine: only two adjoininc f= are 
shown, one etdled and Ille Olher smoo!h. 
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(210) and (210) pair for the opposite orientation of Fig. 
S(b). This expectation was demonstrated experimentally, 
etch-pits being formed on only one pair of 1210) side 
faces (Fig. 9), so fixing the absolute strueture of the 
specimen crystal, and thus of all crystals grown from 
aqueous solution because the crystals exhibit hemihedral 
end faces. 

The absolute orientation of specimen polar crystals 
of (R.S)-a.lanine could also be assigned from growth 
experiments in the presence of additives designed to 
affect either of the two polar ends of the crystal. Crys­
tallization experiments in the presence of alanine ethyl 
ester that would bind at the fast growing CO2 end of the 
crystal yielded much shorter needles. N-Methylalanine, 
which was expected to affect the slow-growing capped 
end of the crystal, yielded needles as long as from the 
pure solution, thus fixing I.he orientation of the molecules 
in the crystal (Shimon et al., 1986). 

Growth experiments in the presence of additives, 
complemented by surface energy calculations, have also 
been used for assignment of absolute structure. For 
example, the absolute orientation of specimen polar 
crystals of m-chloronitrobenzene (m-CNB) was deter­
mined by crystal growth experiments in the presence 
of p-chloronitrobenzene (p-CNB) and p-dinitrobenzene 
(p-DNB) additives (Chen, Garside, Davey, Maginn & 
Matsuoka, 1994). The pure m-CNB crysuls grown from 
melt and from acetone solutions do not exhibit hemi• 
hedral faces, although the space group is Pna2 1• Growth 
in !he presence of p-CNB and p•DNB yielded asymmet• 
ricaUy shaped crystals affected along the polar c-axis. 
Qualitative calculations of the binding energy of the 
additives to the crystal were in agreement with the 
experiment, insofar as the additive could be bound 
at only one specific end of the polar axis. Docherty, 
Roberts, Saunders. Black & Davey (1993) calculated a 
polar morphology of urea (space group P421m) which 
was in good agreement with the crystal shape obtained 
from sublimation. A classical type of energy calculation 
in which one assumes that the charge distribution of 
the molecules in the bulk and of those being attached 
at the surface are the same would not yield a polar 
morphology. By attaching different atomic charges to the 
bulk molecules and to those being attached at the surface, 
through the use of ab initio quantum chemical calcula­
tions, I.he polar morphology was computed. However, the 
assignment of the absolute crystal structure of urea has 
not yet been confinned by experimental methods. The 
crystals of urea grown from benzene or water, discussed 
in §7.4, do not exhibit polar morphologies. 

4.2. Use of centrosymmerric crystals for assignment of 
molecular chiraUty 

In contrast to the situation for chiral crystals, it had 
not been generally appreciated that in centrosymmetric 
crystals the orientations of the constituent molecules are 
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unambiguously assigned, with respect to the crys!Al axes, 
from a conventional structure detenuinatioo. Thus. the 
known orientation of the two enantiomeric molecules 
in a centrosymmetric crystal can be exploited for the 
direct assignment of absolute configuration of chiral­
resolved molecules, provided the slruCtural information 
embedded i.n the racemic crystal is transferred to a chiral 
additive molecule. The direct assignment of the abso­
lute configuration of such chiral-resolved additives may 
thus be determined through the morphological changes 
they ir,duce selectively on one set of enantiotopic faces 
of centrosymmetric crystals with appropriate packing 
features. 

A prerequisite for application of this method is that 
within the centrosymmet.ric racemic crystal a specific 
functional group A attached to an R-molecule points 
towards the faces /i. and fl, but not towards the opposite 
faces /1 and fl. (Scheme 4). By symmetry, the same 
functional group attached to an S-molecule will emerge 
at the enantiotopic faces /1 and fl., but not Ji and 
fl. Crystallization of a cemrosymmetric crystal in the 
presence of a chiral additive R', in which A is replaced 
by Y, designed so that it will fit in the site of an R 
molecule on the growing crystal faces .fl or /1. but not 
on the enantiotopic faces fl or fl, will hinder growth in 
the -b direction, but not in the +b direction (Scheme 
4). By virtue of symmetry, the enamiomeric additive 
S' will inhibit growth perpendicular to faces fl and fl, 
while racemic additive R' ,S' will inhibit growth in both 
directions +b and -b. This approach is not limited to 
racemic crystals, but the constituent molecules should al 
least be prochiral for ease of interpretation. For example, 
the absolute configuration of all .naturally occurring a• 
amino acids, except proline, may be assigned by their 
effect on the morphology of the a-fonn of glycine, a 
prochiral molecule (Weissbuch et al., 1983). We shall 
illustrate the above principle making use of centrosym­
metric crystals of (R,5)-serine to assign the absolute 
configuration of threonine as an additive (Weissbuch, 
Shimon et al., 1985). 

reject d ,,,..-.;,,s:---,,~-....,..,.....,_ accepted 
)( ~ 

~ x-@--A x-@-A 
Y-@ A X A .;,( A A-@-x v-@-1< 

occepto A x~ C rejected ---=-_......,...._ _ _,,__,f2 

4 :; 
Scheme 4. 

Racemic serine crystallizes in space group P2ifa. 
Within the structure (Fig. 10), the Ct3 .... Hs; bond vector 
of the rigid methylene group of the R-serine molecule 
has a major component along +b and, by symmetry, 
the C13 - HR, bond vector of the S•serine has a major 
component along -b. Thus, their replacement by methyl, 
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as in threonine, will inhibit growth in the b-direction. 
That is, an R -threonine molecule with a side-chain /3· 
carbon of chirality Swill inhibit growth along +b, while 
the -CH:; group of S-threonine will replace the H1tc 
hydrogen of S-scrine and hence inhibit growth along -b. 
(R S)-serine fonns tabular crystals with point symmetry 
2/m {Fig. 1 l(a)); the crys1.11ls affected by either R- or S­
threonine exhibit reduced morphological point symmetry 
2 (the mirror plane is lost} and are enantiomorphous 
[Figs. l l(b) and (c)l When R.S-threonine is used as the 
additive, the morphological point symmetry 2/m is left 

I~. -

.·~~r ... 
!n111., ~ ~ ,1101h 

·~~lit;..~.' 
\ "):1'·).:.:' 

10TH \,j( ~ ...... 10!~1 h .! 
\~·· i 

\ I ' 

. --·- --·'--:J 
Fig. 10. Stcrco<copic view o( lhe packing of the (R .5)-scrinc crystal 

along the a•uis. Eac~ be-layer is composed of R· or S-mob:ules only, 
For clarity, only half of each R· (open circle•) and S· (filled circles) 
layer is shown. The position., of the four I 011 ) races an: shown with 
respect lo the crystal structure. Threonine additive molecules have 
been stereospccificaHy inser1ed, with the 13-melhyl groups indic&ted 
by large circle:;, 

-~i.-­

.,,BIBD ~-

(d) 

~ c:. 2-::) 
(a) 

(C) 

(e) 

Fig. 11. Photograph> of (R.S)-scrinc cry,ials which all have a common 
orientation of the !au.ice axe, and a vcnical b-axis: (a} pure: (bHe) 
grown in the pre.,cooc of: (bl R-thrconine, (c) S-threonine. (d) R.S­
lhreonme and (e) RS-allo<hrconine. 
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unchanged because the effects induced by each additive 
separately combine. The crystals tum into rhombs, with a 
clear increase in the areas of the I Ol l I side faces relative 
to those of the pure form [Fig. J l(d)]. The changes in 
morphology seen with the additives in Figs. l l(b)-(d) 
with respect 10 that of the pure crystals {Fig. I l(a)J 
can be interpreted only in terms of selective adsorption 
of the R-enantiomer al faces (011) and (0l i>. and of 
S at (Oil) and (Oii ). According 10 calculated surface 
binding energies (Weissbuch, Shimon et al., 1985), R­
threonin;= may easily be adsorbed only on faces (011) 
and (011) and, by symmetry, S•threonine only on (011) 
and (Oii). These results fix the absolute chirality of the 
chiral-resolved threonine additive. 

5. Symmetry lowering in crystals following selective 
occlusion or tailor-made auxiliaries 

Crystallization is a commonly used process for 
purification of inorganic and organic materials, and 
so the mode of occlusion of impurities or additives 
inside growing crystals is of paramount technological 
and theoretical importance. The results presenku above, 
on the interaction of 'tailor-made additives' with the 
different faces of crystals, have bearing on the general 
question regarding the distribution and arrangement of 
occluded 'tailor-made• additives within crystals, indeed 
on the symmetry and structure of crystalline solid 
solutions. 

A basic concept pertaining to this question is that, 
in general, the two-dimensional symmetry relating 
molecules at crystal surfaces is generally lower than 
the l.h.rec-dimensional symmetry of the bulk crystal and 
that the surface structures of nonsymmetry-related faces 
have different arrangements. For simplicity we illustrate 
this aspect with a schematic arrangement of space• 
group symmetry P2dc, shown in Fig. 12. Note the 
corresponding symmetry operations of the 2/m point 
group given in the insert. The crystal is delineated by 
four symmetry-related diagonal faces, labeled {011 ). 
At these four surfaces, the three symmetry relations 
belonging to space group PZi/c (i.e. center of inversion. 
twofold screw and glide) are broken, thus their two­
dimensional symmetry is limited to translation, plane 
symmetry pl. We now examine the effect or tailor• 
made additive on these faces. One can easily see that 
an additive molecule, in black in Fig. 12, bearing an 
appropriately modified group, will be able to substitute 
for a substrate molecule at any diagonal face, say (Ol l ), 
but al only one of the four different surface sites, because 
at that site only the modified group does not disturb 
lhe regular pattern of interactions at the crystal surface. 
Occlusion of such a molecule through the (011) face 
will lead to a crystal sector of symmetry Pl, since 
the occluded molecules therein are related by only 
translation symmetry. Occlusion of additive through all 
four diagonal faces IO 11 l will lead to a crystal composed 
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of four sectors, where these four sectors are related to 
each other by the 2/m point symmetry of the original 
host crystal. 

Consequently, in general, an additive molecule will 
Ile anisotropically distributed within the grown crys­
tal, preferentially occluded through different subsets at 
surface sites on the various faces, leading to a mixed 
crystal composed of sectors coherently intertwined. The 
selective occlusion of the additive inlo a sector will 
thus lead to a reduction of the crystal symmetry to lhe 
symmetry of the face through which it was adsorbed. 
This principle holds for each crystal sector, although the 
occluded additive may occupy only a small fraction of 
the bulk sites. H also holds for the whole crystal, but we 
note that the different crystal sectors are related to each 
olher by the symmetry elements of the point group of 
the pure crystal structure. The reduced symmetry of each 
sector may thus be masked, depending upon the history 
of crystal growth, whether the sectors are examined 
separately, and the type of examination. For example. in 
a crystal containing all sectors, the loss of a glide plane 
or twofold screw axis should be immediately evident 
from the lack of !he corresponding systematic absences 
in the X-ray or neutron diffraction pattern (naturally 
assuming that the crystal is of mosaic texture. which 
is the general case, and so the differem mosaic blocks 

(01 • 

accapie 

rejected 

reject 

rejected 

= x· 
rejecied 

ep!ed 

Fig. 12. Schematic representation of ad<orption and occlusion of Additive 
molecules (in black) through th< foor slanted !011 l faces in a 
ccntrosymmetric crystal space group 1'21 /(, containing four symmetry• 
related molecules. Their relative orientation., an: also depicted in the 
insert (J»inl symmetry 1Jm). In each of the four crystal sectors. only 
one of the $ymmetry·rel•ted molecules can be replaced by the additive 
on adsorption, which means the loss of all symmetry clement$ bl.II 
translation. The crystal symmetry in each SCCIOf is mus rcdu-<:cd from 
P21/C 10 Pl. 
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diffract independently), but not the loss of a rotation 
axis, mirTor plane or center of inversion. Detection of 
the latter would require al least measurement of the 
complete set of diffraction data from the individual sec­
tor to test for a reduction in Laue diffraction symmetry, 
generally to be followed by crystal structure refinement. 
Reduction in crystal symmetry following the above 
principles was predicted in several host-additive systems 
and experimentally demonstrated by a variety of meth­
ods including changes in crystal morphology. HPLC, 
frequency doubling of laser ligh1 (i.e. second hannonic 
generation SHG), solid-state asymmetric photodimer­
ization and optical birefringence. Symmetry-lowering 
has also been directly shown by X-ray and neutron 
diffraction. We now review examples to illustrate the 
arguments and principles described above. 

5.1. Detection of reduced crystal symmetry by enamio­
meric distribution of additives 

The mode of occlusion of additive leading to 
a reduction in symmetry, depicted schematically in 
Fig. 12, may be used as an aid to understand the 
selective occlusion or RS-threonine into the crystals 
of (R.S)-serine (Weissbuch, Shimon et al.. 1985). 
The morphological changes induced in (RS)-serine, 
as discussed in the previous section (see Fig. 10), 
imply that R-threonine, if occluded, would do so 
through the (011) and (Oli) faces. By symmetry, S­
threoninc would be occluded through the (01 l) and 
(Oii) faces. Thus, the threonine additives, racemic in 

accepted,,, 
(010) 

fig. 13. ~hema1k rcprw:m.ation of adsorption and occlusion of additive 
molecules (in black) through the top and bottum 1010) faces in a 
crySl&l of space group P21/c. resulting in the loss or the glide lnd 
inve-rsion symmetry. The crystal symmetry in each half is thus reduced 
from P21k to P21• 
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solution, must on occlusion into (R.S)-serine crystals be 
enantiomerically segregated into domains of opposite 
chirality along the b-axis during crystal growth, as 
was indeed experimentally shown by HPLC methods 
(Weissbuch. Shimon er al., 1985). 

Symmetry lowering of a somewhat similar nature in­
volved the a-form of glycine grown in the presence of a­
amino acid additives (Wcissbuch el al., 1983). As an aid 
to understanding we present Fig. 13, which is a model 
representation of reduction in symmetry from P2i/c to 
P21 when molecules are occluded through the (010) and 
(010) faces. The mode of adsorption of a-amino acid 
additives onio the !OIO} faces of o-glycine has already 
been described in §3. ln tenns of that analysis, only the 
R-o-amino acid additive may be occluded through the 
(010) face. replacing a glycine molecule at sites (l) and 
{2) only (Fig. )(a)]. yielding a pyramidal morphology 
!Fig. 3(c)). By symmetry, only the S-a-amino acid 
additives may be occluded into si1es (3) and (4) through 
lhe (0i0) face of a-glycine [Fig. 3(a)j, yielding an 
e!lantiomorphous morphology [Fig. 3(d)]. Thus. racemic 
additives cause the formation of IO 10 l plates !Fig. 
3(e)j, because growth at the +h and -b sides of the 
crystal is inhibited. These plates were found to contain 
0.02-0.2% racemic tl'.-amino acid additive within the 
crystal bulk with the two enantiomers totally segregated 
in the two crystal sectors at the +b and -b halves As 
expected, the R-enantiomers populate the +b, and the 
S-enantiomers the -b half of the crystal according to 
HPLC measurements (Weissbuch et al., 1983). In terms 
of the argument given above, the crystal symmetry of 
each half of the crystal must be reduced from P2i/n 
10 P21• and the two sectors are enantiomorphous. We 
note that the absolute configuration of the o-amino acid 
additive can be directly assigned not only from the 
induced changes in crystal morphology but also from its 
anisotropic distribution on occlusion within the crystal. 
Symmetry lowering of a similar nature was also demon­
strated in another system, which involved enantiomeric 
segregation of the dipeptide glycyl-leucine inside grow­
ing crystals of glycyl-glycine +H3NCH2CONHCH2CO2 
(Weissbuch, Berkovitch-Yellin, Leiserowitz & Lahav, 
1985). 

5.2. Detection of reduced crystal symmetry by non­
linear optics 

Symmetry lowering in host-additive systems, such as 
a loss of inversion, glide or twofold screw symmetry, 
which would inlToduce (additional) polarity into the 
crystal, may be probed by nonlinear optical effects, 
such as second harmonic generation (SHG) which is 
active in a noncentrosymmetric material. One require­
ment is that either the host or additive molecule has a 
large molecular hypcrpolarizability tensor {3, leading to 
large optical nonlinearity. Consequently, a cemrosym­
mctric pure crystal structure, which consists of antipar-
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allel pairs of host molecules with high /3 coefficients 
[Scheme 5(a)J. would yield a SHG-active crystal upon 
site-selective occlusion by a centrosymmetric guest mol­
ecule, as shown in Scheme 5(b). Because the growth of 
the crystal is blocked at the bottom face, the additive 
is adsorbed and occluded through only one of the pair 
or surface sites al the top el(posed face. We demon­
i;trated the potential of this approach with cenrrosym­
metrlc host crystals of p-(N-dimethylamino)benzylidene­
p'-ni1roaniline [3a (Fig. 14)], which became noncen­
trosymmetric and SHG•ac:tive upon site-selective occlu­
sion of the guest molecule p.p'-dinitrobenzylideneaniline 
(3b), which is pseudocemrosymmetic (Weissbuch, La­
hav, Leiserowitz, Meredith & Vanher.zeele, 1989). ln 
this system the host and guest molecules have large and 
negligible .8-coefficients, respecti vet y. 

The reverse situation, where the guest has large hyper­
polarizability, is illustaled by an n-glycine host crystal 
containing, as additive, er-amino acids which have a 
high f3 coefficient, such as the p-nitrophenyl derivatives 
of o:,6-diamino butyric acid (4a), omithine (4b) and 
lysine (4c). The amount of occluded additive was less 
than 0.2% (wt/wt of glycine), but sufficient to yield 
colored crystals. ln tenns of the arguments presented 
above, { 010 l plate-like crystals of glycine, grown in the 
presence of R,S-additivcs, should have their symmetry 
reduced from P2tln to P21. In fact, the symmetry was 
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(4b) (4c) 

reduced even further to Pl according to the SHG mea• 
surements (Weissbuch, Lahav, Leiserowitz, Meredith & 
Vanherzeele, 1989), providing additional information on 
the nature of I.he crystal growth process. 

Other systems of interest are the noncentrosymmetric 
orthorhombic crystals of space-group symmetry P212121. 
On symmetry grounds such crystals are nonpolar along 
the three principal crystallographic axes and lherefore 
fre{luency doubling is forbidden in these directions. We 
anticipated that such crystals, when grown in I.he pres­
ence of appropriate additives so as to reduce the crystal 
symmetry IO monoclinic P2 1• should become SHG­
active along the remaining 21 axis but not along those 
two axes which have lost their twofold screw symmetry. 
ln fact. single crystals of (S)-glutamic acid.HC! grown in 
the presence of appropriate additives were SHG-active 

(la) 

(lb) 
{2a) 

Acbaroed 
(2b) 

~ 

' Rejected 
}OrO-< 

(a) 

(bl 

Fig. 14. (a) Pa,cking amngemcn1 or• polymorph or the p-(N-<!irnelhyl­
amino)ben.zylidene-p' -nhroaniline crystal, showing how the dinitro 
additive may be adsorbed on the (010) face. The additive may be 
adsorbed only at sites of type (I), but no1 at cypc: (2) sites. (I>) Two 
views of the n.orphology o( the plate-like crystals. 
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along all three axes (Weissbuch, Lahav. Leiserowitz, 
Meredith & Vanheru:ele, 1989), indicating symmetry 
lowering 10 Pl. once again providing information on 
the nature of the crystal growth process. 

5.3. Detection of reduced crystal :;ymmetry by oprical 
birefringence 

The properties of optical birefringence in crystals 
have been used to demonstrate a reduction in crystal 
class, McBride & Bertman (1989) took advantage of I.he 
fact that crystals that belong to a high symmetry class, 
such as tetragonal, trigonal or hexagonal, are optically 
uniaxial, whereas crystals that belong to a lower crystal 
class, such as triclinic, monoclinic or orthorhombic, are 
optically biaxial. They studied the tetragonal crystals 
of di(l 1-bromoundecanoyl) peroxide (Sa), denoted as 
Br·• -Br, in the presence of guest (5b) where a Br atom 
is replaced by CH3, denoted as Br·· -CH3• ln the host 
crystal Br·• ·Br molecules assemble into layers which 
have Br atoms on both the upper and lower surfaces. 

0 
Sr~O,o~a, 

0 

(Sa) 

0 
Rr~0-0~1I 

0 l 

(5h) 

Successive layers stack Br to Br atoms with a 90° 
rotation about a fourfold screw axis in the stacking 
direction. These crystals, whlch grow a~ square (0011 
plates delineated by four { l lO I side faces, are not 
birefringent for light travelling along the fourfold screw 
axis perpendicular to the plate, appearing dark between 
crossed polariz.ecl filters. Crystals of Br·• •Br containing 
15% Br· • •CH3 are birefringent, the plate revealing four 
sectors under crossed polarizers. Birefringence in each 
sector results from unsymmetrical incorporation of the 
Br· • ,CHi additives during crystal growth. As McBride 
stales in his paper, this method of optical microscopy 
is convenient for surveying large numbers of crys-
1.als, to catalogue their growth patterns, and to identify 
reduced symmetry domains that may be characterized 
by diffraction. Such an approach has been followed up 
by Gopalan, Peterson, Crundwell & Ka.hr (!993) who 
have observed reduction in symmetry both by optical 
birefringence and X-ray crystallographic studies of dif­
ferent sectors in mixed crystals of NaB~/NaCIOi and 
NaN03/Pb(NO3)i. Garnets where Al:i+ were replaced by 
Fe3• ions also show a reduction in lattice symmetry from 
cubic down to t.riclinic (Allen & Buseck, 1988). 

.5.4. Probing intermolecular forces through reduced 
crystal symmetry 

There is interest in investigating the minimal mod­
ification of the tailor-made additive with respect 10 
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the host molecule, !hat would still be recognized and 
discriminated by the growing crystal surface, and still 
lead 10 a reduction in symmetry. Indeed, solid solutions 
composed of host and additive molecules of similar 
structure and shape have generally been believed to 
exhibit the same symmetries as those of the host crystals. 
A reduction in crystal symmetry involving a structure 
detennination by X-ray or neutron diffraction should 
allow one to probe fine interactions between host and 
additive at the crystal surfaces. 

We firsl discuss solid solutions of carboxylic acids 
(XCO2H) in primary amides (XCONH2), where an NH2 
group is substituted by an OH moiety (Scheme 6). A 
strong inhibition of growth develops along the direction 
of the O=C-N-H.• • -O=C hydrogen bond, H,, being 
the amide H atom in an anliperiplanar confonnation to 
the C==O system. Inhibition arises when a carboxylic 
acid additive attempts to force the antiperiplanar lone• 
pair electron lobes of its OH group against a car­
bonyl oxygen of the underlying molecule, an atom that 
would normally form a hydrogen bond with the amide's 
antiperiplanar hydrogen. Incorporation of a carboxylic 
acid in this orientation would substitute a 8 kj moJ- 1 

repulsion for a 25 kj mo1-1 auraction. The carboxylic 
acid additive molecule will thus avoid surface sites that 
require the OH groups to be oriented towards the surface 
and be preferentially adsorbed at sites where the OH 
group emerges from the surface (Berkovitch-Yellin et 
al., 1985). 
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Reduction in crystal symmetry has been demonstrated 
in two amide-carboxylic acid systems by neutron 
diffraction and solid-state photodimerization. The former 
technique was applied to asparagine-aspartic acid 
(Weissinger-Lewin et al., 1989), where as much as 15% 
additive was occluded into the crystal by virtue of the 
numerous hydrogen bonds between guest and host; the 
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dimerization method was applied to lhe host:additive 
system E-cinnamamide:£-cinnamic acid (Vaida et al,, 
1989) where small amounts (<2%) of cinnamic acid 
guest were occluded into the host crystal. 

(S)-Asparagine, H1NOCCH2CH(NHj)C02, crystal­
lizes from water as a monohydrate with a tight three­
dimensional net of hydrogen bonds in a P212121 
structure !Fig. l5(a)J. The morphology is prismatic, 
with 18 developed faces {Fig. l5(b}, top]. Crystallization 
of (S)•asparagine in the presence of 5-aspartic acid, 
HO2CCH2CH(NHj)COr, yields !OIOJ plates [Fig. 
15(b), bottom}. In tenns of the arguments already given 
for amide-acid systems, the guest aspartic acid molecule 
should be more easily adsorbed at sites (I) and (3), on 
the growing (OlO) surface, than at sites (2) and (4) [Fig. 
15(c)J: the reverse situation holds for the opposite (OiO) 
face. If, on growth of the mixed crystal, the (0i0) face 
is blocked so that the amide and acid molecules would 
only be occluded through the (OIO) face, the symmetry 
of the mixed crystal should be reduced to P121 l. A 
low-temperature (18 K} neutron diffraction study with 
deuterated aspartic acid in protonated asparagine showed 
the expected reduction in symmetry (Weissinger-Lewin 
et al., 1989). 

Analogously, additive £-cinnamic acid, C6H~-CH= 
CH-C02H, induces a loss of the center of inversion 
in the crystal of £-cinnamamide, ~H5-CH=CH-

) • ::/.., ,'· f")~;,r ;, .. /-4 I '• ~ 
• ,_. ·-··•.-1· '.• ',_, ,,·,•1· 

:~. ·~.-,~. :: : .. ~ \· \ ).: .. ..!.. ;i ~~:-;::... I 

, , Jc{ )-,('\ • •.~ 
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! ,•{: I; '• )<~2 :? 1 u,:-. ..:.:.,::::_...._ 
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I 2, Uil .i-· 
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cJ 
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Fig. 15. (a) Packing arrangement of (S)·asparaginc monohydralc viewed 
along Ille a-axis. Four adsorbc4 mclhanol molecul .. an: inoeru:d on 
the IW<> fOIOI faces, relening 10 cry,111, grown froffl wa1er-<ne1hanol 
solution. (b) Preferential adsorption or aspanic acid on the (010) 
surface of asperaginc (open ciri:lcs) at sites of type I and 3 rather 
than 2 and 4, as the crysl.ll is growing at the (OIO) face. Molecules 
at sites 1 and 3 are shaded, indiuting the latter may be «wpicd by 
cilller aspangine or a:spanic acid. The probabili1y for aspanic acid 
IO be adsorbed al site 2 (full circles) is less than at silc I because 
of O(bydro•yl}• • ,O(carboxylatc) lone-pair electron repulsion bc:IWcen 
2 and 4. (c) Stereoscopic view of morphology of (S}-aspangine 
monohydratc: pure crystals grown from aqueous solution (top), grown 
in the presence of (S)•aspartic acid (bollom), or in wa1cr-mellwlol 
solution. 
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CONI-h, which in pure form appears in a centrosym­
metric monoclinic arrangement, space group ni1c. The 
crystal structure [Fig. 16(a)J is composed of hydrogen­
bonded dimers interlinked by N-H· • •O bonds to form 
a ribbon-like motif which runs parallel to the b-axis. 
E-cinnamic acid is preferentially occluded through half 
the I OJ I I surface sites of the crystal at opposite ends of 
these ribbons, resulting in a crystal [Fig. 16(b)J wilh two 
enantiomorphous halves of al most n, symmet.ry. This 
reduced symmetry was proven photochemically (Valda 
et al., 1989). UV irradiation of E-cinnamamide yields 
centrosymmetric photodimers, by virtue of a cyclobutane 
ring formation involving pairs of close-packed >C=C< 
bonds across centers of inversion (Fig. 17). Replacement 
of one such pair by E-cinnamic acid results in the 
formation of asymmetric cinnamamide-cinnamic acid 
photodimers of opposite chiralily at the two enantiomor­
phous halves of the mixed crystal, with an enantiomeric 
ratio of 60:4-0 at each opposite half. 

Reduction in crystal symmetry was demonstrated by 
photodimerization, X-ray and neutron diffraction for 
the host-guest crystal structure of £-cinnamamide-2-
£-thienylacrylamide (Vaida e1 al., 1988; Shimon et al., 
1993}. The host structure [Fig. 16(a)] incorporates her­
ringbone contacts between aromatic C-H groups and 
'IT-electron clouds of neighboring phenyl rings. In order 

IOI I) (Ol iJ 

* 1oin ,oiil 

(I>) 

Fig. 16. (a) Packing arnngemem of £-cinnamamidc viewed along the a, 
axis delinealed by th( fOl l} faces. (I>) Morphology of £-<:innamamidl: 
crystals: pure {left) and grown in !he pre.-;ence of cinnamic acid (right), 
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to induce site-selective adsorption and occlusion, these 
contacts arc replaced in the host-guest system l>y unfa­
vorable cont.acts between sulfur lone-pair electrons and 
the ;r-electron system [Fig. 18(a)J. Thicnylacrylamide 
is occluded through the enantiotopic {011) faces of 

I 
clu1mlc add 

Fig. 17. Ribbons along the b-nis of hydrogen-bonded molecules com• 
posed of £-cinnamamidc (open circles) and occluded guest £-cinnamic 
acid moleculeo (full cin:lcs). The loner were ac!s<>rbed throu~h site 
(I) at 1he +b end a.nd sue (i) at !he -I> end, leading to 1wo 
enantiomorphoos dom•ins joined a1 lhe ceninl doned line. Also shown 
an: the ribbons related by 1ransla1ion along 1he a-axis, thus depic1ing 
the close 4 A contacl berwccn C=C double bum.ls rela1ed hy • ecnu:r 
of inversion. Two enan1iomorphous cyclobul.illne pho1odimerr. hc1ween 
the host and occluded guest from the lop and boltom halves of !he 
crystal are alw ,hown. 
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Fig. 18. (a) Herringbone contacts involving: (lefl) two tiMiunamidc 
molecules, (right) host ciM,mamidc and guest thienylacrylami<lc 
molecules. (bl The four different surfaces sites ( 1), (2), (3) and (4) of 
E-cinnamamide at the (01 l) face. S ond C atoms of the superimposed 
2•thienyl rings in the posi1ions they would u•ume were they 10 
replace the phenyl rings of cinnamamide molecules al the (0 i I) lace 
are shaded. Site (l) is prcfcm::d for guest adwrption on lhc (Oil) 
face since the S alom II Iha! site emcfieS from the crystal foce. 
By the same argumcn1, (I) and (2) arc the prefm-ed si1es for guest 
adsorption on !he (001) face. (c) Morphological neprc,semation of the 
cinnamamide-thienylacrylamide cryst.al with six sectol'S of reduced 
symmetry. 
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the crystal (Fig. 18(b)l. These faces exhibit pl plane 
symmetry, since the four different surface sites are not 
related by symmetry. The guest can easily be adsorbed 
at only one of these four sites at which the sulfur 
emerges from the face, leading to Pl crystal symmetry 
upon occlusion of the guest. Thienylacrylamide is also 
occluded through the I 0()1 ) faces, which exhibit pm 
plane symmetry. Occlusion through faces of this type 
should lead to crystal symmetry Pc. The mixed crystal 
should be thus divided into six sectors of reduced 
symmetry [Fig. I 8(c)l The different sectors of the same 
type, such as A and A are related to one another by the 
2/m point symmetry of the host crystal. Low-temperature 
X-ray and neutron diffraction studies on A· and A-type 
sectors, cut from a crystal specimen showed symmetry 
P1. in keeping with the photodimerization studies. The 
proposed reduction in symmetry of the 8-type sector 
!Fig. l8(c)l was proven to be correct. but only by an X­
ray diffraction analysis. We may infer from these results 
a repulsive intermolecular interaction between the sulfur 
lone-pair electrons and electron system of neighboring 
molecules, but we do not have an estimate of the energy. 

We have elucidated. by changes in crystal morphol­
ogy, reduction in crystal symmetry and energy calcula­
tions, the molecular conformation of a flexible additive 
and I.he effect of diastereomeric chiral additives on 
crystal morphology and symmetry. For example, for the 
centrosymmetric crystal of the dipeptide glycyl-glycine 
when grown in the presence of glycyl-leucine additive, 
the latter adopts a specific conformation which mini­
mizes unfavorable additive-host molecular interactions 
at !he site of adsorption (Weissbuch, Berkovilch-Yellin, 
Leiserowitz & Lahav, 1985; Berkovitch-Yellin, Weiss­
buch & Leiserowitz, 1989). 

The pronounced effect threonine exerts on the mor­
phology and structure of racemic serine crystals has 
been discussed in ~4.2 and §5.1. Oddly enough, additive 
allothreonine, the diastcreoisomer of threonine, does 
not alter very much the morphology of racemic serine 
crystals [fig. l l(e)J, nor is there any enantioselective 
segregation of allothreonine along the b-axis of the 
crystal. These observa1ions were accounted for in a 
quanlitative way by calculated surface binding energies, 
according to which, say S-allothreonine, is mosl strongly 
bound on the { 100 l faces and somewhat less so on the 
(011) and (OI i) faces of racemic serine crystals. We 
note Iha! R- and S-allothreonine additives are equally 
well occluded through the l 100} faces because of the 
2/m crystal point symmetry of (R .S)-serine, thus masking 
any enantioselective segregation of the additive through 
the 1011 I faces (Weissbuch, Shimon et al .• 1985). 

5.5. Some general rules on symmetry lowering through 
additive occlusion 

As a conclusion of this section on crystal symmetry 
lowering, we may draw some general rules. The local 
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symmetry of a mixed crystal is determined by that of 
the faces developed. If the symmetry of the crystal face 
through which a.n additive is adsorbed is not lower 
than that of the bulk, there cannot be reduction in 
symmetry for the crystal sector bound by that face, ln 
other words, the symmetry of a crystal sector cannot 
be lower than that of the growth sites on the bounding 
crystal face. This principle is so basic that if a crystal is 
bound by faces of different plane symmetries, one can, 
at least in principle, imagine ii as formed of different 
sectors each with bulk symmetry as low as that of its 
bounding face, the sectors being related to each other 
by the point symmetry elements of I.he crystal. Thus, the 
'overall' symmetry of the crystal is not reduced. This is 
a consequence of Curie's principle, as presented in his 
paper 'Symetrie dans !es phenomenes physiques' (Curie, 
1894): a physical event cannot have a symmetry lower 
than that of the event which caused it. 

6. Effect of tailor-made additives on crystal texture 

Surprisingly, little work has been done to date: 
on the effect of tailor-made additives on mosaicity 
and coherence length (i.e. extent of perfect crystal 
order) in molecular crystals. Indirect evidence was 
first brought to light by low-temperature (18 K) 
neutron diffraction measurements on single crystals of 
pure asparagine monohydrate and the solid solution 
of asparagine-aspartic acid monohydrate (Weissinger• 
Lewin el al., 1989), undertaken to demonstrate symmetry 
lowering in the latter system (§5.4). The neutron 
reflections of the specimen crystal of pure asparagine 
suffered from pronounced extinction effects, whereas the 
specimen crystal of asparagine-aspanic acid was almost 
free from extinction. These results were interpreted 
in tenns of much higher mosaicity and smaller 
mosaic domains in the asparagine-aspartic acid crystals, 
brought about by lhe presence of aspartic acid. More 
direct evidence came from studies on biomineraliz.ation 
(Bcnnan et al., 1990, l993a,o), which addressed the 
fundamental question of whether proteins in calcite 
mineralized tissue alter the crystal texture in an 
anisotropic manner. High-resolution synchrotron X-ray 
diffraction was used 10 monitor changes in coherence 
length and angular mosaic spread. [t was found that 
protein extracted from sea urchins and mollusks reduced 
the coherence lengths of crystals of calcium fumarate 
and calcium malonale in the directions perpendicular to 
the planes onto which the proteins were preferentially 
ad'iOrbed. in contrast, the calcite crystals grown' in 
vitro in the presence of the proteins exhibited an 
increase in angular spread, but no anisotropic effect in 
coherence length was detected. A biologically produced 
calcite crystal, on the other hand, showed a preferential 
reduction in coherence length in the direction of the 
c-axis. 
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7. Effect of solvent on crystal growth and morphology 

Solvent has a strong influence on the habit of crystalline 
materials, however. the role played by solvent-surface 
interactions in enhancing or inhibiting crystal growth is 
still not completely resolved. To date !here have been 
two different approaches 10 clarify this point. In one 
theory, proposed by Bennema and others (Bennema & 
Gilmer, 1973; Bennema, 1992; Bourne & Davey, 1976: 
Elwenspoek, Bennema & van Eerden, 1987), favorable 
interactions between solute and solvent on specific faces 
leads to reduced interfacial tension, causing a tnmsition 
from a smooth to a rough interface and a concomitant 
faster surface growth. Alternatively, it has been proposed 
that preferential adsorption at specific faces will inhibit 
their growth as removal of bound solvent poses an 
additional energy barrier for continued growth. Our 
studies on the role played by tailor-made addi1ives 
are in keeping with the latter approach. However, sol­
vent-surface interactions cannot be as clearly analyzed 
as those between the tailor-made additives and the 
crystal. In order to help clarify this problem, we describe 
several approaches that have been adopted. 

7. !. Computational methods 
One of the main difficulties is to disentangle the 

relative contributions of the internal crystal structure and 
solvent-surface interactions in determining the crystal 
morphology. The former may be evaluated by growing 
the crystal by sublimation, if possible, or by theoretical 
modeling. The ground rules for a quantitative determina­
tion of crystal morphology were laid down by Hartman 
& Perdok (1955a,b), Hartman (1973) and Hartman & 
BeMema ( 1980). According to their analyses, the crucial 
relation is between the layer energy, EL, which is the 
energy released when a layer is formed, and the attach­
ment energy, E.,., which is defined as the energy per 
molecule released when a new layer is attached to the 
crystal face. £.,. controls the growth rate perpendicular 
to the layer, while EL measures the stability of the 
layer. The working hypothesis is that I.he morphologic;:! 
importance of a crystal face is inversely proportional 
lo its attachment energy. The energies, EL and £.rt, 
may be computed using atom-atom potential energy 
functions, which are generally made up of van der Waals 
and electrostatic terms. The latter term is described l>y 
an interatomic Coulombic interaction with parameters 
which depend upon charge distribution and so may be 
derived by quantum chemical methods, self-consistent 
force field methods, or from experimental deformation 
electron-density distributions as determined from low­
temperature X-ray diffraction data {Hirshfeld, 1977). 
By applying such a procedure it became possible to 
calculate the energy values of EL and £.. for vari• 
ous low-index crystal faces from which the 'theoretical 
crystal form' may be derived. This method has been 
applied for a variety of organic (e.g. Berkovitch-Yellin, 
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1985; Berkovitch-Yellin et al., 1985; Boek, Feil, Briels & 
Bennema, 1991; Docherty, Roberts, Saunders, Black & 
Daver, l 993~ and inorganic (Woensdregt. 1993) aystals. 

It 1s possible to use such information on the theo­
retical fonn to help understand the effect of solvent 
on crystal morphology. For example, the theoretical 
fo':11 of o-glycine (Berkovitch-Yellin, 1985; Boek, Feil, 
Bnels & Bennema, 1991) calculated by this method (Fig. 
l9(a)J . is in good agreement with the morphology of 
o-glycme crystals obtained by sublimation [Fig. 19(b)]. 
This morphology exhibits well developed IOlOl faces, in 
keeping with the dominant hydrogen-bonding energy of 
the molecular bilayer in the ac-plane. However, glycine 
crystals grown from aqueous solution display a dis­
tinctly different morphology, which is bipyramidal with 
large {0111 and { 110} faces and le!.s well developed 
(010) faces [Fig. 3(b)J. ln order 10 understand these 
differences, substrate-solvent interactions were taken 
into account. The large !01 l} and ( I IOI faces expose 
CO2_ and NH_f groups well oriented to have a strong 
affinity for water. The (0101 face exposes alternating 
layers of C-H or CO2 and NH{ groups (Fig. 3(a)J, and 
so, on average, is less hydrophilic than the 10111 and 
I 110} faces. Moreover, if the solute glycine molecules 
dock into surface sites primarily as cyclic hydrogen­
bonded dimers, the !OlOJ face will essentially expose 
C-H groups. These observations were expressed by 
Berkovitch-Yellin in a semi-quantitative form by calcu­
lating the Coulomb potential at the various faces, which 
indicated preferential adsorption of water molecules onto 
the polar faces. Further support for such arguments 
comes from the observed crystal morphology of the 
a-amino acids with hydrophobic chains such as pheny• 
!alanine (Weissbuch, Frolow. Addadi, l..ahav & Leis­
erowitz, 1990), valine and isoleucine (Torii & Yitaka, 
1970, 1971 ), Their crystal structures are composed of 
hydrogen-bonded bilayers as in a-glycine. and their 
mo~hologies are plate-like when _grown from aqueous 
solution. Clearly the hydrophobic chains provide in-
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Fig. 19. (a) Theon:tical crystal form of or-glycine. (I>} Morphology or 
o-glyciM crystals obtained by sublimation. 

UM00016805 
NOVARTIS EXHIBIT 1517 

Novartis v. Regents, IPR2023-01347 
Page 3787 of 4460



132 TAILOR-MADE AUXILIARIES 

creased layer energy and a lower binding concentration 
of water at the sides of such bilayers than in er-glycine, 
providing a strong propensity for plate fonnation. 

7.2. Crystalline so/vales 

Another approach involved the use of crystalline 
solvates, where the solvent of crystallization plays the 
dual role of solvent and crystal solute. Such crystals 
were grown in the added presence of tailor-made solvent, 
which is a slightly modified version of the solvate 
solvent. It was found when crystalline hydrates were 
grown from aqueous solution in the added presence of 
methanol (the 'tailor-made' solvent), that the change in 
morphology was interpretable (Shimon, Vaida. Addadi, 
Lahav & Leiserowitz, 1990, 1991) in a manner akin to 
the effect of a tailor-made inhibitor. This approach is 
illustrated with the crystal of o-rhamnose monohydrate, 
which contains a polar arrangement [Fig. 20(a)J in space 
group P2 1 and, when grown from pure aqueous solution, 
displays a bipyramidal morphology [Fig. 20(b)J. The 
two 0-H bonds of the hydrate water molecules are 
oriented 1owards the +b direction, but not towards the 
-b direction of the crystal. Thus, addition of methanol 
as a cosolvent changes the morphology of the crystal, 
completely inhibiting growth along the +b direction and 
yielding a pyramidal crystal [Fig. 20(c)J. 

A second example is (S)-asparagine.H2O, Crystals 
grown from pure water are delineated by 18 faces 
[Fig. l5(b), topJ. The packing arrangement (Fig. 15a), 
shows that one of the two 0-H bonds of each water 
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Fig. 20. (a) Packing arrMgement of o-,h~mllOSC monohytlnte crystal 
viewed along !he a-axis: the OH bonds of the hydrate water molecules 
point towards the +b, but not !he -b direction; replacement of water 
by methanol on Ille I l 101 faces is depicted. (b)-(c) Crystals viewed 
along the a-uts. Morphologies of o-rtwnnose munohydratc crystals 
grown from: (b) &qt>COus solution 1tld (c) 9: I methanol :water solution. 
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molecule emerges from the 10I01 faces, which are 
poorly expressed. Therefore, methanol molecules can be 
easily attached at these surface sites [see Fig. l S(a)J. 
The methyl group of each adsorbed methanol protrudes 
from the two 1010} faces, impedes growlb in the b­
direction and thus induces the formation or large {010) 
crystal faces [Fig. l5(b), bottom]. On the (011 l faces, 
only two of the four symmetry-related molecules can 
be substituted by methanol and so inhibition of {0111 
should be less dramatic. This reasoning proved 10 be 
in keeping with experiment (Shimon, Vaida, Addadi, 
Lahav & Leiserowitz, 1991); growth in the presence 
of methanol as additive yielded {0101 plates similar in 
shape to when asparagine is grown in the presence of 
aspartic acid [Fig. I S(b)J. That methanol can indeed be 
selectively adsorbed on both the [OIO} and (011} faces 
was further demonstrated by experiments involving par. 
tial dissolution of asparagine.H2O crystals in methanol 
solution, revealing etch-pits, although poorly developed, 
on only these faces (Shimon, Lahav & Leiserowitz, 
1986). 

7.3. Pulur crystals 
In another approach, use was made of the principle 

that in a polar crystal the attachment encl!)' £111 at 
opposite and hemihedral faces (hkl) and (hJcf) are the 
same (neglecting effects such as possible differences in 
molecular charge density in the bulk and to-be-attached 
molecules at opposite faces). Although a difference 
in E,n has been invoked to explain the polar mor­
phology of urea obtained by sublimation (Docherty, 
Roberts, Saunders, Black & Davey, 1993), its effect on 
morphology must be far less than that of solvent on 
crystal growth and morphology. Thus, in the absence 
of a difference in the effect of binding of solvent at 
the hemihedral faces (hk[) and (iifi), these 1wo faces 
should grow at the same rate (Turner & Lonsdale, 
1950). A pronounced difference in growth rate must 
then be associated with differences in solvent-surface 
interactions. This principle was exploited in the family 
of plate-like crystals composed of amphiph.ilic molecules 
which pack in layers stacked head-to-tail in a polar 
arrangement (chain-like amphiphilic molecules nonnally 
pack head-to-head and tail-to-tail in the crystalline state). 
Thus, the polar plate•like crystals are hydrophobic at 
one plate face and hydrophilic al I.he opposite face. The 
idea was to ascertain the relative binding properties of 
polar solvents to the opposite hemihedral faces from 
the macroscopic wetting properties, in terms of contact 
angle measurements, and to correlate this effect with the 
relative rates of growth of the two crystal faces in the 
same solvents. In §4.l we had shown how the absolute 
configuration of the constituent molecules of chiral­
resolved alkylgluconamides, which pack in the desired 
polar arrangement (Fig. 7), may be assigned from the 
difference in wetting properties of the hydrophilic and 
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ydrophobic faces. In CH30H solution the polar plate• 
eke crystals of the oetyl derivative (n = 8) were found 
) grow almost four times faster at the hydrophobic 
ide than at the hydrophilic side (Wang, Leiserowitt 
l: Lahav, 1992). This result is completely in keeping 
v'ith the observation that water and olher polar solvents 
vet the hydrophilic face more strongly than the opposite 
1ydrophobic face (see §4. l ). It is noteworthy that at the 
1ydrophilic face, solvent methanol can form 0--H• · ,Q 
1ydrogen bonds with the tenninal hydroxyl groups of 
wo neighboring chains, since the tranSlation separation 
liitance between them is ca 5 A. 

The theory !hat strong solvent-surface interactions 
nhibit crystal groW1h is also borne out by a compar­
SOII of the effect of tailor-made additives and acetic 
1cid solvent on the morphology of the polar crystals 
1f N-(cinnamoyJ)alanine, already discussed in §4.1. A 
,enchma.rl:: study on the effect of solvent on growth of 
>Olar crystals was carried out by Wells (1949), He found 
hat in aqueous solution, the o:-fonn of resorcinol ( 1,3· 
lihydroxybenzene), which crystallizes in space gro~p 
'M21, grows unidirec1ionall:, along the polar c-a,os. 
[be (O! I} faces al one end of the _1~olar axis have 
proton donor' properties and the (Oll} faces at the 
,pposite end 'proton acceptor' properties. However, 
.Velis could not fix the absolute direction of growth 
1long the polar axis. This assignment was made with 
he use of tailor-made additives (Wireko et al .. 1987). 
[be unidirectional growth in aqueous solution occurs 
1t the 'proton acceptor' (Oii l faces. This observation 
vas explained in terms of stronger binding of water to 
he 'proton acceptor' IOll) faces (Wireko et al., 1987; 
)avey, Milisav!jevic & Bourne, 1988). However, these 
ITTalyses were not completely irrefutable, hinting that 
ither growth mechanisms might also be responsible. 
f'hus, we describe the next experiments on lhe polar 
:rystals of -y-giycine and racemic alanine as well as urea. 
vhere different mechanisms were invoked to account for 
heir growth behavior. 

1.4. A 'relay' mechanism of crystal growth as a resull 
,f selective solvent binding 

An entirely different approach involved strong 
:elective adsorption of solvent al a subset of molecular 
:urface sites, of say type B, and repulsion of solvent 
11 the remaining set of surface sites, of say type A, on 
he crystal face. This is depicted in Scheme 7, where 
ve emphasize the difference between the two types of 
,ites by assuming a corrugated surface such that the 
\-type site is a cavity and the B-type site is on the 
iutside upper surface of the cavity. Scheme 7(a) shows 
he B·type sites blocked by solvent S and the A-type 
;ites unsolvated. Thus, solute molecules can easily fit 
nto A-type sites. However, once docked into ~silion 
Scheme 7(b)], the roles of the A- and B·lype s1tes are 
;ssential!y reversed and the solvent molecules which 
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originally were bound to B-type sites would be repelled 
since they now occupy A-type sites. This cyclic process 
can lead to fast growth by a kind of 'relay' mechanism. 

la) 
Scheme 7. 
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ln such a situation, where desolvation is rate limiting, 
we have implicitly made use of the proposal that the 
free energy of incorporation of a solute molecule helps 
10 displace bound solvent. This relay mechanism may 
be demonstrated by a crystal with a polar axis and the 
experiment involves a comparison of the relative rates of 
growth at the opposite poles for the different solvents, as 
exemplified by I.he growth and dissolution of the crystals 
of (R.S)·alanine and the 1 -fonn of glycine in different 
solvents (Shimon, Vaida, Addadi, Lahav & Leiserowitz, 
1990, 1991). These two crystals have similar packing 
features and so the discussion is confined to (RS>­
alanine. As already described in §4.1, the zwitterionic 
molecules are aligned so as to expose c0:i- groups at one 
end of the polar c-axis and NH3 ♦ groups at the opposite 
end, The crystal has a polar morphology, with the CO2 
groups emerging at the flat -c end, as shown in Fig. 21. 
The (OOi) face at the carboxylate end contains cavities. 
This face grows and dissolves faster in aqueous solution 
than the 'smoother' amino face (Fig. 22(a)J. We propose 
that the faster growth at the (001) side of the crystal 
in aqueous solution is due to the relay mechanism of 
growth, according to the following arguments. The water 
molecules may be strongly bound by hydrogen bonds to 
the outennost layer (001) of COi groups. In contrast, the 

C:WII (011) 

mo1 

◄!Xii) 
Fig. 2L Packing amngcmenl of (R.S)·a!a.nine delineated by crystAI faces, 

as viewed down the l>-axis. The capped faces at 11,e +c end of the polar 
axis expose NHt and -CHl groups at their surfaces, the O!)pO§itc 
(OOi) I~ exposes carboKyl11e CQi g,oups. 
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pockets act a.s proton acceptors for the NH{ groups of the 
solute molecules. Replacement of the solute NH; moiety 
by solvent water within the pockets yields repulsive or, 
at best. weakly attractive interactions. The pockets will 
therefore be weakly hydrated a.nd so relatively easily 
accessible to approaching solute molecules (Fig. 23). 
There is, however, an alternative mechanism which may 
account for the faster growth at the -c end: a higher 
crystal attachment energy at the {001) end of the crystal 
than at the opposite end. We could demonstrate that the 
relay mechanism is the more operative on the following 
basis: we predicted thal methanol molecules could bind 
into !he pockets at the (001) face. The methyl group of 
this cosolvent molecule can fonn attractive, albeit weak, 
C-H· • .Q interactions within the pocket and the OH 
group can fonn a hydrogen bond to the CO2 group at 
the surface of the pocket. In keeping with prediction, 
crystals of (R.S)-alanine in 80% methanol:water mixture 
grow faster at the +c amino end of the crystaJ than at the 
-c carboxylate end [Fig. 22(b)l, indicating that methanol 
blocks solute access to the pockets more effectively than 
water at lhe (OOi) face. 

This work implies that for those crystals which expose 
at each face set of different surface sites, the average 
binding energy of solvent to a face may not be a suffi­
cient criterion for establishing the relative morphological 
importance of the different faces. It may be necessary 
to assess the ease of replacement of solvent by solute at 
each of the different surface sites, as well as the different 
modes of docking the solute molecules at the surface. 
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Fig. 22, Graph of the relative growlh 11 opposite poles of !he polar axis 
of (R.S}-alanine crystals: (a) in water llJld (b) in 4: I melhanol:water 
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For example, Boele, Feil, Briels &. Bermema (1991) 
calculated the theoretical growth form of tetragonal urea 
and found that it is almost cube•like and compares 
well with those of crystals from ethanol or benzene. 
However, the theoretical fonn is very different in shape 
from the [00 l I needles obtained from aqueous solution. 
Bock & Briels ( 1992) performed molecular dynamics 
simulations of interfaces between water and crystalline 
urea. They argued that I.he observed needle morphology 
cannot be explained using a simple layer model because 
of strong adsorption of water to the relevant faces. By 
examining the interface between a saturated aqueous 
urea solution and crystalline urea, Bock (1993) explained 
the (001 l needle morphology in terms of wrongly and 
randomly absorbed urea molecules to the I 1101 side 
faces, so providing an increased intclfacial entropy. It is 
noteworthy that oxamide crystals grown from aqueous 
solution contain ca 2% of wrongly oriented oxamide 
molecules in the lattice (Swaminathan & Craven, 1982). 

8. Control of crystal phase formation 

Any crystallization process must cross the nucleation 
barrier. lt is generally assumed that a.s the molecules 
start to associate in supersaturated solutions, they fonn 
embryos with structures resembling those of the to-be­
grown crystals. For polymorphic systems embryos of 
all the observed polymotphs are probably formed. Each 
type of embryo would structurally resemble the crystal 
into which it will eventually develop. If this hypothesis 
is com:ct, one may use the structural information of 
the mature crystals to design inhibitors of a particular 
crystalline phase. The overall consequence of this stereo-

(a) (b) 

Fig. 23, Schcm11ic n:prescnu.tion of the (OOi) face of R.S-alani.nc during 
crystal growth. (a) In !his view, approaching solute alanine molecules 
are depiewl as about to be bound within !he pockets of lhe (00 l ) 
face. Also shown are w•ter molecules bound IO the ourermost COi 
groups of this face. The pockets ri,main poorly ,olvated because 
lone-pair-lone-pair oxyger,..oxygen repulsions inhibit (similar to Iha! 
described earlier in the asparagine-aspanic acid sy•t- in §5.4) the 
binding of water within lhem. (bl In this view. the newly adsorbed 
al1J1ine molecules arc each bound via lhree NH· • ,0 hydrogen bonds. 
The previously bound water molecules an: lhown being rcjc<:!ed by 
O(watcr)· • ,O(carboxyla1e) lone pair-lone pair repulsions, Note the 
formation of new unsolved pockets. 
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specific inhibition process can be that the unaffected 
phase, if less stable, will grow by kinetic control. We 
shall consider several systems where the logic of the 
above arguments apply. We first discuss the synthesis 
of chiral enantiomerically pure material from nonchi.ral 
reagents. This will be followed by a method for the 
kinetic resolution of enantiomers and the induced crys­
tallization of a particular polymorph. Finally. the induced 
nucleation of a particular phase which acts as a template 
for the nucleation and further growth of the more stable 
phase into a. macroscopic crystal will be discussed. 

8.1. Amplification of chirality by crystallization with 
chiral additives 

The solid state may be used for the synthe.~is of chiral 
enantiomerically pure material from nonchiral reagents 
by precipitation of nonchiral molecules in appropriately 
packed chiral crystals, followed by a lattice-controlled 
reaction (Green, Lahav & Rabinovich, 1979; Addadi er 
al., 1980), However, crystallization from achiral solvents 
generally yields {R}· and {S)-crystals in equal amounts. 
In order to obtain enantiomerically pure material, it is 
necessary to inhibit the nucleation of one of the two 
chiral crystal phases. This was achieved in the following 
way. Molecular dienes were 'engineered' to pack in 
chiral crystals (Addadi & Lahav, 1979; Addadi, van Mil 
& Lahav, 1982; van Mil, Addadi, Gati & Lahav, 1981, 
1982), in which lhe molecules are stacked by translation 
such that the neighboring C- · ·C double bonds are in 
appropriate proximity for photodimerization (Scheme 
8). UV irradiation of a single crystal yields dimers, 
trimers and oligomeric products of a single chirality 
P, or P,. dependent upon the chirality of the starting 
crystal. Thus, the handedness of the molecular stacking 
ammgement is retained in the structure of the oligomer. 
A net asymmetric induction of one of the crystalline 
phases was achieved when crystals were grown in the 

1 
_J 

Scheme 8. 
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presence of oiigomers of a single chirality (i.e. P, or P,) 
obtained from a luge single crystal. In all experiments 
it was observed that a large excess was formed of I.he 
phase which was enantiomorphic to that in which the 
additive itself had been generated: namely, R-crystals 
were obtained from a solution containing P, additives, 
and vice versa. 

A naruraJ exlension of this work led to the suggestion 
of a new method for kinetic resolution of a racemic 
mixture crystallizing in the form of a conglomerate of 
{R}- and !SJ-crystals (Addadi, van Mil & Lahav, 1981; 
Addadi et al., 1982), as described below. 

8.2. Resolution of enantiomers 
Racemic mixtures of molecules which crystallize as a 

conglomerate yield two enantiomorphous equienerge1ic 
crystalline phases. Kinetic resolution of the conglom­
erate may be achieved with the assistance of tailor­
made chiral-resolved inhibitors which would, in solution, 
bind enantioselectively and stereoselectively to only one 
of the enantiomeric crystalline phases and so prevent 
its eventual growth. This principle has been demon­
strated for many systems (Addadi et al., I 982; Addadi, 
Weinstein, Gati, Weissbuch & Lahav, 1982; Zbaida et 
al., 1987). There: are no particular requirements on 
molecular packing, allhough we may state that the higher 
the point symmetry of the crystal, I.he more differ­
ent orientations in the lattice the constituent molecules 
may occupy, making the inhibition process more pro­
nounced since the additive would be adsorbed on more 
faces. The kinetic resolution may encompass preferred 
precipitation from a racemic mixture in solution of 
one enanliomorph al the expense of the more stable 
racemic crystal phase. Naturally the energy gap be­
tween the racemic crystal and the mixture of resolved 
enantiomorphs must be relatively small. For example, 
racemic histidine.Hct precipitates, at 298 K, as a stable 
racemic dibydrate crystal and a metastable conglomer­
ate of resolved monohydrate crystals. Addition of as 
little as 1 % of the chiral-resolved poly-(p-acrylamido-S­
phenyalanine) additive induced resolution with quantita­
tive yield of the desired enantiomer (Weissbuch, Zbaida, 
Addadi, Lahav & Leiserowitz, 1987). 

8.3. lnduc1;d crys1alJiza1ion of a polar polymorph 

We now consider the preferred precipitation of a 
crystal containing a polar axis, 11.t the expense of the 
dimorph which is centrosymmetric and thus nonpolar. 
The concept is that in crystals with a polar axis all 
molecules are aligned in the same direction vis-a-vis 
the polar axis. ln centrosymmetric crystals neighboring 
molecules are arranged in an antiparallel manner. These 
two arrangements are depicted in Scheme 9. Thus, a.n 
appropriate tailor-made additive will inhibit growth of 
the centrosymmetric form at opposite ends of the crystal, 
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Scheme 9. 

and so prevent its appearance, but will only inhibit 
growth of the polar form at one end of !he crystal. 

This concept has been demonstrated in two different 
systems. in N-(2-acetamido-4-nitrophenyl)pyrrolidine 
(PAN; 6a), the metastable polar form [Fig. 24(b)l 
displays optical second-harmonic generation. As little 
as 0.03% of the polymer (6b) inhibited precipitation of 
the pseudo-centrosymmetric stable fonn of PAN [Fig. 
(24a)J, only allowing crystallization of I.he metastable 
form (Staab, Addadi, Leiserowitz & Lahav, 1990). 

(00) 

0 

(6b) 

The other system involved preferential crystallization 
from aqueous solution or the ,•form of glycine, when 
grown in the presence of the additive racemic hexa­
fluorovaline, (CF3)iCHCH(NHj)CO:i (Weissbuch, 
Leiserowit.z & Lahav, 1994). As already mentioned, 
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glycine usually crystalliz.es in the centrosymmetric a• 
form from aqueous solutions, but litaka (1961) reported 
that glycine can precipitate in a polar 1 -fonn from acetic 
acid or ammonia solutions. Perhaps the crystallization of 
a-glycine in pure aqueous solution is promoted by lhe 
presence in solution of cyclic hydrogen-bonded dimers 
of glycine (see §7. l ), but whose formation is inhibi~ in 
acid or base solution, leading to the precipitation of the 
-r-forrn. The -y-form appears in space group P31 (or P32), 

arranged in a way similar to (R,S)-alanine crystal (Fig. 
21 ), so that the molecules expose COi groups al one end 
of the polar trigonal axis and NIH gTOUJ>S at the 0J>POsite 
end [Fig. 25(a)l. II was found that racemic hexafluo­
rovaline is an effective inhibitor of growth of a-glycine 
since it binds to the four {011) faces and so blocks 
growth along both b and the fast c-growing directions 
[Fig. 25(c)J. This behavior is in contrast to that or the 
common a-amino acid additives which bind primarily to 
the IO l 0 l faces and so retard the growth of a,-glycine 
only along the b-direction, inducing the fonnation of the 
( 0 lO) plates, as described earlier in § 5.1. The abnormal 
behavior of hexalluorovaline may be understood in tenns 
of its molecular structure and conformation, as found in 
its native crystal structure (Weissbuch, Frolow, Addadi, 
Lahav & Leiserowiu, 1990); steric repulsion imposed 
by the h.exafluoroisopropyl moiety prevents adsorption 
onto the { OJO} face, but not at the {011 I faces to 
which it is strongly bound through charge-transfer inter­
actions. Furthermore, hexafluorovaline does not inhibit 
nucleation and growth of the -y-glycine fonn because 
the additive is bound thereto primarily at the NH; end 
of its polar axis, the crystal growing unidirectionally 
along its polar c-axis at the CO2 end. However, me 
hexafluorovaline molecules can be also adsorbed on 
the newly developed I i 511 side faces of the trigonal 
pyramidal crystals [Fig. 2S(b)J. The salient lesson to 
be learnt from these experiments on glycine is that the 
inhibitor, to be effective, should bind along the fast­
growing directions. The antifreeze proteins in fish that 
inhabit the polar seas act in a similar way; they bind to 
the fast growing directions of the ice nuclei to inhibit 

(al (b) 

Fig. 24. Crystalline packing amngemenii of PAN (6a): (a) stable form 
whidl j$ pscudoccntrosy~tric and (b) mewtable fonn where lh<: 
polar axis is along lhe vertical din:<:lion. 
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growth (De Vries, 1984; Chakrabartty, Yang & Hew, 
1989; Knight, Chang & De Vries. 1991). 

8.4. Information on early stages of nucleation via 
induced twinning of racemic alanine crystals 

Finally we examine a system in which a chiral­
resolved additive induces nucleation of a chiral phase 
from a racemic mixture in solution, but this step is 
followed by the eventual precipitation of the thermo­
dynamically st.able racemic crystal through an epitaxial 
structural fit between the two crystalline phases. The 
constituent molecules are alanine. The racemic (RS)­
crystal, already described in §4.1 and §7, crystallizes 
in the polar space group Pna21• The molecules form 
parallel hydrogen-bonded chains along the polar c-axis. 
exposing COi groups at one end of the polar axis 
and NH3 groups al the opposite end (Fig. 21 ). The 
enantiomorphous crystals of (R)- or (S)-alanine have 
very similar cell dimensions, but the hydrogen-bonded 
chains are arranged antiparallel in space group P21 21 21• 

so exposing both CO2 and NH3 groups al each end of 
the c-axis. The energy gap between these two phases 
must be small and their solubilities are very similar. 
The racemic crystals exhibit a morphology (Fig. 21) of 
point symmetry mm2, in keeping with the space group. 
Pre<:i(>itation of alanine from a racemic soluLion, when 

(a) (b) 

{cl 

Fig. 25. (a) Packing amngcmcm of the 1-fonn of glycine, as 
deiineato:I by the face$ grown from aqueous solution containing 
acetic acid. (I>) Photograph of y-glycinc cry,i..l> grown from 
aqueous solutions in the pn,sencc of heutluorovaline additive (3% 
wl). (r) Photograph of er-glycine crystals grown from aqueous 
solutioo in the presence of a low concemralion (1% wt) of 
hexafluorovalinc additive, showing inhibition of lhe four (011) faces. 
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grown in the presence of a chiral-resolved er-amino 
acid additive, such as (R)-threonine, yields (R.S)-alani.ne 
crystals with an affected morphology, propeller-shaped 
and exhibiting 222 point symmetry [Fig. 26(a)J. Growth 
in the presence of the opposite enantiomeric additive 
S-threonine yields propellers of the mirror image (Wciss­
buch et al., 1994). The crystals expose COi groups 
at each end of I.he propeller and so would appear to 
be twinned about the central ab-plane, in keeping with 
observation that the two crystal halves appear to be 
stitched across I.his central ab-plane. However, lhe two 
surfaces in contact across such a twinning plane would 
each expose NH3 groups, which must be energetically 
unfavorable. One reasonable explanation for lhe ob­
served effect is the inhibition of nucleation of both the 
racemic and the chiral form of alanine homomeric to 
that of the chiral-resolved additive in solution. leading 
lo nucleation of the opposite enantiomer through the 
absence of steric interactions with the additive. I.ndecd 
this step was done by design. These chiral nuclei then 
act as templates at their two opposite (001 l faces for 
nucleation sites for i.:pita.xial growth of (R.S)-alanine, 
yielding the 'twinned' crystals. The proposed structural 
arrangement at the epitaxial interface is shown in Fig. 
26(b). This arrangement also brings about the point that 

(21AI) 

~· 

(al 

(I>) 

Fig. 26. (a) Twinned aysuls of (R.S)-alanine grown in the presenoe of 
1 % R-lhreooine additive. (b) Proposed $t.ructlltal arrangement showing 
the epiw:ial growth of {R $)-alanine at lhe (001 J and (OOi) faces of 
a nucleus of (S}-ala.nine. 
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each of the two {RS) to (S) interfaces has half favorable 
N-H· • •O hydrogen bonds and half unfavorable, but 
well-separated, NHi • • :•H3N electrostatic interactions, 
while twinning of the two (R.S)·domains without an 
interleaving (S)-layer would generate only unfavorable 
contacts. The tapered arms of the propeller are brought 
about by the enantioselective adsorption of the chiral 
additive at two opposite faces of the four 12101 side 
faces. The proposed mechanism of nucleation followed 
by epitaxial growth was substantiated by the observed 
growth of (R.S)-alanine from seeds of chiral-resolved 
alanine and by growth experiments involving various 
nonracemic (R:S) mixtures. Furthermore, X-ray diffrac­
tion measuremems of a twinned crystal revealed the 
following: a misalignment between the two halves, and 
reflections, but only from the crystal center, that are 
symmetry forbidden for space group Pna2,, and so could 
arise from a P212121 crystallite. 

CJ. 'Tailor-made' surfaces composed or arnphiphllic 
monolayers for promotion of crystal nucleation 

Crystal nucleation is generally a heterogeneous process. 
This means that the activation barrier for nucleation 
is lowered by interaction with template surfaces. This 
process can happen at different levels of specificity. 
ranging from nonspecific adsorption to epitaxial growth. 
One can therefore envisage induced nucleation of desired 
crystalline stnicrures, even with a specific crystal ori­
entation, hy designing appropriate nucleation promoters 
which match the structure of the crystal on a specific 
plane. 

We described earlier in § 3 the changes induced in 
the a-form of glycine crystals upon growth in the pres­
ence of various o-amino acid additives. These changes 
involved morphology and enantiomeric segregation of 
the occluded additive molecules. Growth in the pres­
ence of hydrophobic o-amino acid additives yielded 
glycine crystals at the air-solution interface, floating 
with their { 0 IO I faces exposed to air, long before crys­
tals appeared at the bottom of the crystallization vessel 
(Weissbuch el al., 1984; Weissbuch, Addadi, Leiserowitz 
& Lahav, 1988). The R-a-amino acid additives such as 
leucine, norleucine, valine and o-amino-octanoic acid 
induced the formation of pyramidal crystals floating with 
their (010) faces exposed to air. By symrnelr)', the S­
a-amino acid additives induced the enantiomorphous 
(0iO)-oriented pyramids. Crystallization experiments in 
the presence of racemic hydrophobic additives yielded 
the solution surface covered with {010} plates of both 
orientations. Crystalliz.ation experiments in the presence 
of optically pure hydrophobic a-amino acid additives 
(e.g. R-leucine) and r.icemic hydrophilic o-amino acids 
(e.g. racemic glutamic acid) yielded only (010)-oriemed 
plates of glycine (Fig. 27). This orienting phenome­
non was explained by the spontaneous aggregation of 
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the hydrophobic a-amino acid additives at the solu­
tion surface to yield nucleating domains. This proposed 
mechanism is also in keeping with surface tension mea­
surements, according to which the hydrophobic o-amino 
acids aggregate at the aqueous solution surface. More­
over, the chiral-resolved hydrophobic a-amino acids, in 
I.heir own crystal structures form hydrogen-bonded layers 
akin 10 that of a-glycine (Benedetti, Pedone & Sirigu, 
1973; Weissbuch, Frolow, Addadi, Lahav & Leiserowitz, 
1990). The mechanism is also in keeping with HPLC 
measurements of the floating glycine crystals grown 
in the presence of the chiral-resolved hydrophobic a­
amino acid, which revealed very small amounts, if any, 
of the additive occluded in the crystals. Thus, it is 
conceivable that the hydrophobic a-amino acid additives 
assemble at the solution surface into hydrogen-bonded 
layers, further stabilized by the binding of glycine solute 
molecules to form hydrogen-bonded bilayers, and which 
can induce I.he oriented nucleation of o-glycine crystals 
at the solution surface. 

These studies led directly to the use of water-insoluble 
a-amino acid amphiphiles to induce oriented nucleation 
of a-glycine crystals. Such a design of a synthetic 
template of a Langmuir monolayer of amphiphilic 
molecules spread al the air-solution interface and 
having their polar head groups in contact with the 
water proved to be a very expedient nucleating 
system. II has proven possible to induce, by vinue 
of a designed structural match between nuclcator 
and nucleate, oriented crystalliz.ation of a-glycine 
("·H3NCH1C02) under o-amino acid monolayers such 

Fig. 27. A cnut or oriented a,.gJycinc plate-like crysials fto&ting on the 
surface, o!l!ained from a solu1ion containing I'll, wt/wt R-lc:ucinc and 
racemic gluwnic acid. All !he ftoa1ing oriented pl11cs expose their 
{010) laces 10 the air due 10 R-leucinc, and gh.111mic acid is added to 
the solution to i!>ducc plate: form11ion. Thi~ orieniation is n:cogniz.ablc 
from I.he crysial shape, 5ince for the ll\lljority of lhc crysws lhe 1011g 
edge of oach crystal is parallel to lhe c-ax~ and the £hon edge is 
parallel to a. Fur those crywls which appear to be reverud, of which 
there are approximately l'in or six in lhis pnolognaph. the correct 
(010) oricn!Ation was c:onfinned by X-ray diffraction measurements. 
For ..._ti crystals the long edge was parallel to lhe a•a><is and the 
shon edge 10 c. 
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as palmitoyl lysine, C1sH31CONHC,HaCHNH;COi 
(Landau, Popovitz-Biro, Levanon, Leiserowitz & Lahav, 
1986; Landau el al., 1989). Severa.I other types of 
crystals have since been nucleated at the water surface by 
Langmuir monolayers through either a (partial) structural 
fit or an electrostatic attraction. These include p­
hydroxybenzoic acid (Weissbuch, Berkovic. Leiserowitz 
& l.,.ahav, l 990). silver propionate (Weissbuch, Majewski 
et al., 1993), sodium chloride (landau, Popovitz-Biro, 
Levanon, Leiserowitz & Lahav, 1986). nanocrystals 
of PbS (Zhao, Yang, McCormick & Fendler, 1992) 
and CdS (Fendler, 1993), barium sulphate (Heywood 
& Mann, l 992a,b) and the vatcrite and calcite fonn 
of CaC03 (Mann, 1988; Mann, Heywood, Rajam & 
Birchall, 1988). The work on CaCO3 was done as part 
of model studies on biological mineralization. 

We shall make brief memion of the crystalline self­
aggregating properties and packing arrangements of the 
Langmuir monolayers, as established by grazing inci• 
dence X-ray diffraction (GID). This will be followed 
by an outline on the effect of solvent molecules on 
the growth, dissolution and packing structures of the 
amphiphilic monolayers. We shall also describe the 
design of mixed monolayers in order to glean a measure 
of the critical size of induced nuclei of the three­
dimensionaJ crystals at the monolayer-solution interface. 
Finally. we examine the role played by monolayers of 
aliphatic alcohols for the induced nucleation of ice. 

9.1. Crystalline self-assembly of amphiphilic monolayers 
on the water surface 

StructuraJ information on the induced nucleation or 
the crystals of a-glycine, p-hydroxybenzoic acid, silver 
propionate and ice at the monolayer interface has been 
independently gleaned by determination of the two­
dimensional crystal structures of the monolayers on lhe 
liquid surface (Wolf et al., 1987; Jacquemain el al., 
1990; Weissbuch, Majewski et al., 1993). This has been 
achieved by grazing incidence X-ray diffraction (GID) 
using synchrotron radiation. 

Evidence for the formation of self-organized two­
dimensiona1 crystalline aggregates (crystallites) com­
posed of water-insoluble amphiphilic molecules, at the 
air-water interface, has until recendy been indirect; it 
has generally been assumed that the degree of lateral 
ordering in the uncompressed state is very low, if at all 
existent. The newly developed melhod of GID is a pow• 
erful tool for exploring thi:s field (Als-Nielsen & Kjaer, 
!989; Banon et al .• 1988; Ats-Nielsen & Mohwald, 
1992; Jacquemain et al., 1992) since it allows for the 
detection of two-dimensional crystalites formed by the 
amphiphilic molecules and for the determination of their 
size and structure almost at the atomic level. Using 
GID, the two-dimensional crystallinity of amphiphilic 
monolayers in the relaxed state (i.e. where the monolayer 
coverage on the water surface is sufficiently low, e.g. 
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<80%, so that the monolayer surface pressure is very 
low) was shown to be a widespread phenomenon. This 
was demonstrated for a variety of amph.iphiles, such 
as long fluorocarbon chain o•amino acids (Jacquemain 
et al., 1990) and carboxylic acids (Dutta et al., 1987; 
Barton et al., 1988, 1992}, hydrocarbon chain alcohols, 
amides, carboxylic acids (Jacquemain et al., 1991) and 
their cadmium or calcium salts (Bohm et al., 1994). 
Indeed the GID spectrum of the cadmium ara.chidatc 
monolayer (Leveiller et al., 1991) gave direct evidence 
of an ordered counterionic cadmium layer bound to the 
carboxylate head group. This result of an ordered counte• 
rionic layer is in agreement with induced crystallization 
of inorganic saJts at the Langmuir monolayer interface 
(landau, Popovitz-Biro, Levanon, Leiserowitz & Lahav, 
1986; Landau et al., 1989; Zhao, Vang, McConnick & 
Fendler, 1992; Mann, 1988; Mann, Heywood, Rajam 
& Birchall, 1988). Analysis of the GID data using 
structure-factor calculations, sometimes complemented 
by lattice energy calculations yielded two-dimensional 
crystal structures almost at atomic resolution (Leveiller, 
Jacquemain, L.eiserowitz. Kjaer & Als-Nielson, 1992; 
Leveiller el al., 1994; Weissbuch, Leveiller et al., 1993: 
Wang et al., 1994: Bohm et al., 1994). 

9.2. Effect of solvent and 1ailor-made auxiliaries on 
growrh, dissolution and struc/ure of amphiphilic 
monolayers 

Amphiphilic monolayers on the water surface are 
an ideal vehicle for study of the effect of solvent on 
two-dimensional (and by extension, three-dimensional) 
crystal growth and dissolution. Two-dimensional crystals 
have an advantage over their three-dimensional counter­
pans. because solute molecules present in the aqueous 
subphasc only come imo contact with the polar head 
groups of the monolayer on a well characlerized inter­
face. Moreover, GID offers I.he possibility to mooi1or 
in real time, changes in two-dimensional crystallinily. 
We have been able, by GID, to demonstralc that solute 
can retard, or inhibit, the growth or induce dissolution 
of monolayer crystallites. For example (Jacquemain et 
al., 1990}, the left part of Fig. 28(a) shows that lO min 
after the monolayer of perfiuorododecyl aspartate (PFA), 
C10F21C1~0COCH2CH(NH;)CO2, was deposited over 
an undersaturated solution of glycine, no diffraction 
peak was observed and it took around 30 min before 
crystalline domains could be detected. The inhibition can 
be understood from the top part of Fig. 28(b), which 
shows how one glycine molecule can bind to two neigh­
boring molecules of 1he a-amino acid monolayer with 
strong hydrogen bonds, thus hindering their assembly. 
The fonnation of this complex is in kinetic competition 
with that of lhe two-dimensional crystalline hydrogen­
bonded bilayer, which is composed of quasi-dimers of 
PFA and glycine [Fig. 28(b), top). Once the PFA mono­
layer crystallizes, glycine solute molecules together with 
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PFA fonn a pseudo-centrosymmetric hydrogen-bonded 
heterobilayer which provides additional stability to the 
system. Use of {,-alanine, •H3NC2~COi, as a solute 
molecule instead of glycine had an entirely· different 
effect on I.he two-dimensional crystals of uncompressed 
PFA; it did not strongly inhibit growth as dramatically 
as glycine, but caused a complete dissolution of the PFA 
crystals over 2 h, as shown by GID measurements [Fig. 
28(a), rightJ. This dissolution was rationalized in terms 
of a strong interaction of /,-alanine with the amino acid 
head groups of neighboring surfactant molecules leading 
to a disruption of the two-dimensional crystals [Fig. 
28(b), bottom}, since ,6-alanine cannot form a hydrogen­
bonded heterobilayer with PFA as may glycine. 

The second example involves the different hydrogen­
bonding properties of the cosolvents formamide 
(HCONH2) and formic acid (HCO2H) in aqueous 
solution, which have a drastic effect on the crystallinity 
and structure of films of aliphatic amides and 
carboxylic acids (Weinbach et al., 1993). Arachidamide, 
C 1<1H39CONH2, on pure water forms a crystalline 
mono!ayer according to the Bragg peaks displayed by 
the GID panem (Fig. 29). Analysis of the X-ray intensity 
profiles along lhe Bragg rods (not shown in Fig. 29) 
yielded a tilt of the molecular hydrocarbon chains of 
ca 18° vis-a-vis the water surface. A l M formamide 
solution as subphase, instead of pure water, did not 
have a detrimental effecl on the monolayer crystallinity, 
according to the Bragg peak profiles (Fig. 29), but there 
was a change in structure since the molecular chains 
were vertically aligned on the subphase, as deduced from 
the Bragg rod intensity profiles. Replacing formamide 
by formic acid aqueous subphase did not change the 
Bragg peak pattern for a 0.3 M solution (Fig. 29), but 
1 M formic acid solution inhibited the formation of two-

glycme ~•alanine 

PFA 

(a) 
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dimensional crystalline C19H39CONH2 monolayers (Fig. 
29). The essential difference i.n binding of formamide 
and formic acid to the amide groups of the amphipbile 
is depicted in Scheme 10. lt involves the replacemem 
of a -29 kj mol·1 attraction between monolayer-bou.nd 
formamide molecules by a 8 kj m<>l"1 repulsion between 
lone-pair electrons of monolayer-bound fonnic acid 
molecules. We may deduce that the lone pair-lone pair 
repulsion between bound formic acid molecules inhibits 
two-dimensional crystal growth of the C19H39CONH2 
monolayer. We note that this inhibition is essentially an 
extension of the effect of tailor-made carlloxylic acid 
additives on the morphology of primary amide crystals 
discussed in §2 and §5.4. 

Amide 
Monolayer 

Amide 
Cosolvent 

Amide 
Monolaycr 

Add 
C.:osohent 

Scheme 10 

An increase in concentration of the formamide solu­
tion to 7 M revealed by GID [Fig. 30(a)J the formation 
of two coexisting crystalline phases of ara.chidamide, a 
bilayer and a monolayer (Weinbach et al., 1994). In the 
monolayer phase !Fig. 31 (a) I, the molecular hydrocarllon 
chains were aligned venically with respect to the liquid 
surface. In the trllayer phase [Fig. 3 J (a) l, the chains 

Fig. 28. Uncompn:sied monolayer of PFA 
spread a1 an average molecular ,uea of 45 A 2 
over v.a.rious solutions. (a) OID measun:ments 
as • function of rime af1cr spreading: over 
glycine wluLion (0.0IS M: left); over p.. 
alanine solution (O.OOS M; right). Note I.he 
incre&Se in two-dimensional crystallinity in Ole 
former, and !he decrease in me l111er as 
indicated by the diffc:n:nt time evolu1ion of 
the peak. q,, (= 4,rsin8/l.) is Ille horizom.al 
S<:Jlttering vector pu,.llel to the water surface. 
(b) Schematic drawings of 'bridging tom• 
plexe:;' bc1ween Pf A monolayer molecules 
and the solute molecules for glycine (top) ond 
/}-alanine (bottom). A potential quasidimcr is 
illuotrated fnr glycine. w hilc lhc mismatch is 
depicted for ,B·alanine. Key: large stippled 
circles, O; small empty circles, C: full small 
cin:les, N atoms; .. •, hydrogen bon<h; ..... 
hydrophobic chains. 
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aligned. According to the GID pattern (Fig. 30(b)), it 
proved possible to inhlbit the tri.layer formation, yielding 
only the monolayer of the phase in which the molecules 
arc vertically aligned [Fig. 3l(b)J, by deposition of 
the amphiphiie together with the tailor-made additive 
N-methylarachidamide. This inhibition process is sim­
ilar to the behavior of the tailor-made additives on 
growth of three-dimensional mol~ular crystals. Sponta­
neous fo1111ation of multilayers of amphiphiles on liquid 
surfaces may prove not to be a rare phenomenon. It 
has been found to occur for other amphiphilic sys­
tems such as C19H39CONHCH2CH2CONH2 on water 
(Weinbach er al., 1993). Indeed, the bolaamphiphlles 
HO-(CH2)n-OH (n = 22, 23, 30) spontaneously form 
crystalline multilayers on the water surface (Popovitz­
Biro et al .• 1994a,.b; Majewski, Edgar et al., 1995). 

were tilted ca 30° from the normal to the liquid surface. 
The pure formamide subphase yielded two phases in 
the trilayer form, the minor one tilled as before and 
the major phase wilh the molecular chains vertically 
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Fig. 29. GID diffraction pattern, showint u,e Bragg peaks of a monolayer 
of uncompressed arachidamidc spread on various subphases. The 
horizont.al axis q,., = 4nin 8!>,, where 8 is the comp<>nc:nt of the Bragg 
angle parallel 10 the monoliycr plane. 

Cb) 

Fig. 30. Two-dimensional intensity plolS l(qx,, q1 ) of the GI D pattern 
of arachidamide on 70% formamidc-water subphase 111 278 K. The 
'ln•axis describe$ the horizontal X-ray scalterine vector 4,rsin 8/).., 
where IJ is the component or the Bragg angle parallel to lhe water 
surface. The q1 •nis describes lh~ vcnical X-ray sea tiering vector. 
(a) Pure arachida.rnide and (b) arachidamide con1J1ining S% N-meihyl 
arachidamide. 
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9.3. Mixed monolayers as a probe for mimicking the 
solid-liquid imerface 

Ali.hough many experiments have been performed 
in which the crysial morphology can be understood 
in terms of strong binding of either solvent or addi­
tive molecules to specific faces, little work has been 
reported on the direct detennination of the local struc­
ture at liquid-crystal interfaces. · ll is perhaps a con­
sequence of !he fact that the structure and dynamics 
al the solid-liquid inlerface is not easily amenable to 
direct study. Nevertheless, in siJu synchrotron X-ray 
scattering studies have been recently carried out at 
the gold-electrolyte (Ocko, Wang, Davenport & Isaacs, 
1990; Wang, Davenport, Isaacs & Ock.o, 1992) and 
calcite-water (Chiarello, Wogelins & Sturchio, 1993) 
interfaces, and the growth and dissolution of ammonium 

An<hid1mld•Only~ • ,,_~'·'"'"'6 
•• ~ 

Vertkat thains (.L; filled chains (If) 

(a) 

Arathidarniclc + Addilive: 
MOftOl.ayer 

Vtrtl<al chains(.!.> 

(bl 

Fig. 31. Sch<:mali< rcprcscn1a1ion of the packing IIJ'TaJlgemcnu or :,,-.chi• 
damidc on 70% formamidc-wa1cr solution, showing side views (lop) 
and views along the hydrocarbon chain arcs (bouom). (a) Pure 
arachidamide. Two phases. one • monolayer wilh chain ucs venically 
aligned in a herringbone stNcturc and the other a lrilaycr phase with 
the chains lilted and parallel.(/,) Arachidamidc plus additive N•melhyl 
arachidamide. Monolaycr phase with chains venically aligned in a 
heningbonc am.ngcment. 
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dihydrogen phosphate, N~H2P04 • in aqueous solu­
tions (Cunningham, Gerson, Roberts, Sherwood & Wo­
jciechowski, 1991). A monolayer may be designed so 
as to partially mimic the solid-liquid structure and so 
be amenable to study by GID and X-ray reflectivity. 
Thus. we made use of a I: I mixed monolayer of long­
chain carboxylic acids and amines to mimic the structure 
of that crystalline face of ,6-alanine which exposes the 
higlM:st concentration of CO2 and NH3 groups and 
which was found to be strongly inhibited on growth in 
CdCl2 aqueous solution (Gidalevitch, Weissbuch, Kjaer, 
Als-Nie\sen & Leiserowitz. 1994). We had found, both 
by GID and X-ray reflectivity measurements, an ordered 
binding of Cd2• and c1- ions to the head groups of 
the mixed monolayer. Moreover, addition of ,8-alanine 
to the CdCl2 subphase solution resulted in competitive 
binding of ~-alanine molecules to the head groups of 
the monolayer. 

9.4. Mixed monolayers for the design of Jtructured 
surflJces to induce three-dimensional crys1alliza1ion 

The transfer of structural information from the 
monolayer to the three-dimensional crystal can provide 
evidence for a correlation between lhe size and structure 
of the monolayer as two-dimensional crystalline 'nuclei' 
and the tendency for formation of the three-dimensional 
crystals. The size, or lateral area, of the monolayer 
inducing nucleation of the three-dimensional crystals 
may be controlled using mixed monolayer films of 
type A + B, where the pure amphiphile A is an efficient 
nucleator, whereas pure B amphiphile is not. The 
oriented growth of three-dimensional crystals may 
be studied as a function of the molar ratio of the 
two components in order to establish the threshhold 
concentration required for efficient nucleation of the 
crystals (Weissbuch, Majewski er al .• 1993). 

One approach for the design of mixed monolayers 
with segi-egated domains of type A and B involves the 
use of molecules with a common moiety, structured so 
as to promote the formation of a homogeneous array 
of molecular moieties, common to A and B. Mole­
cule A, however. contains additional groups appropriate 
for I.he induced three-<limensional crystallization and 
which would also favor their segregation into domains. 
As B we used CnH2n + 1CONH2, n = 19, and as A 
CnH2n + 1CONHCH2CH2COOH, n = 19. The hydrogen­
bonding amide group provides the driving force for 
a continous network of hydrocarbon chains. The head 
group of A, -CH2CH~COOH, was chosen and indeed 
found to favor segregation. as shown in Scheme l l, and 
so induce the cryslallization of a variety of layer com­
pounds, for example, metal salts of carboxylic acids. The 
structural requirement for nucleation is that the crystal be 
composed of bilayers with the metal ions concentrated at 
the center of each bilayer. We chose silver propionate, 
CH3CH2COOAg, as an appropriate compound. lt was 
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l 
,l, __ 

A • 8 

Scheme l I. 

found that mixed monolayers A and 8 with a molar ratio 
A:B down to l: 10 induced oriented formation at the aii-­
solution interface of plate-like silver propionate crystals. 
Only few crystals, and with a different morphology, were 
obtained for a lower A:B ratio or pure B. A randomly dis­
tributed monolayer mixture of two amphiphiles A'+ B' 
did not induce crystallization of silver propionate, a.s did, 
for example, stearic acid A' and stearyl alcohol B' in the 
ratio as high as l: 1. The segregated nature of the A + B 
domains was demonstrated independently by specular x. 
ray reflectivity measurements. The presence of cadmium 
ions bound to neighboring CO2 - head groups was used 
as Ille probe to show the extensive juxtaposition of A· 
type molecules. The homogeneous and ordered narure of 
the A+ B mixed monolayers was demonstrated by GID 
for a variety of A:B mixtures (over CdCl2 solution and 
pure· water subphases). The remaining question to be 
addressed in this analysis is the size of the embedded 
A-type domains, which will provide infonnaaion as to 
the size of the 'nuclei' of silver propional.C en route to 
three-<limensional crystallization. Such information rep­
resents one of the principal unknowns in crystallization 
processes. 

9.5. induced nucleation of ice by monolayers of long. 
chain alcohols 

Pure water can be supercooled to temperatures as low 
as 233-253 K. Therefore, the inhibition or induction of 
lhe freezing point of ice, in particular through the role of 
auxiliaries, has far-reaching ramifications for the living 
and the non-living world, An intriguing example of 
inhihition involves the activity of antifreeze proteins in 
the blood serum of fish in polar seas, these proteins lower 
the freezing point by no more than 2 K, but this small 
difference is vital for their survival (De Vries, 1984; 
Feeney, Burcham & Yeh, 1986; Yang, Sax, Chakrabartty 
&. Hew, 1988). Promotion of ice nucleation, has hccn 
exploited in the induced precipitation of rain by silver 
iodide seeded in clouds (Vonnegut. 1947; Cornn & 
Nelsen, 1968). On the other hand, it can result in 
wide-scale damage to nonconiferous plants in temperate 
climates by frost bacteria (Schnell & Vali, 1972; Maki, 
Galyan, Chang Chien & Caldwell, 1974; Lindow, Amy 
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& Upper, 1978; Lindow, 1983), which nucleate ice at 
temperatures as high as 271 K. 

lee nucleation has been widely studied, yet the role 
played at the atomic level by auxiliaries involved in 
the promotion of ice nucleation is still unclear. Several 
mechanisms have been proposed such as a lattice or 
structural match between the substrate and the nucleated 
ice crystal (Fletcher, l 970; Warren, Corotlo & Wolber, 
1986; Mizuno, 1989; Kajava & Lindow, 1993), or an 
electric field present in the substrate which orients the 
water molecules to induce ice nucleation (Prappacher, 
1963). To help unravel lhe complexity of this process, 
we designed experiments where such mechanisms can 
be studied in a systematic manner. There is a close 
expitaxial fit between the ab-cell axes of hexagonal ice 
(a = b = 4.5 A, 'Y = 120°) and of the two-dimensional 
cell of a compressed monolayer of the aliphatic long 
chain alcohol C21 Ro OH (a= b .. 4.5 A, "f =113°) atjust 
above 273 K, as determined from GID measurements 
(Barton et al., 1988). We found that uncompressed 
monolayers of aliphatic long chain alcohols were very 
efficient ice nucleators (Gavish, Popovitz-Biro, Lahav 
& Leiserowitz, 1990; Popovitz-Biro, Wang, Majewski, 
Leiserowitz & Lahav, 1994). The induced freezing point 
of ice for C.H2• ,. 1 OH with n odd reacbed an asymptotic 
temperature just below 273 K for an upper value of n = 
31, the freezing point for n even reached a plateau of 
265 K for n in the upper range 22-30. The long-chain 
carboxylic acids C.H2n. 1C02H are, by comparison, 
poor ice nucleators (Fig. 32). 

GID studies of uncompressed monolayers of 
c.H,,. • 1 OH, n = I }-31, on water at 278 K revealed 
two-dimensional crystalline self-assembly and yielded 
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Fig. 32. F=zing point• of drops of supercooled water covered by 
monolayers of alcohol. Cnlh, • 1 + OH (n e•cn, filled diamond; 11 

odd. empty square), and carlx>xylic a<:id. C.Hi,, • 1 + CO:iH {empty 
circle). Frceidng poinl curves are drawn sepantely for alcohols with 
11 odd &lid II even. 
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their packing arrangements to near atomic resolution 
and information on molecular thermal motion (Wang et 
al., 1994; Popovitz-Biro, Wang, Majewski, Leiserowitz 
& Lahav, 1994; Majewski, Popovitz-Biro et al., 1995). 
The extent of two-dimensional crystalline order (i.e. 
coherence length) and the amount of crystalline material 
was less for monolayers, with n = 16 and 20, than for 
n = 23, 30, 3 I according to a GID analysis, the latter 
property being independently confinned by FT·ffi. 1be 
best lattice match to ice was for n = 30 and 3 l, the lattice 
match to ice being poorer for n = 13-20 in terms of 
area p-:r molecule, so correlating with lheir less efficient 
ice nucleation behavior. The packing arrangements of 
the hydrocarbon chains of monolayers C30}410H and 
C31 H.,30H are very similar, but for the orientation of 
their -CH20H moieties which are different, resulting 
in different ice nucleation behavior. Fig. 33 shows the 
packing arrangement of the monolayer of C31 !if,;OH. 
Further evidence for the role played by the orientation 
of the C-OH group is the ice nucleating properties 
of alcohols CH3(CH2)nCOX(CH2).,0H (X = 0. NH). In 
these systems the freezing point was found to depend on 
the odd and even value of m, but not on that of n. The 
two-dimensional crystal structures of two ester-alcohols, 
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Fig. 33. Two-dimensional crystal Stl\lClure of me Ci1 "61OH monoll.yer 
on watet Ill 2711 K. in which the two mole.:ules in Ille unit cell m: 
essentially related by glide symmetry along the b,:uis. (a), (b) and (c) 
arc views along the a-axis, the b-ax~ and down the molecular axis, 
respe,;:tivcly. 
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1 = 19, m = 9, \0, on water were determined by GID and 
attice energy calculations yielding distinctly different 
-CH10H orientations. The effect of molecular motion 
of the alcohol chains on induced ice nucleation was also 
evident from the GlD studies. The atomic displacement 
parameter (ADP) of c.H2n • 1OH increases with chain 
shortening from n = 31 to 13, which is compatible with 
!he lowering in ice nucleation efficiency. For n == 31, the 
value of ADP parallel to the plane of the monolayer is ca 
0.12 ,\2. for n = 19 a value of0.25 A 2 • and for n = 13 the 
chain is almost a free rotator according to its large cross­
sectional molecular area (Majewski et al., 1995). The 
epitaxial nature of the induced ice nucleation is obvious 
from the similarity between the arrangement of O atoms 
in the (001) layer of ice and in the alcohol monolayer 
C"H2n + 1 OH (n = 30, 31) over water, at a temperature of 
278 K. as depicted in Figs. 34(a) and (b). This epitaxial 
relation was confirmed by the electron diffraction pattern 
[Figs. 34(c) and (d)J from an essentially single crystallite 
of the C31 H63OH monolayer on a single crystal of ice. 
in proper registry (Majewski et al., 1993). Recently 
we have grown under a C31 I-L,3OH monolayer, at a 
temperature just below 273 K, (001) plates of ice crystals 
smooth enough that it was possible to detect the presence 
of the ordered monolayer on ice by GID (Majewski, 
Popvitz-Biro et al., 1994). Many or these ice crystals 
had a lateral coherence length as low as 25 A, probably 
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!'lg. 34. Layer arrangements of !he O atoms in (a) an (001) layer 
of helta,onal ice and (b) Ille al~ohol (Cnli;i,, • 1 + OH. n = 30. 31 l 
rnonolaycn. The ice 1111.tke is depicted in tenns of the regular 
heugooal cell (solid line) and a centered rectangular cell (dotted 
line). The n::gul..- rcct.111gular lanice of the alcol>ol moooiaycn is 
drawn as well as a distoned hexagonal net jointing I.he O &\Om$. 

(c) Elec:1,00 diffraction pa1tem from an essentially sin&le cry~l­
lite o( llae C31 li630H monolayer on a single crystal of hexagon.al 
ice. (a') Schema1ic relation between 11te reciprocal lattice of ice (filled 
circles) wd of the mooolayer (cmp1y recta11glcs). 

)CCID: <XP _2960386A_I_> 

by virtue of multiple ice nucleation sites. This value of 
25 A provides rather direct information of an estimate 
on the upper limit of the critical size of ice nuclei as 
induced by the monolayer just below 273 K, suggesting 
a cluster of about 100 water molecules. 

10. Induced nucleation or ice on surfaces of o-amino 
acid crystals and by frost bacter!A 

There are reports in the literature on induced ice nucle­
ation that indicate mechanisms other than an epitaxial 
fit. For example, the onset temperature of ic.e nucleation 
by crystalline powders of chiral-resolved hydrophobic 
a--amino acids such as valine, leucine and isoleucine 
was higher than the temperature induced by their corre­
sponding racemic counterparts (Power & Power, 1962: 
Barthakur & Maybank. 1963; Parungo & Lodge, 1967). 
These results were surprising because the chiral and 
racemic crystal forms of these amino acids resemble 
each other in molecular packing and crystal morphology. 
A comparative study of ice nucleation on isostructural 
faces of single crystals of chiral and racemic a-amino 
acids showed that crystal polarity plays an important 
role (Gavish, Wang, Eisenstein. Lahav & Leiserowitz, 
1992), as described below. 

The hydrophobic a-amino acids pack in hydrogen­
bonded layers. In the chiral crystals, molecules within 
the layer are related by translation and interlinked by 
N-H· · ,Q bonds, as in the a-form of glycine (Fig. 
3(a)). In the corresponding racemates, the molecules 
appear in a similar layer motif. The neighboring layers 
are interlinked by N-H· • •O bonds to form bilayers. 
These bilayers are generated in the chiral crystals by 
(pseudo-) twofold symmetry and in the racematcs by 
centers of inversion, as in the o-fonn of glycine {Fig. 
3(a)J. The chiral crystals are polar as a consequence 
of the monoclinic {pseudo-) twofold axis parallel 
to the plane of the bilayer. The racemic crystals 
are centrosymetric and hence are nonpolar. 1be plate­
like faces of the hydrophobic o-amino acid crystals 
expose hydrocarbon residues according to water contact 
angles. Water vapor condensed on these faces at 273 K 
froze, on cooling, al temperatures higher by ,-5 K 
on the polar chiral amino acid crystals than on the 
corresponding centrosymmetric racemates. In a different 
type of experiment, the substrate crystals were cooled 
to 258 K before water vapor deposition. lee crystals 
hexagonal in shape, and with the c-axis tending to be 
parallel to the face of the substrate, were found to emerge 
from cracks at their surfaces !Fig. 35(a)J. 

The above results were explained as follows: The 
structure of the plate faces of the polar and nonpolar 
a-amino acid crystals are depicted schematically in 
Figs. 35(c) and (d). Both faces contain cracks that 
expose the hydrophobic as well as the hydrophilic COi 
and NH; groups. In a polar crystal the structure of 
the opposite surfaces within a crack, perpendicular to 
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the polar axis, are radically different. Were such a 
surface to carry a net charge, the two opposite faces 
would carry charges of opposite sign. ln contrast. the 
opposite faces within a crack of a centrosymmetric 
crystal have similar structures with no net charge on 
each of I.he two faces. Therefore, it was deduced that the 
opposite faces of cracks along the polar axis produced 
an electric field strong enough for the alignment of 
water molecules into proton-ordered ice clusters which 
would be polar along its hexagonal axis [Fig. 35(b)). 
According to this model it was predicted and shown 
for alanine and tyrosine, whose racemic crystals have a 
polar axis and whose chiral counterpans do not, tha1 the 
racemic crystal induces ice nucleation at temperatures 
higher by ca 5 K. This model is in agreement with 
calculations of interaction energy between polar and 
nonpolar hexagonal ice-like clusters contained within 
the crevice of both (R,S) and (S) of alanine (Lahav, 
Eisenstein & Leiserowitz, 1993). The ice freezing point 
results were explained on a more macroscopic level by 
Wilen (!993). who invoked the role of the difference in 
dielectric constants of water and ice. 

We have already alluded to the fact that several strains 
of bacterial species. such as pseudomonas syringae, can 
catalyze ice nucleation at temperatures as high as 271 K. 
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Fig. 35. (u) Schcmalk view <>i heugornd ice cryst•ls (exaggerated 
for clarity) emerging from I.he plate face of an cr•a.mino acid 
cry,tal. (I,) Molecular packing of a heugooal ice from which the 
0-H· • •O hydrogen bonds alonr I.he unique &J<is ~~ a»umc:d to 
be pro1on-01'dcrcd and so !he s1ruc1ure is polar alon& this di,cction. 
The rem.tining 0-H·, ,0 bonds per molecule within each (0001) 
bilayer are assumed to be proton-disorden::d. (c) Schematic view of 
a polar a-amino acid cryslal composed of hydrogen-bonded bil1yers. 
The polar axis i, along the horizontal din:c1ion. The opposite races 
wilhin the cnclr.s expose different groups. (d) Schematic view of the 
cen1rosymmetric a•amino acid crystal. The opposite faces within Ille 
crack arc equivalent. 
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The membrane proteins responsible for ice nucleation 
have been sequenced (Green & Warren, 1985; Warren, 
Corotto & Wolber, 1986; Warren & Corotto, 1989). It 
was recognized by Warren and coworkers (1986) that 
the protein probably consists largely of ~-strands. They 
proposed a schematic arrangement having a triangular 
shape similar to that of the ab-layer of hexagonal ice. 
Mizuno (1989) proposed a more detailed model. Kajava 
& Lindow (1993) pointed out some disadvantages of 
these models: the lack of close packing of the protein 
slructures as well as the inability of the water molecules 
at the ice-like template to form all necessary hydrogen 
bonds. They have presented a structural model which 
consists of a largely planar extended macromolecule with 
one side interacting with the membrane, and the other 
side serving as a template for orienting water into an 
ice lattice. Such ice nuclei would not be fonned from 
an ab-layer so that an experimental determination of the 
oriented ice crystallites could shed light on the validity 
of the model. 

l l. Conclusions 

A great variety of crystalline properties can be controlled 
and modified with the use of tailor-made auxiliaries. 
including growth and dissolution rates, morphology, 
crystal texture, etch-pit formation, structure and poly­
morphism. Surprisingly, such studies also allow one 
to help elucidate basic scientific questions, such as 
pinpointing fine molecular interactions at interfaces, the 
correlation between molecular chirality and macroscopic 
phenomena in crystals and the role played by solvent 
on crystal growth and morphology. Control of crystal 
formation in the very early stages is still primitive and 
the monitoring of such a process by diffraction methods 
is still to be done. Very little work has been done with 
tailor-made additives on liquid crystals or on crystals 
composed of macromolecules, such as proteins. Indeed 
one ha.~ only to look at the fine control achieved in 
biomineralization to realize that we still have a long 
way ahead . 
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;ij,;-tl!:W!%'llt., ~i\'li'FITtF!ir·fe:-!ti:tlat4 2~~2-JJi~1-=-!FZt5~JflE1= J:. ') tit~ L.,t:: 'tJ O)tf" 
JfHlk.l::: ;v.,t::-:, tl:t. ¥f!S~~'llf /: t.;: i; t.;c ,J:. -5 +:,J-1:: ;:::;:t,,;. < t::: ~ c'. 

CHHJ?IN" (39'4;!} 
Ber.: N 14,21 
GeL: N 13-,93 

J.)3. 1-(N-Phu.ylo.7tidfnt1)p;yrtu:olidfn•hydn,i&did (3t) 

A\l.$b!ure~ l2%. Far'blose '.Na.deln. Sclimb, !S:S-187..S .. C Ul·C,H,Ofil VV 
1CH,OH,omQg•)J:_).,,,., - =(4,"4).IRIXllr,cm-'):v = JJ8Q,l2SfJ,3130,l630 
[C•N), 15IIO (Nli11240 (C-N). 'H-NMR[DMSO-D.,ppm): i -2,!0 !t<, 
2H, -CH,-);2,92 (dl,2H, -CH,-); J.,48 (t,2H. -CH,--); 7,17-7,44 (m, 5H, 
Ar-H); 7,S4 [<, 4B, NH). 
C 1..,H 1.:,IN,1, (~LS,.2) 
Ber.: N 17,6! 
CM.: N 16,54 

JJ.4. J-{N-/4,Mu1hylph,eyl)•m;d1e«)pyrn,"1Wn-/rydn,iodid (3f) 

A.usbeute~ 47%, Farbkise Nadeln. Sclimb. 152-154 "C Jn•C:iH70H}. UV 
!CH,OH,m,.(lg•)J:i._.. - 231 (4,ll).IR(K.l>r,am- 1},v - :;rn,,3!00,2970,11120 
fC=N), 15&~ (NH).1'70, l2.30 {C-Ni 'H-NMR(DMSO-D.,wm),o • l.10 
it~ ;IB:, ···CH,·-); 2,29 (s, 3E, --CR,): 2,l!9 (di, 2H, -CH,-); l,43 (<, 21-1. 
-CH,-): 7,05 (d, 2H. A.r-H/: 7:;!J (d, 21!, Ar-H); 7,41 (r., •H. NH). 
C11 H.i,IN.t (Jl2.2f 
Dor.: N 16.B1 

. Gef.: N 17.32 

J.J.S. J-JN-(4-Chlorph,ny/).,.i,Ji,u,Jpy,ororuJin•hj,drolodW (3tz) 

Aw;l:;,,c.me: 45'%, F"arbloz:e Kris.lane. 'Scllmb. Hi9-17l,:S •c (o--C,1:1-,0H}. 
·IJV[CH,OH,..,,.(lg tj):;._ - 223 (4.,37).245 (sh 4,17~ !R.(K.Br,=· '):v = 3420, 
3310, J!OO, 1640 /C•N1 1595 (NH), 1S<ll, 1490, 12:m [C-N]. 'H-NMR• 
(DM'..5O-Dicb ppm):·6 • 2,07 (t~ 2:B, ~CEJ:-): 2,88 fdt, 2H:, -011-); J,41 
(~23. -CH,-):"l,!S (d, ZH,Ar-H): 1,<Z(d, m,Ar-l-1);7,55{<,4H,NH:). 
Ci:oHt,CllN,. (~51.6) 
Be!.: N ·l:S.S.9 
Gel.: N 16,04 

3.3.6. 1-{N•/•-Ilmntp/,~nyljamldir.ojpyraza/ltit,,.l,ytlroiodld fsb) 

Aool>out,;; ,1¼. l'arblc>e K.dst<Ue. Schmb, 179-182,S"C (CH,OH). UV 
[CH,OH, nm(lg,)j: l.,,... -2'3 (~.51), 294 (oh ~85). lR[!CBr, =-'): • - 3390, 
3180, lfi30(C-N, uas (NH), 1550,1470, i= (C-N;. 'H-NMR(DMSO-D., 
ppm):& -1,11 (tl,2H, -Cl-1,-);2,91 (d~2H, -C::-i,-!;'.l,45(t,2B'.-CH,-l: 
7,JS (d, 2B, Ar-H); 7,56 {d, 2H, Ar-H): 7,70 I•, 411, NH', 
C 10HJ"'IBrrN4 (397,.1} 
Bor.: N 14,!l 
G,f.: N 14,24 

3.3 ,7. J~ ( NmNa,7Jit/l-l-yfamid;,1o)P.,'IFrttr.olfdin~lrydroiodid (Ji). 

Aw:bemc: 48%, Far'olQSC Kdswlle.. S,i;;hrnb, 2.19-:223 ..,~ (o-C)-t 10HJ, UV. 
[CEl,OH, ""1Qr <)): ),.,. = 273 {oh J,1,7), 233 ("l,~5), 194 (<h.l,87). lR[l<.Br. fTl'i'. '): 
v = 3>~0. 3300, 3l00, l610 (C=NJ, 156'! (l"B). 1180, /25l) {C-N). 
'H-NMR(DMSO-D0 , ppn:,): t = 2,16 (tt, 2H, -CH,-); 2.93 (dt, 2H, 
-CH,-):l.5llt,!H, -CH,-);1.)()("4!-!,NHl; 7.'.)S-l!,.02{m, m,Ar-H} 
Cu.H 1-,IN..: (:.168,2.} 
J!:or.: N .15,21 
O.f.: N l~,23 

Wlr dankcx H.erm T. Nagel, Be:rlin-<....'1lcmic-, fur dis: UnteslitUtznnt bci de:r 
Aufuahme- UJi~ Di.::klUS..io:r. de:r 111-NMR-Spclc.tren... 

LitL"filtwl' 

l ·MorBJ=Mtc.tD.1 O,; Richter, f'. H.; K]em.;:i,un., A,~ Pha.rmaz.ie 46 418 {1.991); 
L Ji.,ri.uoUun,g 

2 Buh.le, f... L; Moore, AM.; Wi:se,oglc, P. Y.: J. Am. Chc.m. S~c. ~S, %4) (1943) 
3 K.ul"l'.ec, F.; Gndicc,r, LE. A.! A.ngcw. Cbrem. 75. 1157_ {19-63) 

Eingegimgen am 2:5. Juli t990 Dr. 0. Morgells.te.m 
Friedrich-Lu.dwig..Jab.n-Su'. I7 
o.:µoo· Groiliwald 

Ar:zne!mittelwerk Dresden GmbH, Geschiiftsb.,relch Forschung und Entwicklung 

Untersuchungen uber Additionsverbindungen von Carbamazepin 
~ ;' ~ . .,, 

'H. WUNDERLICH; L. ZENKER; H. USBECK, A. s:rA.RK'., D .. LQHMANN und W. THIEL 

Es w.-..roffll Adrlitlonsverbin.dcngen von Carbamazepin 
mit Ammonlumchlorid, Ammoniumbromid und Forma­
mid dargostellt und cha.rakterisiert (IR-Spel::tren, Ver• 
halten gegeniiber W11.sser, Loslichkeit}. 

Derivatives or'carbem11zepinewith ammonium !111.Jogooi:des 
and formamide 

The reaction of cannamazepine with ammonium 
chloride, ammonium brootlde, and formamidc ls descri­
bed, The product• were characterized b)' means of IR. 
$ped:ra, the rea"----tion with watc:x- and their $Olubility. 

l, Einleitung 

Das Antiepileptikum Carbamaziepin (Finlepsin® · A WD; l] 
bildet Additiomverbindungen, die in der Lit.eratur sc::hon 
mehrfach Erwabnung fanden. So beschrlcben N,hlmann et al 
[1] die A,.,l,agerung von Wasser unt<>r :Bildung von Carbrunaze.. 
picdibydrat. Von japanische:n Antoren wurde iiber cir. 
Monoareton-Addukl <1usffihrlich berichtet [2]. In einer DDR­
Patentsch.rift [3] sind Additionsverbi:ndungen am 1 und 
anorganischcn oder organiscben Sauren mit,geteilt worden. 
Im Rahmen \lllserer Arbeiten zi1r t~nischen Herstellung und 
Reinigung von l konnten wir r.,,..'5tellen, daG dieses auch mil 
Aturuonimulmlugcniden und Forn:ia.mid Addukte bildet. 

Pharmazie 46 (1991), fl.. 7 

2.. Untersuclnmgen nnd Ergelmisse 

2,1. Additionsverbindungen a.us Carbama2:epin und 
Amm_oniumhalogcni,kn 

i.1.1, ffemellung 
Bei der Re.aktion · von 5-Cbl cm,arbonyJ.5H-dibem[b, l]azepin 
(.4, X=CI) mit gasrormigern Arnrnoniak in siedendcm Chloro­
form .wird ein farbloses, in Chloroform schwer losUch.,. 
Krist.a.llisat erhalten, desscn Schm<>lvte-.chaltcm von dem d.,. l 
ve:rsclticdcn ist. In glei.clacr Wci>c, verlauft die Rcaktioa in 
Alkobolen, J3utyl.acet!lt, Benzen oder Toluen. Aus d"1'. 
Elementru-ana!yse folgt, daf. rue Substan~ st&:hio,netdsch au.s 1 
und Ammoniumchlorid im V erhaltnis 1: l zw:ammengesetzt ist, 
Geht man von 1 a us, so )assen sich in geeigneten organi.scben 
Lii-sungsmitteln durcll Zusatz von Arnmoniumb.a!ogenidcn 
eben.falls die hislang iJichl beka:mterr Addukte isoliernn (vgl. 
3.1.). i)ie.Bildungsweiseder A~dukteistimSchema 1 dargenellt. 

Scbem.111 
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lil1i'!:ci= ;lt.>t::: -o t l;t. ~fl::¥.i:~i!. ct;; S t.il \,t:? +'.½'1-- ~ ;:t . .,, < t::. c'< l \, 

Die Additions-verbindungen 2 und 3 sins! an der Luft stabil und cblorid mlt einem :iusatz -;,on 25 ml dasti!lie,rtem Wasser 
lasscn sich in niederen Alkoholen un.zersetzt umkr1st"11isforen. untersucht. 
Um die neuen Ve.rbindungen gemmer zu chara.lm,risforen, Nach de, in Tabelle 2 angegebenen Zeit wurden Proben de, 
wurden .nebcn "pektroskopischen llild Loslichkeitsunte,:su- klaren wli.6ri,ge11 Losung genommen und ibr Gehait an 
chungen auch umfassende elekt.ro~hernische und rontgens-truk- Carbamazepin UV-spektroskopiscll l>estfmmt. Die Ergebnisse 
turanalytisclie Untersuclrnngen eingeleitet, iiber deren Et- sind in Tabelle 3 zu.sammen.;este,llt. 
gei>nis-se gesonciert berichtet wird_ [4, 5]. 

2.1.2. IR-Spek.mm 

Die IR-Spektren (in Kllr) der bei.den Addul::te Z und 3 sind 
einandor sebr ahnlich (Tabe!le 1). Unterschiede gegeniiber 1 
zejgen sfch an ciner doppelt auftretenden Carb-onylbaudo bei 
1650 11.t1d 1660 cm- 1 , an dee verschobenen Band~.ngruppe iur 
vNH-S:chwingungen und an der b-,eiu,r~ intensl'llen Ba:nde bei 
1435 =- 1, die wir eine.r vencb.obe.m,n 6NH-Schwingung 
:zuordnen. Daraus !allt sich ein starkerer Ein.ilnll des ionischen 
PiUtm,.s im Kristallgieter auf die Carbamoylgrup_;>e ablciten. 
Das NH,i ~Kation in 2 und 3 ze.igt eine se/.1r intensive, bL"dte 
Bande ooi 2960 =- '. 
Talohlle 1 J:R-Al>sorptionsi,udeo !cm- '1 de, Amrnoniua,bakigeoid­
Addu'.kte im V.er,:lt:icb zu rtqJriis:cn.t.ati.-en Krj:stdlrnodifikationen des 
Carbn••""f'l"" (l.., l,J 

~ , ,, Sdi'lolir,8\lfli: 

770 765 ]50 ,,CH (ont-of-pion•) 

1435 1435 137$ 1385 oNH 

14-SO . 1480 1400 vC=C 
1575 1575 ,585 {o.ro-
l59S 1.S~S 1595 mahsch) 

lo50 1650 !665 16SS } vC=-0 1660 1650 

324:i 3250 .3270 } .33l0 33-15 3335 vKH 
3400 3395 3460 3475 

Dk IR-Spelctren berechtigen zu der Atlllabme, daB cs sich um 
dclini.,rto, Additionsverbindungen und niclit our um Geniische 
bandelt. 

2.1.3. Verhalum gegeniiber Wasser 

Die Zerlegung der 1-NH.X-Addukte in W=r lauft vor al.lem 
bei nieh! ausreichender Wa.ssermcnge unvollstandig ah.. Ein 
bloBes Auswasc.hen des Reaktionsprodulcte.s mit Wasser iunrt 
nlcht zu rein= 1. Olfenb!U" war Schindler [6J be.i de:r 
Erstbesoh.re.ibung der Synthese von 1 a.us 5-Chl<>r<aarbor,yl-,SH­
dibenz[b, 1]azopin und Ammoniak di••= Irrtum unlcrlegen, 
als er .oac:h wiederholtem Umkristallisicren den Schmb. mit 
204-206 'C a.nstatt mit dem zutrclfendcn von 190-192 ·c 
angab, 
Die Herstcllung von 1-NH4X-Addulden ist nach Schema 1 in 
organiscben Losungm:nittcln auch in Gegenwart von begrenzten 
Meogen Wasser moglfob und gestattet z. B. di• Anwendung 
von koru::. Ammoniakliisung; So liefert die Real;:tion :.c:wischen 
4 [)(=Cl) und 25% wa.Briger Ammonia.1:losung in Buty!acetat 
als Finalpro-dukt du 1-NH4 Cl-Addukt in guter Ansi>eute [7]. 
Dies ist bei der techmschcn Hersto!lMg von 1 und ftir die 
weiterer, Reinigungsoporationen vim lkdeutung, denn 10-
Bromc.arbam.azepin oder 10,11-Dihydrocarbemazepin bilclen 
mit Ammon.iumcbJorid. unter verg!eichbaren Bedingungen 
kcine Acldukte. 
Zm Ermittlung der Loslichkeit wurden 20,ng Substanz 
(Variaate A) bzw. 100 mg Substanz (VarianteB) mit einem 
Zu.,;atz von 25,0 ml Wasser· im verschlossenen Erlenmeyer­
Kalbe11 mittels Thermovibrator be.i 25 •c geschuttelt. Zum 
Vergleioh wurde cine o.quimo!are Mischung von 23,6 mg 
Carbam&7.epin-j3-modifikation (Ip) und .5,3 mg Ammonium-

Tobelle 2 L&Jicltkci<e• (mg 1/lOO ml L&ung) "'" Z, 3, 1, und ewerm 
liquimofuron G<miticll 1, + NH,Cl b<i 2S •c 
Z,,Jt , , ,, .1,+NH,..Cl 
lhl A • A A • 

14,6 29,3 ll,8 14.3 14,4 14,1 
3 14,1 27,9 12,1 !l,4 IJ,2 
7 13,9 23,8 12,2 12,<J !2,9 13,0 

24- 15,2 17,2 13,6 12,8 12,E 12.;l 
4g lS,6 14,6 12.,6 11,3 

Unter "6rgleichbaren Bedingungen zdgen alle Substanzen 
libruiche Loslichl::ci.tswerte. Geringffigige. Untenc:hiede la.sen 
sicii durch Abweichungen in den Kocngro.f.lon- Und J>l-,asenver­
fej]ungen erkli.iren. D"r Ei:lilut;l des anwesend.en Ammomum­
ha.logenids auf clie Loslichkeit mt unerbeblich., • 
Eme no.eh l h zw,li.ttlich vorgr::nouwnme argentom.etrische 
Chloridbestimmung in de:r wiUlrigen Ll\sung der Probe :z. (B) 
ergab here.its den a.uf die .Binwaage l>orechncten vollen 
Chloridwert. Diese Ergebowe· zeigen, da.B nach. 1 h our nocb 
1 (het,:rogen) neben freiem A=oniumehlorid in homogener 
Usung vorllegt. Die betrachtlicb e.rMhte. Anfangslosliclikcit 
bestatigt da.. Vor!iegen e.ines Addul::thabitru. J:.1,,r •clmell 
fortschreitende tbergang in einen andoren Ha.hims ist begleltet 
von eitter Ob<,.rsattigung der wii.&igen Phase, die sich Jangsam 
2nm normalen Loslich.kdtsgleieb.gewicht vou 1 . hin abbam 
(Tabelle 2., Spalte 2). Die IR-Spektren der luftgctrockneten 
Adduktriickstiinde und von 1, aus den :Ansatzen der 

· Loslichkeitsbestimm.Ullgen enthalten die char.akteristischen 
Bandcn des Eiru:at7.stolies nicht mel:u'. Es liegen Mischphase'n 
vcn I.. und 1 · 2 H 1 0 ·vor. 
Das Losllchkcitsverhalten deutet auf eine nur iockere Bindung 
des Ammoniumchlorids im Kristallge.fiige. 

22. Addi!ionsverbindung ·,u.1s Carbamazepin und 
Forrnamid 

Verwendet man zur Besc:hleunigung der Reaktion von 4 (X = Cl) 
m.it ko::u;. wiUlrigam Amm.oniak a.ls zusatzliehe Losungskom­
ponente Form .. mid, s.o erbalt nia.n Uberraschen&rweise anstelle 
von l -em lm v•rwendetcn Losuugsm.iiiclgcmisch scltwer los­
liches Addukt aus 1 und Formam.id. Die Bildung diCS!l& 
Adduk.tcs 5 ist in Chloroform ebenfalls direkt au;; 1 und 
Formamid moglich (Scl!ema 2). 

Schema 2 

~ 
CO-NH2 • K2N·CKO 

ll 

Die elcmentaranalytiscbe Untersuchung ergab mr S wiederum 
eino Zusan:unense-tzung im Molverl:tiiltni5 1: 1. Dureh Wasser 
unct w:illrige a.!ka[iiohe Losungen wJrd e~ in seine Komponenten 
zerlegt. 

Pharmazie 46 (19-91), H- 7 

3 
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5 ist aw; wasseri'rejcn Allwholen (Methanol, Etilanol) in 
Gegenwart von 1 bis 5% Formam:id Un7.crlegt umkrlstallisler• 
bar. Bel Anwendung von wiillrigen Alkofa,len erfolgt eine 
voll,di.ndi$e Zeriegung des Adduktes. Aus der wanneo 
Mutterl.auge kristallisiert reine< l aus, da, bei Rau,ntemperatur 
vo!lig klar in Chloroform loslich ist. Das Addukt ist i.m. 
tlnrenchied dazu in Chlprofonn schwer liillich. 
Formamid v"rdrangt offcnba.r auf Grund. seiner stii.rkeren 
Al!initii.t .zu 1 Ammoniumchlorid. Bci Anwendung von 
Methyl- oder Dimethylformarnid anstclle \ton Fo,:mamid ist 
dies nJcht der Fall, -vielmehr wird hiorbei 2 isoliert. 

3. Experlmenteller Teil 

Dlc. JJt-Sp:kt:e.n wurdea tru, ~-m::m. S:pc,ktra.lpb.trton:u;:m ~pcco.rd 75 IR. (Car} 
~iS!li JENA) aufgen~ die Schmb. wordcn mh ainem Heiz.tu:ehger&t naclt 
~ soirie: dcm "l"he.rmosy,tcm FPS \Mettler) bdtimrnt, wobci Uberein-
51UJlUlu11s erzielt _wurde, 

3.l, S-C:11-rbamo_yl--.$.H~dlbettzfti<.[J.a.:z;~pi111 (IJ-NH 4 Cl-Adrlukt {2) 

J.J~l. 47.2 t (0.2 mW) 1 wer-dl!n WJ'ter Erwlirm.e>I i.11t 500 ml 96% 

-C~,O.H g,cl&t. 0atui. W.i.rd cii.no !iJtrierta: LD!m1:1g v~.11 10,1 g (0,ZJOQl) l'•Ui111CJ in 
.:5 ml H:lO ;&ug.~tzt. Man erwa.Imt die Misd:mug 1:S mln '--UID s.icdM-, ku:hlt ate 
:a>Jr 15 •c nod sai.igt di:11 c,;nuttwukwm Nlcd=rschlag n,a<.:it 24 h ab. Dk:icr wird 
ml.t wt:ni;e: ½;H,OH gew:u:aben rond bc:i. 100 '"'C set.rocbet. Na.ch Um.krista.UUie­
liaa aw der 20rAChcn Me.ogtt C.2;B,!"OH erhilt man Ns.d.ein. Schmb. 
!9:5,S-•l99°C. 
-c, ~Ru,ON3 0 (2.tw',8) 

C • i>U 7 H 5,51 N 14,50 G 12.24 

C «l,Q3 H 5,.54- N 14,40 Cl 12,02 
62);1 $,6;; 14.43 12,17 . 

f J.l.2 12,B..s {0,05 m.ol) '5--Chlore:arbooyl-SH-rlUu=nz[b-fJazecpi.o 

r we:rdcD in 4S ml Butyl.a•tat vecriih.rL Man ezwliirmt auf 60 '"C. tropft in rue 
t:nts!dtonde LO.Sung 15 ml einer 2So/,.. wi6rigea ~"H:rL!isuug U.00 nihrt J .b b-~J 

I SO •c. A.n:..clalic.&i;~d wcrden Uber c.i.n.r;n Wurerab.s-chcidcr ca. 10 ml H:,O 
nbdertiU.ie.rL Der Anm.r2. MOO d-a!'lft .Qi.t.1.f J.l -C g.,elrnhlt,. dB$ KrLmi.lli.sat O.&e.t clno 

abw Diescr wird wlt" _B.utylacettu R~iSGil~"l. i!nd bci 100-c-c genodtneL l.}un.'tl 
Utcl::rI,,:u1.Uisation aw C 1.H5;0H cr.h.i.!t man d.&s: ~: 1-Addukt ab futb.lOI!-¾ Yi'.l:rfih::tt 

Na-dclr.i. 
Se:hrob. \19--20! •c. 
C,$H 1~DrN_,_O {334,2) 

C S3t-39 ·M 4,82 

C 52,69 H 4,84 
52,-46 4,86 

3.3. l-Focro•mld-Adduk< (5) 

N Il.~6 

N 12,50 
12,SO 

Br 23.9J 

Br 2!.JO 
2!,11 

2.:::,66 (0,! mi;;il} 1 ,V#'r'da;;n. b'lU R.ou:mtompr.ra;µr in 100.wl CHa, unt&r R.WU.·Q.ll 
_gel&:t In di@ 'i:::J1rr~ L&ung w~rden uot~ Rilh.ren S.,6 g (0,125 mot} NH:r: -CHO 
z..i:~bCSl.. Dk:: LC'Sun& t;,cginnt &ici:l eln:zuu!ilbe;n und !n weuigen mm orfolgt Ol.111 
Kri.ru:.msWon. N:.clt 2-J h Kiibie..1 im IJjoSotld.en W~~ad w.rrd ht K.ri:.ta.tl1si,,1 
abg~:gl. und mh ge:kiihltem CHO:i. cl.as 1 ¼ NH1.-CHO enthlilt, zewasebm 
Der farhlose FiU.erk.uchen wi:rd im "frockcnschrank btica. 70 °C gotrockaeL Mnn 
-cr.biilt 2J ,g {Si,?%) s. Sdunb. JES:-192 ""C {b::i 142-14$ &c effoig( dne Oeudioo.i,, 
Kristan,;mwandlu1:1g:).. 
C 16~ 15N30 1 (281.3) 

N 14,94 

N 15,10 

j.4. lli;.s:drtimu:ng cier l..b.sUeJ:d:.esit •on l, 2 und 3 

Sut.sbnzeinw1.2een von en, 20 mg und 2S tn! di:tL H1 0 {A} bffl. 100 mg uad 
2$ ml dost. H,O (!I) w=i= m J• <in= 100 ml-Sc.bJ!lf,!',Jcnmcyo, gegebeo. Die 
ve:nc:hlos:8•11::»en Kolben wet:den bci 2.S "C 125 ro•K=1"~...nd+m Schiit1elbt:i'Pi'8Q.UDP je 
min au$a;~tzt. Das 1'..larliUrf!!t ei.!J.~~ ?!e-b-im!hm!l! wi:-d ! r 10 n-Jt dc:Jt lt2 0 
\IE:rdiin.Jjt 'Wld die UV.Absorption ie einea: 10- mm ieii..wne be.i 2:86 mn gepi d,;,r;t, 
H 1 0 ~-g. FUr <Uc a.nalog aunufuhro.ndo ~ werdcn ca. Jl: mg 
Binwu~ l iii. 100 ml da-t. H:,:0 chtrch leiehles Ermi[.'ffiffi und ggf. mH U'ltra!ehall 
k~rge!orl. . 

1 POhlmAnn, H-; Gulde, Ch..; Jahn, R.; .Pi'"e.itiu, S.: Phtrnurzie 30, iM (l'97S",l 
2 KanWwa, N..i Yii!!imaguchf. T.; Wa1ari,. N.~ Oa·uka,;M.; Ya..k;upku :ZD-:tShi 104 

2, 11!4 (!984) . 
) Arzn.r.:im..i.Hdwcrl;,. Dresdea: PD 133 053 (&. 9. 77,,.. 29. ll~ 78..} 
4 Dilnnbicr, U_; Jugdt, W.: Pbar,.,,..;, 46. 5tl (JWI) 
S Rook, O.; Tmel, W.: ibld. 411, 50& (J991) 
6 Ocigy, Ag.: DAS l 136 707 (19. 2. 511, 20. !i. 62) 
7 A=dmittelwa~ Dre,den. :OD 260 696 {25. 5. 81. 5, 10. ~8.) l 

Filtcraurs~h-= abgc.i:augt und :t"Neima! m.itje 10 ml »~ty.lac:etat ~uebcn. Es M,;d 
bei 100 "C gclrncknm und a .. 90¾ wollrig.., l-C,H.OH mnkrislallisien. 

),2. 1-NH,B,-Aadukt (3) 

? 

Ei~;aagrn am 1'1. Joli 19:>0 
ri7.2g (0..2 moO 1 wcrdf!t'I. ~ .!tli:tdeud.e11 W.use:.rbnd in. 200 ml Dut.yla.::&11t ,gc.lO'l>l. 
Man 1:r(J;:,(l ciue- L&iw:J.g..VOn 2.0 g (0,.224 mol) NH.Bl" in 10ml H,;0 7.U, erlutz.t 
O.!i .h,. kil:hlc -die Misclm112. ~mJ 15 11C und filt:riert d~ au.sg:efall~c-.n N'~i;:r.K;hlag 

Dr. H. Wt1nderliah 
Willull.m-?.iecl.:~Str, 3S~ 
Radebcul l. 
O-lil22 

I 
~ 

\ 
.i 

Analytisches Zentrnm Berlin-Adlershof' und Arz:neimittelwelk Dresden GtrobH 2 

Kris"tallstrukturen der Addukte Carbamazepin-Ammoniumchlorid 
und Carbamazepin-Ammoniumbromid sowie deren Umvvandlung 
in Carbamazepin-Dihydrat · 

'/G . .R.E.OC' und 'w. THIE:_.' 

Die Addnkte Carhamaz:epin-A=oruumcluorid und 
O>rbamazepi.n-Ammoniumbrnruid h.aben .isomorphe. 
Kri~tall,trukturen. In: ilu,en giht es stabile Schiohten, in 
tlcnen die Wirksto!fmolekiile, Ammonium- und Cblorid­
bzw. Bromidionen uber 6 symmetrieunabhangige Was­
serstol!briicl:;en miLei.nander verki:lup.ft &ind In Wasser 
werden die Addukte du.rch cine topotalctische Realctirm 
vollstandi.g in Carb-amazcpin-Dihydrat umgewaodelL 

Crysta.I_ !ITTUCture,; of the addDc!s /.larbllma""l'ine-ammo­
nium chloride and earba.mazepine-amm-onium bromide and 
t!ieir tr:ansformation in carllamll'Zepine di.hydrate. 

The adducts' carbama.:epine ammonium chloride and 
carbamazcpm ammonium bromide have isorr.orphous 

Ph,;!lllazi~ 46 (19911 R 7 

crystal structures. Drug molecules, ammonium, and 
chloride (bromide) ions are connected by 6 symmeLry 
independent hydrogen bonds forming stable Jaye,$ in the 
crystal. In water the addut;iHtro transformed completely 
to carbamazepine dihydrate by a topolactic reaction. 

1. Einleitung 

Dec antiepileptische Wirlcstoff 5H-Dibem:[h, !]-aze_pin-5-car­
boxarni.d (Carba.mazepin, 1.) bildetmit Ammoniumchlorid beim 
Umkrist.allisieren in Ethanol em Addak.t (2), das uber 200 •c 
schmllzt und damit cine wescntlich bohere Sclnnelztempera.tur 
als der ,eine Wirk~toff {189-193 •q besitzt, Dru; IR-Spek.trum 
zeigt eine deutliche Verii.nde.nmg einige: &nden [1]. 
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.Received December 14, 2000 

The an:ilic acids, -2,5-dib.ydrnxy-l,4-benzoquinone (la), 2.o-dibromo-3,6-dihydro:x:y-l,4-ben~oquinone 
(bromanilic acid; lb), 2,5-dichloro-3,6-dihydroxy-l,4-benzoquinone (cltloranilic acid; le), and 2,5-
dicyano-S,6-dihydro,::y-l,4-benzoquinone {cyananilic acid; ld), were cocr.YJltallized with rigid organic 
ligands containing two J>yridinc rings, 2,4--bipyridlne (2a), 4,4'-bipyridine (2b); 1,2-bw(2•:pyridyl}­
•thylen" (Sa), 1,.2-bis(4-pyridyl)ethylene (3b), 2,2'-dipyridylacetylene (4a), 3,S'-dipyridylacetyle.ne 
(4b), and 4,4'-dipyridyl.acetylene (4-e). Fourteen complexes 5-lS were obtained ae Bingle crystal.a, 
and their crystal structures were suceessfully detei:-mmed by X-ray analysis, .All complexes except 
those with 2a are 1.:1 at'l<J an, "-":mposed of an infinite linear or ,,;g,:14," tape, structure, the furmati.on 
of which is as-.'"Tibed tlJ intermolecular 0-H···N, N ... -H··•O·, or N'-H···O· hydrogen bonds or a 
combination of these between the aoilic acids and the dipyridyl compounds. In the complexes 5 
and 6, no mfurite·tape structure is obs..:rved cltbo~gh t.he molecular units connected by a similar 
hydrogen-bonding pattern are formed. For the 1:1 complexes, we have found ~wo types of,.tacking 
urang,,rnenta, •egregnted st..cks (7, 9, 12·-15, 18) and alte=ated ones (B; 10, 11, 16, 17). In the 
complexes of 1 c -with the series of dipyridyiacetylenes 4 (14, 15, 17), the neutral, dication, and 
monooactfon states are formed depending oo. the nitrogen positioll.$, which ean be attributed to the 
diffemnt basicity of the pyridyl groups. 

5987 

lntroduotion 

Orgnni;: solid materials bru,ed on hydrogen-bonded 
d,mor and aceeptor molecwe,; have been the objects of 
recent in.tensive studiee1 a:in:1ed at building a new class 
of compounds which are interesting from viewpoints of 
basic science as well as of e,pplientions ,mch as biological 
seru,ors and catalysui.2~• Hydrogl<n bonding is expected 
w regulate el.ectronk properties of solids and work as 
,switching uni.t,, for molecular device<!. Ratiorutl design 

l::as-ed on c;cyatal enginemfug>-• including 5Uprnmolecular 
chemistry" is particularly important for the p.."'Ogress of 
this field. This is considered to be acrompliBhed by 
fundame,::ital studies on weak intennoleeular intaract:ioM 
which govern orient.ntion, :r<'.cngnitioll., and assembly of 
components in the solid stat&. Specific noncovalent 
interactions betwe= diffecrent functionalities seem to 
control smgle and multicomponent cryotal1:ization. 

Our work haa focused on the developmt;>IIt of new 
organfo donor-acceptor (DA) interactions a.a .supramo-

10.102L(jo00174€i CCC: $20.00 © 2001.American Chemic11.l 8ociety 
Publiohed on Web 08/09/2001 
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lecular .synthons for the preparation of ordered $Olid 
phases.• Our strategy is to inv.,..stigate geometrically and 
.stoichiometrically matched donor and aroept<Jr molecules 
which can be used to propagate oriented pattel:nl! in the 
ctyi;tal, engineering. We are c:on<0erned with the use of 
organic component molecules which can form a variety 
of struetlli'""' nnd mediate electron-proton transfer. 
Employing organic m,:,lecules to form crystalline archi­
tectm:es ooems an attractive idea for a crystal eng:ineermg 
approach, Simple· association of two complementary 
compounds through noncovaient interaclions can be used 
to create organic materials with new remarkahl<> physical 
properties and potential applications in optical and 
electronic de,'ice,,, which are not p08sessed by either of 
the componeILts alone.""-•·" 

Our attempt is to develop a new tool for crystal 
engiu-eering that is aSllociated with a great variety of 
hydrogen-bonded DA-type compounds in whieh donor and 
acceptor molecules CJm be combined within robust hy­
di,og,,n--bonded al'chitectures. Development of new su• 
p;ramolecuiar synt:!ums with specific bonding fearnrr,,e is 
important to design materials with inwresting matures. 
We have cil<>1;en henzoquinone-type molecules with di­
hydrozy groups, anilie acids, which have excellent proton-

. donating propei:ties and can undergo multL<:te.ge depro­
tonatfon and protonation p:rocesses. These acids can be 
associated with a variety of proton acceptora as OOUI1ter­
po.rt to give predictable supramolecular archi:te<.-tures. In 
the wuri,e of this work, we ho:v<> prepared cya:nanille acid 
(ld)' as a poor electron aeceptor moleeule and studied, it 
as a hydrogen-b<>nd!!d count8rlon in condue"'...ng charge- · 
transf•n' complexe,s with ,. variety of organic sulfur. 
contBiriing dr:t.'1ors • .,. The monoanion and dianion of ld 
were assembled into supramolecular structures throng!) 
the one- !',lld two-dimensional hym:oge:n-bonded rn>t­
work.•• In our preliminary communication, we have used 
d!pyndyl-type ·bases as proton acceptors and construct.ed 
a new supremolecular synthon (I) motif.11 We have also 

·prepared throo rigid organic ligands containing pyridine 

HO*X O 
0 OH 

.1 

Zaman at al. 

Scheme l 

in; X ;,i. H., ;:!,lrt#!lYt,lf(»;'l/' 'I ,IH:.lflfizoqulnoM 

1b; X.,. er, 2:,5-<llbromo--S,S·dihytiroxy•"!,4~oqulnone 

1~; X ... Cl, 2,S.-di~h!o,r;.3,S.dlhyd~·1~~oq~ 
1c; X ,,, CN: .2,6-d"1eyttno•8.6-d~-1,4-ben,zoqulnone 

211: Z.4"i!lli:yndm 
ZJ; al,4'-bipyt\dlr,,t 

~a; 1,2-bi,;(2-pyrfct,,l)•lhyl­

»; 1,2-bl!i[4-.P!,'~hyl~na 

4a: 2,2'--d!pyrktylaeetyl.An.a 

.11-h; '!!.S'-d\:lyti~lacetyll:lf)l! 

Iii,::; 4,41'-dlP)'rld)'lal:iffly.ler1:!!1 

Crp1-lllr* Cornplex.e$ 

S;comptex beaiwoiori 1i> al'ldh i2-;~x betwee,-, 1• a.--i '41;, 

G:; complel( bttfwoor, 1,; aoo 211i 

'/";CQfflptM~r, 1--.w-.d 2.b 

II; ~i;imi-,;s;; ~ 1Q ~ 2b 

!t~-compfilil(b8~ 1-c aru::!Sa 

-.o;oonrp11u~1ttllln(;!::3bc 

11;cornplex~n 1i:and,5j;i 

1-$; complax ootw~en lb and .!la 

H; ~x batweec, 1e an!;l 4a 

1!i;compleX-bG-twNlf11t:llt'l(f4b 

is: co!'t'iJ)ie):: 1'etw-oor, 1 b aoo 4c 

17: ~11: bebiroon 'f ~ &nd 4o 

't&: ~ betw-Mm 1C end 4C 

rings separated by an acetylene spacer (4.a-cl that 
formed crystalline complexes Willi a common orgimic ncid 
~le)."' These complexes have iniinite one-<limensional 
tapelike structures that lead to supra:tnolewlar polymeric 
system,;, As a continua.tion of these works, we have 
attempted to_ combine a ~ety of proton donor and 
acceptor molOO'.tlss to obtain novel supramolecular struc­
tures. In thin papar, we wile present the preparation of 
aupramolecular coi:nplexes hy complementary combina­
tion of proton donors (D) (anilic acids, 1) and proton 

_ acceptors (A) (lridentate ni.trogen ligands, 2-4) via hy­
drogen-bonded interactions (Scheme 1). 

Results 

Pn>pnration o-f: Cocry,;tals. Generally, the formation 
of oocrystals of proton dono~• (Pl ao.d acceptors {.A) 
requires the following·conditions: (i) D and A molecule• 
matdied gei.,:roetrically and stoicihlometrically, {ii) facile 
acid-base reactions between D andA mol6CUles, (iii) good 
solubility of the D and A molecules in aolvent.s, ,,:nd (iY) 
precipitation of the formed compl&es from tho solution. 
Considering the above conditions, we have successfully 
obtained .single crystals of comple,xe5 5-lS compos"d of 
anilic acids and dipyridyl co:wpounda. 'The fol~ three 
simple procedu-res were used to obtron the above single 
crystals suitable for X-ray analysis: (i) slow diffusion 
using an H-shaped tub", (ii.) mbring <>f two components 
in hot solutions, aud (iii) slow evaporation teclmique. 
Methanol, ethanol. acetone, acetonitrile, and their mix­
ture in various ratios we.re used as solvents for the 
preparation c,f these coerystals. Details of the synthes:iJs 
are eiq,lalned in the Experimental Section, 

Structural Analyses. The .coc;zystals of anilic acids 
with dipyrl<lyl compounds obtained here take various 
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·0r_y..te.1 Engineering through Supra.molecular 8ynt.han 

structure• whieh w,,ro el,,rifi"'1 by X-ray analysis, Tn 
rationally control the st.ructurM; we have 1e.xamined the 
effects of' the spacers and nitrogen positions in the 
dipyridyl compounds and substituent:s (H, Br, Cl, CN) of 
the anilic ecid that influence the solubility, hydrogen• 
bonding ability, ionicity, geometry, and. stacking arrange­
ments of the molecules. The structures of the 14 com­
plexes are di.so.:,ssed below. T:i.e geometry of the intermo• 
looular hydrogen bonds for the oomplexes for which X-ray 
structures are first datar.mined in this paper is sum• 
marized in Table 1. 

Complexes 5 and 6. The <>omplexes a.re isomorphom 
and cryatallize in the monoclinic P21ln space'group, and 
the molecules lb in o and le in 6 are located on the 
inversion center. The complexes have a 1:2 (DIA) sto• 
ichlomet:rk ratio with the transfer of the two aci<lic 
pro!<Jn.s of th" donor• to the nitrogen atoms of the 
accepton, to give a monoprotonated cation. The hydrogen 
atom positions in the:se -cocrysf.ala were identified on 
different Fourier maps and fur'-..her- confirmed by careful 
observation of 0-0 bond lengths ond eone,-xru:d hydrogen­
bonding distances. The nit.Tog-en atomz at the 4.-poejtion 
of the pyridine rings form a. bifurcated intarionic N"'­
H··•O- (l.71 A for 6 and 1.74 Afor6)andN+-:H•··O (2.29 
A fur 5 and 6) hydrogen-bonded network (see Table 1). 
Thus, the robust synthon I generated at the 4--position 
formB molecular A···D···A-type pairs. The viewaofsuch 
crystalline archi.tec-ture and their synthon I are shown 
in Figure 1. There ie no hydrogen-bondinginteract'.on in 
the nitrogell atom at the 2.-position of the pyridine ring, 
and ao a consequence, no inficii;e (D••·Al~ lmkage woo 
observed, in contrast to the structures of l:l complexe,s 
described below. Moreover, the pyridine rings are.twisted 
at the eentra! C-,C bond with a dihedral angle of 16.4" 
for 5 and 15.4" fur 6 between the ring planes. Therefare, 
the nitrogen atom .at the 2-positicn of the pyridine ring 
is diverted much clooer to the acljaceot hydrogen-bondoo. 
A···D···A paini, where the distances between the planes 
or lb,e and 2a wlthi.n the DA pair are 3.42 A for 5 and 
8.40 A for 6. Tho, distances between the planes of the 
2-pyrldine rings (3.43 A for !i and 3.40 .A :for G) suggest 
closer A.Ii,.. interaction,; in the aa,iacen t hydrogen-bonded 
A•••D•••A paira. Thus, a prur of A•••D•"A aggregation "' 
dose-packed in alternated ataeking mTB.'lgements with 
other pairs from the DA- or AA-type oonnectivicy (Figure n . 

Complex 7. The complex crystallizes in the monoclinic 
C2/c spaoe group, and both la and 2b are ]oca.te,d on the. 
ia:ver,,ion renter. The geometry and the C"'"'°, C ·-OH, and 
C-C bond distan""s are consistent with thoM of the 
cypioal neut.ral anilic acids. i< In thia complex, no _proton 
is t.Hln.sferr&d from the acid to the base molecule. · 
However, intermolecular hydrogen-bonded H-0· .. N and 
=O···N distances of2.63 and3,08 A are obse,..,ed(Fignre 
3), which cn:,ac!:.., the robust supramoleeular synthon· J. 
The 10. and 2b units are linked by 0-H•··N hydrogen 
bonds (1.55 A) into a one;dimensional infinite molecular 
tape along the [l D 21 direction.. T!:re .. n.g1e between the 
two pyridine rings in 2b is 29.:2', and two molecules of 

(H)(a) Allde-,,, E. K..Aota Cryst,,Ju,gr. l 116'7, .22, 188. (!,J A.nder­
$<UJ,, F,. K A""'- C,,,tttml.oqr. 19i17, 22, 191. {cl Andersen, E, K. A,«,. 
Cry#«/1,,gr. 11167, JI/?., 196. (d) Benmekroun, R.; Sa-ult. J.-M • .Aola 
Cry,toikgr., s.c,. C 199~. 61, 186'. (el K<mlero, J. A.; Scl=t.n, A.; 
Duloonbexg, A. J. M.; Glowiak, T.; !vWonki, z.; Sobczyk, I,,; Greach, · 
E Aota Cry,,,ol!oe,•·, Sect. C 1991. <17, 2148. (0 '.Zam=, M:. R.; Tamura. 
M.: Ts.mas.bi.ta., Y..; Sayaduz-zaman. M.; Chowdh.uryr A. M. S. Crya­
tEngCD'mrn. 1999, 9~ 

.. 
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Table 1. Geom.etry -of the lntermoleeula:r, Hydrogen 
Bonwi between the Anilie Acids and the Dipyridyl 

Compound., in th<> Co,nplmrao 5-7, 10-13, 16, and 18 

distar.ee" <Al 
angW 
(de;.) 

wruplex D-H .. •A D-H H .. ·A D .. ·A D-H···A 
5, N2-H2A--·02; 0.99(4) 1..7Wf) 2.635(3) l56i3) 

N.2-H2.A .. ·O 1 • o.:.9f4) 2.29[4] 2.951(3) 123{3) 
~ N2-mi-.. 02w 0.il6(3) 1.?4(a) 2,G21(2l 16!(,3) 

N2-H2· .. 02"' 0.136/3) 2.29(3) U,69(3) 12'1(2) 
7 01-Rl--·Nl 1.1&(,S) 1.65(£) 2,641(6) 167(.fi) 

l()' Nl-IU···Ol"' 0.95(8) L71!8) 2.644(4) 167(.8) 
Nl-lH·--Oz'• 0.1J5(6) 2.63(3) S.077(4) 117(6) 

11 N1-Jf1 .. ,01 Lill(6) 1.66(6) 2.641(4) 164.(5) 
Nl~Hl···02 UJ1(6) 2,.49(6) 8.044W 114{4) 

12 01-IH .. ·Nl 1.07(5) 1.70(4) 2.864.(S) l'lG(-1) 
13' 02-H2A···Nl" 1.16(10) 1.69(10) 2.642(9) 14B(.fl) 
16' Nl-!U·.,04'" 1.04.(6) 1.68{6) i.S77!4) 158(.fi) 

Nl-Hl·,.08°' 1.04(6) 2.34(5) 2.S71(5) ll8(4) 
02~H2A•••N:l'u l.21(9) 1.43(9) 2.617(4) 164(7) 

18' Nl-·lU· .. Ol"'" 0 . .86(2) 2.01(6) 2.738(8) 142(6) 
Nl-Hl .. ·02 0.86(2) 2,22(6) 2Jl2'/{9) . 140(6) 

• A hydrogen bond for which the H--·A ,fut,,.- S., below th$ 
rum of the rovale:nt rnili.us of A and 2.0 A.~ listed. . .b A hydrogo 
bood forwbich D-H···Aangl.,is u.oove 110° is list.ed. •Symmetry 
code i: x + 3/s, -y + 3lt~ z - 1-Jfl, i~: -% + 3 /%.. y - 112. -~ + 8/:;i. iii: 
% T 'tJt,s,, -y 7 L/!, Z .- l/11;, ii,; -X -:- 2,. Y + 1/"M ,;_z -t, !.i/'1,. [I: l:, :_y + 1. 
rt - 1, Vi:_ ;k: - 1/a: -y + l/'a,t z- - '-ft" ~ii,~ ~ + 1/1,; -.,, + 1/'k z - l/2,,. 
viii:-:+ l, -y+ l, -z. 

la in the tapes. tilt toward the pytidine :r'.ngs with the 
angles of lS.6" emd 48.6". Each molecule in the tapes 
forms a segregated ataclcing along the [O 1 1] dh-ection. 
{Figure 4). 

Complex 8. The complex erystallizes m· the monoclinic 
P2i/n 15pace i.roup, an.d both le im<i 2b are located.'"" 
the inversion center. In tbis wmplex, both of the hydroxyl 
prot.orut are transferred from le to the nitr-ogen atcims of 
the pyridine ring,s of 2b, and attractive on.e-dhn<lnsional 
iniinite molecular tape structures are formed through the 
re-bust supramolecular synthon I. Details of the crystal­
lino;; architecture am described in our prellminary com­
mt.1nication.11 The C-0 bond distances aro short.er than 
-those round in r.,ther diaci<>n atrUCtures. The ring· C-C 
bond distances are also consistent with those of the 
dianion with an aromatic ring.14 

Cmnplex 9, The eomplex ccystallizes in the triclinic 
Pi: spaoo group, and boi:h le arul. 3a are located on th<> 
inversion cent.or, In the complex 9, the wanio:n of le is 
observed and the dianion has simflar C-0 end C-C bend 
distanceg to those in the complex 8. "•14 TI1e central 
c-c bon.d. length [1..313(5) A) of 3a is a typical value of 
ll double bond; and ·the configuration around the double 
bond is trans. The ci:ystal an:hltec:Lure, staclting arrange­
ment, and hydrogen-bonded linkage lhrough tbe ou­
pr1'llnole-:ular syn.then I are pTeviously described and will 
not be di..s~:nssed again.11 

Comp-lel<e!i 10 and 11, The compl""-"" are isomor•' 
phous and crystallize in the monoclinic P2,lc space group, 
and lb,c and Sb are located o:. the inver•fon center, Both 
of the acids lb~ and 101<.15 are fully deprotona.ted to 
produce the dianiona. These structures also in.,olve 
bifurcated N.,.-H,.•O hydroee:n bonds (2.64 and 3.08 A 
fuT 10, 2.64 and 3.04 A for 11) between the nitrogen 
atoms of Sb and the two oxygen atoma of lb,o, th"" 

(15) (•)B,:,bl.C.Ma.ter. R,,. Bull. 1987.2.2, 1'Ba. lb)Robl, C.; Vf•l&s, 
A. Make, JI,-.._ Bull. 1981,•2£, 497, (c) Aliev, A, G.; l'.-ru-at'ev, S. I.; 
AbmnY>h, L. O.; Karpov. V, V. Bult Acod. .Sci.. USSR 1981, 30, ~~9. 
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2a 1b or 1c 2a 

Figure I. Hydroiren-borul.ed A···D···A j>air of 6 and 6. Dt>!:t<.d lines show the intermolccul..,- N-H···O hydrogen bonds; (il 1.71 
A for ll and 1.74 A for 6; {ii) 2.29 A fur ll and 6. · . 

~~'"·~•-~~ 
~--c--~'l?e-~r ,;...s="'~ 
~ -¢--~~ 

Figure Ji!. Alt.ernaood stacking arrang,,m,mt,, of 6, which oontain pyridine ~-brolnllnilat<> tin~ ond pyridine rinp-pyridine 
ringE overlaps. Dotted lines show the intem>.olecula,; N-E:···O hydropn bonds. 

Figure 8. On....rumensional molecular tape of 7. Dotted lines show th<, intermolecui,u, O-H···N hydrogen bond$ (1.55 A). 

Fien~e 4. S~g,egatad .staclci.ng !U'l'."'.mgemrmts along Ute [0 11] direction of 7. Dotted lines sh.aw the inta:rmolooul..,. O-H···N 
hydrPl[en bends. · · 

creating the robu5t supramoleeu!ar synthou I. l:n both 
10 and 11, one-d:imernsiorntl roolec;i;tlar tape stru.ctures are 
observed toward the two cross diagonal lines within the 
ab- J>iane. The crossed tape structures are shown in 
Fill1'l"8 5. Within the tape strtI.,--tures, the dihedral angles 
between the :planes of lb,e and th<> pyridine rings are 
24.2• and ia.5• for 10 and n, respectively. The molecular 
tapes m 10 and 11 nm m a mild zigzag fusbfon because 
of the tr-ans co~ration of8h. Moreover, the molecules 
1b,e and 3b in 10 a.nd l1 compose alternated stacks 
along the [11 OJ and l-1 1 OJ directions (Figure 6}. The 
DA pail- in the al!Mna.t<'.d stacking involvr,s e.lose oontacts 
between the mljaeenttapes, where the distances between 
the plan.es of lb,e and 3b are 3.55 and 3.53 A for 10 and 
11, r&'.PBctivdy. 

Compiex 12. Tlu; comple,: ccystalliws in the mono­
clinic P2,ln space group, and hotb. la and 4o are located 
on the inversion renter. The bond distanoes and the 
angles· of la in. 12 are similar to those ln the i:,omplex 1. 
'l'w<> molecules, la and 4c, connect with an in:termolecn­
ltu- O--H···N hydrogen bonding (Z.65 !-J, and the chneclral 
angle between the planes of the pyridine ring of 4o and 
la i~ 4.5°. No proton transfer from la to 4.-c is observed. 
.4.n infinite one-dimensional tape structure with an 
interupe dil'ltance of 3 .4, A is formed along the [.2 0 1} 
d:ire,et\on. In addition, ru,ch cmnponent rnole=Je forms a 
segregated stacking along the a axis (Figure 7). 

Comple:,,es 13 and 14. The oomplexes aT1:1 isomor• 
phous and crystallize in the triclinic Pi space grcmp, and 
both 4a and lb,o a:re located on the inversion omtei:-. The 
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Figure 5. Two e:rossed one-dimenaionru molecular ta!""' <>flO. Dotud !in ... obow the intermolecular N-9:···0 hydr,;,gen bonds. 
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Figur<> 11, Alllernat,,d .tacking arrangeJ:l!onto along the [l 1 Ol direction qf 1(). Dotted lin"" •haw the i,,.termolecu1ar N-H···O 
hydr<Jgen bonds. 

molecular structure and stacking arrangements of the 
complex 13 are similar to those of the complex 14, which 
was previo1JSly reported.12 No proton tnmsfer from lb,c 
to 4a is obs.erved. These complexes contain a cig,;ag one• 
dimensional tape structure witJ, an inffoite linkage of 
lb,c and 4a tbrough the Bupramolecular synthon I and 
hAve segregated stackings with DD·. and AA-type pairs. 

Comple>< 15. The complex crystallizes in the triclinic 
Pl S).la.Ce group, and both le and 4b are l,x,11t.ld on.the 
inversion center. Th" eomple.x 15 contains 3.3 molecul~• 
of water. Both of the protons l:.nrn.sfer from !he hydroxyl 
group.5 of le to the nitrogen atoms of 4b. Thus, the two 
molecule&, 1,:, and 4b, connect with interion:ic N"­
g ... a- (2.65 A) and N+-H···O- (2.87 Al hydrogen bonds 
and form the supra.molecular irynthon r. The molecular 
architecture displays a zigzag tape structure, which i,, 
viewed as a square grid-type network along .the c axis 
(Figure S). Within the network, cavitt.,a "1r<! form.-.d, 
which are oceupi<:>d by the water molecule,,. Each eotro• 
ponent mole-cule forms a segregated stacking along the 
c aris. Details oft.his interesting structure ere described 
in. our preliminary communication." 

Com.plc:xes 16 and 17. The comple.:xes are .isomer: 
phow; and m-ystallize in the monoclirric P2y/n space group, 
and both lb,c e.nd 4o are lix;ated = a general position. 
The molecular structure and stacking arrangements of 
the comple,:: 1(1 are similar to those of the complex 17, 
w b.ich w""' p.evi,:,usly repooted. 12 In the crystal struclttre 
of 16, one pyridme ring of 4c is proto:o.ated and combines 
with lb via bifurcated N+-H-··O- (2.58 A) and N+­
H·•·O= (2.97 A:) hydrogen bonds, while th<, other pyridine 
ring is not protonated and forms H-O••·N (2.62 A) and 
=O·•·N (2.98 A) hydrogen-bonding interactions (see Table 

1). Thus, an infinite one-dimensional molecular tape 
structure is observed ..:tong the c rutis (Figure 9). Two 
pyridine rings of 4c in 11! are twisted with dihedral "' 
angles of 78.0•. In this work, 16 and 17 are the only 
=mples of complexes contaming a rlipyridyl compound 
with two p erpendfoulw- pyridine ring,,. The <hl:ted.ral 
angles between the planes af lh and the pyridine rings 
of 4e "-NI 73,5• and 4.5• fur the nonprotonated and 
protona.ted side, ;respectively. The component ::nnlecule 
lb ls partially overlapped with fu.e protonated pyridine 
l"io.g of 4.o and forms an alternated DA.type stacking 
along the. b axis with 4.o. 

Complex 1 S. The complex crystallizes in the tricllnie 
.PI space group, and both Id and 4o are l<>cated• on the 
luvars.ian renter. The geometry of 1d has simila:r C-O 
and C-C band distances to thOBe o:f our previously 
described cmnple:xes of ld. 9•16 The component molecules 
ld and 4c co=ect via the bifuroawd N+-H-··O- and N+­
H···O by,:'.rogen b<;,nds (N••·Odiatances, 2.74and 2.93 }.J 
and form tha robust supramolecul.ar aynthon I. This is 
the first example of the supramolecul(l.r synthon I with 
Id. Tl:n.16, an infinite one-dunensional tape structure 
along the [1 l Ol direction is obsl!l'Ved. The int.ertape 
di.stances, which a.re 3.22 and 3.42 .A. for the distances 
between ld-ld and 4c-4.c planes, respectively, are very· 
close. The dlhedntl angle, between l.be plane of ld ,,nd 
the pyriruue ring of 4c is 59.6•. The 1'110St remarkable 
feature of.the molecular tape in 18 ill its btm.t structure 
with tb.e angle of 121' at IJ:tc hydrogen-lxtnd:lng coupling 
pllrl c,f the w.pa This value is unusual compared to the 

(16) Andor .. lJ., E. K.; And"""•"-• L 0. K. km c,,,_u.,g,., s..,. It 
11!75, 31, 379. 
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Figure '7. Paeking ~ of llt view<>d along the <> =is. 
One-<timensionw mol..,ul.ar tape ls formed along the l:i: o lJ 
dlrectior,,, Dotted lines Eh.ow the intermolecular 0-Ef·"N 
!J.Jrdrogen bonds (2.51510, and the C-O···N lnt<!raction i:s S.04 
K 

other ;nolecular tape structures described m this work 
( the corresponding angles for the tape structures of the 
complexes 7, 10·-1<1, and 18 are 155'-178° with an 
av~ of 170'}. Such feature,, of the tape structure in 
18 are illustrated in Figure 10. Each component molecule 
forms a segregated DD- and AA-type stacking along th• 
C axis {Figure 11). 

Discussion 

We discm;s b.ere the factors determining the crystal 
stn:1etures described above. The structures of these 
complexes are related to the following foetors: (i) the 
po..eition.s of the nitrogen atoma of the dipyridyl com­
pounds, {ii) t~ proton-donating abilities -of the acilie 
acids which are dJat..rmined by the suhstituents, and (iii) 
the geometry af the one-dimensional ·molooular tape 
stn1cture.s. 

The qonor-aroeptor ratios of the complexes 6 a.nd 6 
are 1,2, while the other complexes 7-18 have 1:1 
composition. The 1:2 complexes are obtained from only 
2,4--bipyridine, while the 1:1 complexes are derived from 
the syrumetrical dipyiiqy; compound,,. In the 1:2 ooro­
ple:ices, the hydroge.i bond is formed at the 4-pyridyl ring 
and the nitrogen of the 2-pyridyl ring is not involved in 
the hydrogen bonding. This fact can be explained by the 
difference in the basicity of the pyridine rings depending' 

Zaman et al. 

Figure S. Square grid-tl'Pe network of 15 view<>d o.long tlu. c 
axis. The eavitie,, are occupied by the wab>r molecules. Dot!.ed 
li:ie,, olrnw the intermolecular N--:fl: ... O byw-og,an·oond.s. 

on the nitrogen positions. The PM~ calculationa11 show 
that the net atomic charges of the ·nitrogen atoms of 4-
and 2-pyridyl rings in 2,4-bipyridine are -0.0719 and 
-0.066B, respectively, S1J.ggesting that the basieity is 
higher at the 4-position_than it is at the 2-position. 

In the 1: l complexes, linear and zig.ag molecular tape 
stractures are observed. The linear tape structores are 
·obtained only from the 4,4'-wpy.ridyl derivati .. es. On the 
other hand, the 2,Z'- and 3,3'-i.soroen brL-:tg the zigzag 
tape &truciures. The 3,3'-isomer pa.•·ticularly givru, a 
ucique g:rid-llke structur<a with a void. In tha ea!le of the 
complex 18, the zigzag tape structure is produced de•plte 
the4,4'-isomer 4c in Ht C.ompared withotherzig,:agtape 
struetures, the zigzag tape in 18 oonds at the cmiplmg 
part via int,,..rmt>lP.eular hydrogen bondJJ or at the su­
pramolecular synthon l. Such a conformation of the tape 
causes close packing of the tapes and >,-t;abilizee the 

· c.ry,;tal ..tri.><:tutt. lt i,; noteworthy !.hat the llnear tape 
&tructures appear in the monoclinic crystal system and 
the triclinic <:rystal system e:ffords zigz,,g tapes. 

The pos:itioru; of nitrogen awms of t,he pyridyl groups 
also affect the ionicityof the rompl<;lXeS. To. the complexl!!I 
of le with dipyridylaeetylene 4 (complexes 14, 15, and 
17), the neutral (from the 2,2' --derivative 4a), dica.tion 
(from the 3,3'-deriv,.t;ye -lb), and monocaction (fro,i,. the 
4,4.'-derivative 4c) states sre observed. Although, molec­
ular paclcng and morphology in the solid state may affect 
the proton tra.ruifer to the nitrogen atoms of the pyridyl 
groups, th• major r,;uons for these phenomena can be. 
attributed to the diffei'Bnces in the barocity of tbe pyridyl 
groups depending on the nitrogen positiono.12 This is 

;17)(&) St.wart, J, J. P. J. Cvmput. Ci'r<m. 1965, m, ZOS. (!,) 
St,wa:rt, J • .r. P. J. Cc,1,;wt. Ch,m. 11189'. 10, 271. 
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Fi~ 9. One-dimensional molecular la~ of Hl. Do~ lines show two types of the intennolecukr hydrogan b<inds N"-H···O 
(L58 a) and 0-H•••l'<· (1.43 Al. ' · 

Figure 10. Two one-dimerurion.a[ molecular tape<: of 18. Dotted lines •how the m1:e:nno:eeular N+-H···O hydrng,m bonds (2.01 
~~~- . . 

Fi,;nre 11. Segregated stacldng srrang,,me:nts along the c aris cf 18. Th" interntaclc tlistanoes are 3.22 and 3.42 A for the stacks 
of ld and 4e, respectively. 

supported by the PM3 erueulatiru,.s of the net atomie 
chargs of fue nitrogen atoms of 4 (411, -0.0607; 4b, 
-0.0771; 4c, -0.0742). 

Among th,e four anilic acids used in this work, .La hru; 
the lowest p:roton-dcm.ating propo~, and the crystalline 
complexes 7 and 12 obt.airuid frOJll la an, neutral. Acids 
lb and le with moderate proton-donating ability afforo 
mon.oprotonated or deprotonated complexes with dipy· 
ridyl compounds oontaining nitrogen atoms at the 4- or 
3-position oft:b.8 pyridine rings. Theoo acids form neutral 
complexes 1.8 and 14 w:itli. the weakest prnton-acce.pting 
base 4a containing nitrogen. atoms at the 2-position of 
the pyridine rings. Only fue crystalline complex 1$ 
obtained from the stron~t proton donor ld with 4e ,,. 
fully deprotm:iated and involves relatively short contacts 
between the neighboring donor and acceptor molecules. 
The acid ld rapidly produces cr>lored powders with other 
dipyrldyl compcm:nda 2-4, even ifpolnr solvenl:is are used 
for the preparation of complexea. The rapid comple:mtion 
of ld is attributed to its strong proton-donating ability. 

For the rational .design of supnunolee:ular a~ehitec­
tures, strategies with structural predictability ean be 
used In the c,onstru.etion of one-, two•, or three-dimen­
sionnl patterns. A prima:cy one-dimansional tape motif 
can be designe,d end obtained by using st.ong intermo-

le,cular iuteractfan.s such a.s hydrogen bonding. The 
addition of funct:ional g,,oups or weaker intermolecular 
:interactions to the tapes can expand the one-dimensional 
networks into two-dimen.si.ona1 layers or .moots • .A tb:ree­
dimensiorual supramole,,.-ulnr ruxhitecl11re can be achieved, 
by the same process to connect the two-dimensional 
layers. In this study, we have found three types of 
stacking arrangements, the patterns of' which ·are ii• 
lustratel in Scheme 2. In tb.e complexes IS and 6, the 
l,_..-D ... A units overlap two-dilnensionally to form a cross• 
linlu,d fay,.r network (Sclunne 2a.). For the 1:1 c:omplexes, 
the segreg"ted stacks·(Sclleme 2h) ru-e obtained in 7, 9, 
12-15, and 18 and the alternated onee (Scheme 2c) are 
realfaed in 8, 10, ll, l,6, and 17. Themoleeulartapes in 
the oomplexes which gave the segregated stacks are 
ronghly planar, and the dih,xl±al e.ni,-!es l>etween the 
rings are small. Thus, the favorable ove;rlappin,; of the 
tapes causes tl1e segregated stacks. In contrast, the 
molecular tapes in 8, 10, 11, UI, and 17 have larger 
dihedral angles between the rings such as a chain. Tbi5 
steric effect. and the favorable charge-transfer io.tera<,­
tions between the an:ilie acids and the dipyridyl oom­
ponnd,; might bring the alternated stacks: 

8 
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A-.. O···A _A .•• !) ... A 

A .L.b ... 1 J,.. .. o 
b ... ;. l. .. J ... .A 1 

Seh6me2 

D,,,A,,,IJ, .. A ... o 
J ! I i I 
P···A··•D···A···D 

l) .. ,A-.. IJ .. ,A···D 

A. .. 6,,-A ... J ... }. 
6 ... ). ... 6 .. .l ... 6 I I ! : I 
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Conclusions 

In this study, we have shown that the simple coml>ina, 
ti.on of a.nilic a~ and dipyridyl compounds can create 
a variecy of supi-amolecular a.-chitectures by self-as­
sembly. Th~ crystalline architedu.res described he:re are 
oompoeed of an infinite one-d1mensiona.l molecular tape 
stn:reture via the aupramole,cular synthon I with tb.n.e 
!;yp&s of intermolecular hydrogen bonds (N+-H···O--, N 4 -

H···O, and O-H--·N). Strong resemble.nee,; between the 
crystal struetures of the segregau.d stacking type (7, 9, 
12-Hi, ancl 18) or the alternated stacking type (8, 10, 
11, 16, and 17) suggest the robru;tne,,s and reproducing 
ability of the suprmnolecular synthon L Cherg ... as­
sistance e:lfect1• enhances the robustness of t.'ie syntbmi 
I in this system. The positions of the nitrogen atoms of 
the rupyridyl compounds strongly affect the cry,stalllne 
architecture and ionfoity of the component molecules 
which can be determined by proton .transfer. 

Although the anilic acldi, '1l'e well-known to fonn 
comdination bonds with a variety ofmetaJs,1«1.>6o,b.l9 they 
have not bean well exploited for the ·rational design of 
organic solids."" This is the fust .axample in which the 
anili.c add$ were used to -crsate the snpr!lm.ol.eeular 
synthon I foc c.cystal engineering purposes. The oomhin.a­
tion of two-component systems reported here !D11.Y he a 
funda:m.ental example for the de.s;gn offow-<limerudonal 
..tn.ictw:'es, A,; an e>ttension of our re,aults, combination 
of other b:ide:ntate nit;rogen ligands with proton. donors 
would lead to an interesting orysta:line architecture 
thnn1eh a supratnolli!CUla:r synthon:like I. Unusual physi­
cal properties such a.a c:onductivitie.s may arise from 
charge-transfer interacti= between cornponer:.t mol­
ecules. 

Experimental Seetion 
St.:u-th.g M:ate.rirus. Com.pounds ld,n u," 4b," and 4c'-". 

,.....,. prepared o.eoording to ,he literature method,;, Oth,e:r 
c:o:mponnds~ la.-o. 2~ And a.11 wi1,1Jie eomr:nei-cialiy av~lable and 
purified by usual me!ihods. All tho solvents were distilled 
be.fore the use fo:t' the reactions_ 

General Pl-o,,edurca for the Preparation of Single 
C~. Metho,J I. An "<!u.ivalent molar amount (0.03-0.10 
=oO of t.1w =lli,, acid and the dipyridyl «"""-P~und. .-u plu.""'1. 

{b} (c) 

at t.he ootwm of the fl>i,b11ped tu.be, and t.ho tube was filled 
with solvents {10-25 mL). Airer 3-30 days, ccy,,tal,, grew at. 
rooui temperat:ure.. 

Method Il. A soh:itlon of the anilie acid (G.05-0.10 nm,ol} . 
in a freshly distilled hot solvent (5-16 mL) wa• mixed with a 
aolutioi: of the dipyridyl compound (0.0/i-0, 10 m:mol) in a 
distillod hot solvent (5-10 ml.). Within a week, the crystal• 
ouitable for slngle-ccy:,t...l X-ray diffraction appeared in the 
flask. 

Method ID.A solutio,, of the o.nilic acid (0.06-0.10 nm,01) 
;., l 0-20 mL of a dry solvent was added to a solution of the 
dipyridyl eompound (0.05-0.10 mmol) in 10-16 n,.L of a dry 
solveut . .Slow evaporation at n:,om temp.,....turefor 1-8 days 
a:llnrded the colored •vlution. Tha ldngie <rysta.ls suil:able for 
s:i.ngle-c~ X-ray diffracl:ion we:ro grown fro-m this .solU.ti.1;:m. 
by co-m.:plata ~r partial evapor.atit:an of ~.he sohte;nt from. t.'le 
reaclion mi><tu= The crysta.Ls were cl>.ru:acterizecl by lR, 
&lemantal analyails, and X-r,;y cryi,tallographie ansly,;io, 

Compiu 5. lwd prismatic c,:-y,,tale were prepa:,:ed from the 
m:xture of ac.etone-methanol by method I in 95<h yield; mp 
20!-202 •0; :m (K.Br) 2350-2800, i:176 (broad), 1630 (sharp),. 
1517, 1470 cm-•. Anal. Calod !brc,,,H,aN.O,B,. (1:2): C,5Ll7; 
l:i, 2,97; N, 9.18. Found: C, 51.09; H, 8,0Z; N, B.98. . 

Complex 6. Red prlsrno.tic c:ryst.itls "'&e prepared from 
metl,anol and acetone by m1>thod I in 98% yield; mp 214-215 
•c; IR (KB~) 2350--.:?.800, 2176 (broad), 1630 (&harp), 1619, 
1476 cm-•. Aual. Calcd !iJr C,.HuN,O,Cl., (1:2): C, 69.90; H, 
3.48; N, 10.75. Fou.nd: ·C, 59.86; El, 3.43; N, 10.70. 

Com.plex 1. Orange plate <Jr}'atalS w~r• prepared from 
acetone by meth-Od n in 90% yield; mp 164-165 'C; 1R (EBrj 
2360 (!;road), 16ll7, 1601 =-•. Anal Cakd far C:t.:H,.N.04 (1: 
1): C, 64,86; H, '4.08; N, lt.4il. Found! C, 6-1.67; H, 4.17; N, •~- . 

Co:mplex 8. Bmwn needle crysta.Ja were prepru-oo. from 
ac:erone by rnathod I in \18% yield; mp 228 -C de<:; lR. (KBr) 
2400-21WO, 2170 (broad), 1632 {she.Tl)), 1504, 1468 cm-•. 
Elem.en.ml a.n.a!ygis was: prffllint.·utty de~ribed.. u 

Complex 9. Brown p!Am oryatals w~ 1Jreparod · fr.,,,, 
a,::ot<>=-methanol l>y method r in 95% y:iekl; mp 215-218 --C 
dee; .IR (KBr)·UD0-2800, 2124 {bro«d:t, 1640 (sharp),· 1548, 
1512:3 =-•. Elomtmtal ffiajy$:li wao pwviously dee=ibed.ll · 

Compl= 10. Brown rod ozyataJ,, were propa,od from 
acetone-methanol (2:t) by m6tihod I; yield 92%; mp 25l?r2llli 
•c dee; IR (KBl'} 2250-2'1'.DO, 2132 (broad). 1626 (sharp), 1500 
=·'. A.m,J. Coled for C,sH1iN.OJi~ (1:1): C, 4-0.03; H, 2.52: 
N, 5.83. Found: C, 44.9ll; H, :t.54; N, 6.68. 
. Com.pl,,,,; 11. Reddish lrrown prl.on,.atic c;cystals were pre­

pared from 1tc,rtcne:-methllnol (:I.: 1) by rn,,th<,d I! ln 00% Jli<!ld; 
mp 280-282 'C dee; IR (KBr) 2250-2700, 2152 (broad), 1624 
("harp), H.94, ..,.-,. Anal Cakd for C,.H...,'f,0,CI, (1:1): (',,. 
55.26; H, 3.0!J; N, 7,111. Fmm.d: C; 65.18.; H, l!.08; N, 7.05. 

Complex 1.2. Orange rod ccy•tal.s were prepared from 
acetonitrile-eU:umol by method min 84% yi~!d; mp 195-100 
•c; IR {KBr) 2354 (bread), 1648, 1618, 1607 =-'. Anal. Calcd 
far Gu,H12N 2O, (l:l): C, 67.50; H, 3.78; N, S.75. FC>Uhd.: C, 
67.04; H, 3.84; N, 8.68. 

Con.pl= 18. Brown. needle crystal• were prepared from 
acetone by method l in 92% yleli!; mp l00-19.2 •C; IR (KBr) 
2473. (broad), 1660, 1601 cm - 1. Anal. Calro for Ci,H,oN.O.Br, 
(l:1): C, 42.22; H, 2.11; N, 1.\,86. Found: C, 44,96; H, 1.92; N, 
5.77. 

Com.plex 14. Brown needL. czy,,tals ,.,..,.,, :;rc-epe...-,,d from 
methanol-ae-,,tone (1:1) by method [ in 83% yield; mp 194-
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L95 "C; :tR (KBr) 2484 (broad), 1660, 1607 cm~•. Elemental 
,malys;. w ... previously described."' 

CompJsr 1 !>. Brown plate cry"1:als were prepared from 
sre:one by method I in 98% yield; mp 176-178 •C; IB (Kllr) 
2484 (hroad), lt!60, 1607 em·1• Elemental anruysw "'"" previ­
DUSly described." 

Coznplex 16. Brow,, pla.te crystals were prepared from 
,;eetonitrile.:._acotcmo (1:4) hy m<>thod r in 9S% yield; mp 218-
22(1 •c; IR IBBr) 2280-2850. 2164. 2081, 1830, 1601, 1520 
cm-'- Anal. Calcd for C,.H,.oN.O.Br,, (1:1): C. 45,22; H. 2.ll: 
N, 5:!IB, Found: C, 45.ll; H, 2.11; N, 5.42, 

Comple:z: 17. Brown nsedle e,ystals ware p,op,.re<l fu,,n 
aootonitrlle-o.eetori, (1:l) l,y ru .. thod r ic 00% yield; mp 230-
231 •c; rn CKBr) 22so-2e5o, 2156, 2062, 1625, 1500 =-•. 
E}em.anta.1 analysis wa.s pre,.ti..m.1.!!:ly described.12 

Comp!= 18. Yellow noodle erystals were prepared from 
aeotonitrile by method !I in 82%yiel.d; mp >330 •c; rn (RBrl 
2350-2880, 2203 (si:J:1:>ng), 1632, 1543 cm-1• Ar..ru. Calod for 
c..H,uN,O, (1:1): C, 6a.69;li, 2.82; N, 15.64. Found: C, 64.0l; 
H, 2.89; N, 15.42. 

X-""'Y Ccystall,:,graphy. Reflection data werc collected on 
a Riga.Im AFC-7R mffi"actometar using Mo Ko: radiation (I. -
0. 710 69 N and En;raf-Nonius CAD4 diffractometer w;ing Cu 
Kil. ra.diatio:n (,l. = l,64.l 78 A> at 296 K. No absorption 
correction was :applied for all crysit.als P.-11:t:F.pf. the oomple-..xes 
13 m,d 16. Al>,;orption correctian was applied to 13 and 16. 
=ing empi.'1ca.i procedure& based on azimuthal '/J scans of 
sev,,n refloetfons ha.ving an Eu!Arian an.gla, x, n~= 00'. All 
stroctuxeo we.re solved by direct methods and Tefined by full­
mntrix Jec,ot-oqW>ree on F'- with SHELX-97.''' All non-hydrogen 
atoms were rmned acisotropieally . .All hydrog;,n atoms were 
localfaed in the Fourier maps an-d refined i.sotropfoally. 

Crystal data for 5: C..H,.Br,N",Oi• fw = 610.26, 'J'-Ono-­
clinic, space group P2Jn, ct = fl.827(1J A, I,= ll.8S8(ll A, c = 
1L191(1l A.,/3 = 92.62(8)", V= l:1.6S.1{2)A•,z= 2.,D,= l.735 
I! cm...,,, F(OOOJ = 608, ·µ(Ou ls-«) = 4.770 ,,,_,,,_-,, ecystal 
dlmensiDns "' 0.20 x 0.20 >< 0.20 mm•, 2545 reiloetioM 
cclle<:ted, 2891 independent i,Ri,,, = 0.0356), lU = 0.034-9, ..-R2 
- 0.0956 for!> 2c{l), Ell= 0.0389, wR!! = 0.1)990,B =.1.009 
for all data. . · 

Crystal data for 11, c,.,:a:,.Cl,N404, fw = 521.34, mono­
clinic, .-paee ~p P?.,/r., n = 8,6979(5) A, I, = ll.5ll77{6) A, c. 
= 11.2992(6)A,,'i= 91.2'74(-4)", V= llll1!.6U)A•,z= 2,D,"" 
1.51!7 g cm-•, F(OOO) ·- 656, µ{Cu Kn.)"" 2.951! mm·l, crystal 
dimenmoM = 0.25 >< 0,10 ,r 0,10 ,nm>, 24&6 refioctions 
collected, 2302 indapendenl CR;.,= 0.0222), R.1 = 0.0858, wR.2 
= 0.0869 for l > 2o(l), Rl = O.ll701, wR2 = 0.1004, S = D.998 
for oll do.to. . . 

Crystal data for 'I: C,oH,,,N,o., fw = 2.llR2S nwnocllnie, 
spare. grou.p C2/c. a= 20.718(3)A, b = 7.1001(7) X c = 9.151, 
{1) J..., f, = 9&.1!65(7)', V = 1348.5(3) A•, Z = 4, D, - 1.460 g 
cm ... , F(OOO) c 616, µ(Cu Ket) = 0.892 =··•, or-;sW dimrm­
&ians "' 0..25 x 0.10 x 0.02 mm•, 1184 reflections colleci,,li, 
1150 independent CR..,- 0.1124),'Rl - 0.0612, wll.2 = O.lll!i7 
for I > 2<,(1), Rl =z 0.2Lll2, wR2 = 0.1859, S = 0.982 for oll 
data. . 

Ory..W data fur 10: C,.H,.Br,N.0,, fw = 480.12, mono-­
o!i,,;e, .,_ group P2Jc, o:"' 8.8546(5) A, b ~ 8.0001(6) A, c = 

CMl Shekb:id.:, G. M. SHEl,X:-!!7. P~m for w So!ruu:,,. aN.4 <"2 
Refuum.ent of Crystal S~; t.inivm'1ltty otrntt:tinge.n: Gcitting~, 
Germnny, 1997. 
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13.261(11 A., ti= 104.495(6)', V = 858.1(1) A', Z - 2, D, = l.658 
g. cm-a, F(OOO) - -172, µ(Cu Ka.} = l.858 mm "1, c::-yatal 
d:im..,,._ione = 0.10 x 0.10 x 0.10 mm•, 186.8 TaflMlions 
collected, 1750 independent \Rm,= 0.0202), Rl = 0.0341, wR2 
= 0.(1003 for l "" 2a(i), R1 = 0.0523, wR2•= 0.1034, S = 0.870 
fur ail dat8.. 

C.-ystiol d&ta for ll.: C,.:S:i,C!.iN.O,. fw = 391.20, mono-­
olin.ic, space ll"'"'upP2ii~,.,. = 8.38-1.'.1(6) A, b = 7.8904(6) A, c = 
12.926(3) .A, _s - 105.oim:7)•, v = 825.8(2) A•, z = 2, D, - 1..573 
g =-•, FCDOO) = 400, µ(Cu .Ko:) = 8.794 nmc1, crystal 
dimensions = 0.10 x <UO x 0.02 mm•, 1762 reflection.a 
collected, 1683 independent (14.,. = 0.0-492), RI= 0.0468, wRZ 
'-' 0.1236 fo~ I > 2a(l), Rl = 0.1204, wR2 = 0.1689, S = O.BlS 
for all de.ta. 

Crystal date. for 12.: C1,H,.,~.O,, fw = 320.30, monoclinic; 
•pare gn;up P2Jn., a => 3.815(2) J,,.,,b = 10 .594(2) A, c = 18.393-
(ll A, fi = 95.49(2)', V= 740.0(4) A', Z= 2,D,"' 1.438 gem~•,. 
1"(000) = 33:1., µ(Mo Ka) = 0.104 lllill-1, ocyst-al dimeru;iom, = 
0.20 x 0.10 x o.oa mm3, 1529 refiectiorui collected, 1362 
independent tRi.,"' 0.0255), Rl = 0.0472. wR2 = 0.1088 for I 
> 2'1(1). Rl = 0.1.238, wR2 = 0.1280, S = 0.924 for all data. 

Crystal data for 18: C,.,H,..Br:,N,O•, fw = 478 .. 10, mcliw::, 
•p.am group PI,a = S.9452(2)A,b= 1l.0548{4JA, c"" 11.0525-
(S)A., n= 60.946(2)•, tJ"' 95.49(2)", r= 84.022(8)', v,. 41,l.04-
<:a) A•, Z - 1, D. = 1.8fl5 g cm·•, F(OOO) = 284., µ(Cu KcJ = 
1.896 mm~•, crystal dimensions = 0.115 x 0.10 x 0.02 ·mm•, 
1781 reflections eolleet<>d, 1691 irul.ependmrt (R;., "' 0.0141), 
.in= 0.0320, wR.2 = 0.0869 for l > 2a(n, Rl = 0.0850, wR.2 = 
0.0892, S = 1.015 for all dsta.. 

Crystal data for 16, c,,H,.Br,N•O• fw = 478.10, mon<l-' 
clinic, opace group P2v'n, a = 13.2lI(l) .( b -; 8.8009(8i A, e 
= 18,895{2) A, /J = 95.49(2)', V = 1696.5(8) A•, Z = 4, D, = 
1.872 tr=-•, F(OOO) = 936, µ{Cu KaJ = 6.S16 mm-1, ccy,;tal 
d!meosions - 0.20 " 0.15 x 0.05 min', 0505 Nflections 
ooll&ete.il, 3459 independent (R,.._ = 0.01$8),R.1 = 0,0358, wR2 
= 0.0986 for I> 2o(l"J, Rl = 0.0687. wR2 = 0.1118, S = 0.931 
for an data.. 

Crystal data for 18, C,.1],.,N,O., fw = $70.Sll., triclinic, 
'!Jlac& group Pi; a: = 8.910(7) A. b "" 9.827(14) A, c m 5.3W(6l 
l,., a- 102.7104)•,p= 104.8-8(9)". y = 104..&!3(12)", v- ,m;.o. 
(SJ .A•, Z = 1, D. = l.482 g =-•, F{OOO) "' 190, p(Mo Knj a 
0.107 m:m-1, OI'Y1'tal dii:rumsions = 0.30 >< 0.20 " 0.02 mm•, 
is20 refl.ecao:,s oolloot,,d, 1516 io.dependent (Ri., =.0.11S!'i), 
Rl = 0.0584, wR2,. 0.11&0 for I>- l.lo{l), :Rl = 0.3600, wRll -
0.1880, S -= 0.890 for ..:U data. 
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Abstract: This paper describe, the singl.:,crystnl X•rny structures of four l: I complexes between N,N',di{terl•buty!)• 
melamine and 5,5·disubstilutcd b11rbi1uricnckls (substirnents"" CH1CH1, ClhCFJ, CH.hand C6H,). These complexes 
cry~talli1,c as infinite ¾crinkled" tapes having components j<1i11ed by a triad of hydrogen bonds. The tapes are 1m:vcntcd 
from adopting a linear m<i!if due ti) stel'i.:: repulsion between ter/•butyl groups on adjacent melamines; the crinkled motif 
avoids such repulsion, The tap<.: backbones deviate from planarity to permit dose packing of the crinkled tapes. 
Crystals of these complexes of a size and shape suit:i b!c for singl<>crysta! X•ray diffrnctiun i.matysis are readily gruwn; 
this system therefore seem;; wcll•suhcd for systematic sl\ldy ()f the relationships between molecular and crysrnlline 
,tnicturc. 

Introduction 

We arc studying the solid-state strucrnrcs of l :l cocryslals of 
derivative, of melamine and of barblturic acid. 1 .1 These cocrystals 
consist ()f crystall<Jgraphically infinite hydrogen-bonded tape; 
that pack with their long a;(e¾ parallel. By varying the m:rlc 
pr()pcrties of the substirncnts on the melamine comp()ncnt, we 
have prepared examples of linear tape,3 and crinkled tapcs,"'4 

We ha\'e i!l,o obrnined one cyclic pseudo-C1 structure (a 
~ro,ette"), 1 These three structural motifs uc the $impleM ones 
that can b\'.O derived from the complex between cym1uric add and 
melamine (CA•M). 

Our prcvi,>us wmk has kept the barblturatecmnponent constant 
(tis barbital, Bar{Ethl, and vnrie<l the structun:: of the mdaminc, 
ln the research reported in tbi~ paper, by contrast, we held the 
melamine component constant (its N,N',di(tert•butyl}mdamine, 
Mel(1fh1h) and varied the barbittmi!c, One goal of this work 
was to tesl the hypothesis that uerkally hindered substituenl!i<m 
the melamine would yield crinkled tape.,. We chose Md(1Buh 
be<:a,1,c it is a 1runca1cd version of the mclamine .. --N.N'-bi3(4· 
1e,1-butylphcnyl)rncl;1rnine· .. tha1 proouced a n~etti.:; we hal'c 
rationali1,ct.l the formatinn of the cyclic sirucwre on the basis of 
the stcrk demand$ of the un-butyl group.' \Ve al$O wish~:d 

Bat{R){R') 

• Ab,lrnc0t published in Adran,·, ACS' Ab-ttrad1, Arril l, 1994. 
( l) Zcrk,:,w;.k1, J, I\,; Stto, CT.: Wicrda, D. 1\.: Whitctidos, Cl. \t J, Am 

Ch,m, Sat, 1~90, I I J, 9025. 
(2) Zcrkowsl::i, J, A.; Stttl, C, T.; White,idc,, CL M. J, Am. Chmi. Sa<, 

J'l92, 1/./, 541:l 
OJ Zerkowski, J, A.: Madlorw!d, J C: Sc1<1, C. 'f,: Wforda, !). A.: 

Whiteiides, 0, M, J Am Ch<>ni, S6t, 1994, J /6, B82, 
( ~) Zcrkowllti, J. A,; Mathia,, J.P.; White,idti, G. M. J. Am. Chem, Soc,, 

following p;1pet in this iuue. 

Figure l. Top: Hypothctka! linear tape of the Mel{'lfo).,Bar{Clf,)J 
eMnplex, wi1h n.:gions of st~ric repulsion intlicalcd l:,y arrows, lkitwm: 
The ohJ:.erved cri11kkd form,1! of thls complex. which relieves th~ ,ter\c 
hindrance. 

simply !o explore the influence of lhc subst\tucms on the 
barbiturate on the solid-state structure: we are still surveying 
the rnngeof solid-state structures accessible through manipulation 
of variants of CA•M, and we expect these d,mi to complement 
those obtained in other studies. 

R,•sults 

Formation and Features of Crinkled Tapes. The bulky um­
butyl substituent makes formation of linear t.,pes impossible for 
sterie reasons. Figure 1 (top) ,hows regions of sterie repulsion 
between the tut-butyl groups of ndjaeent melamines in a 
hypothetical linear tape incorporating 1\-Iel(•Bu)i. The l><Htom 
of the figure shows that the crinkled format avoids such stetic 
repulsion: the rert•buty! groups arc scpamted and arc disposed 
on opposite sides of the tape.l One crysmilogrnphic axis 
{underlined in Table ! ) is the repeat distan<:e in a crinkled tape, 
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Table 1, Crystallographic Data for Mel(1Bu)l•Bar(R)(R') Complexes 

solvent• of deviation from 
R,R' space group a(A) b {A) C (A) (3• (deg) Rb ck• c pd (g/cml) crystallization planarity/ (A) 

Et, Et Pna21 13.634 11.708 !S.7391 0.037 0.62 1.149 MeOH 0.54 
Et, CH,CF; P212121 12.975 15.709 12.796 0.089 0.61 1.214 BtOH 0.78 
Me,Me P21/c 11.451 16.285 11.665 98.23 0.052 0.66 1.217 MeOH 0.29 
Ph,Ph P2i/c 15.103 15.829 12.642 114.65 0.060 0.68 1.254 MeOH 0.58 

• A blank indicates that the angle is constrained to be 90°. b R • EJF0 - F ~/EF0 • ' This value is the packing coefficient based on molecular volumes 
calculated with Macro Mode! (see the Results section for the definition of C, and ref 3 for a discussion of the relationship between Ck and Ct*). 4 This 
value is the calculated density. • No solvent is included in the crystal lattice in any of these complexes. / This value is the average deviation of the atoms 
in the tape backbone from the mean plane of the backbone. 'The underlined cell dimensions represent the repeal distance in a tape (see the Results 
section). 

A 

B 

C 

D 

Figure 2, Side views of crinkled tapes of Mel(IBu)a complexes showing their deviation from planarity: (A) Bar(Et)(CH2CF3) complex: (B) Bar(Pbh 
complex; (C) Bar(Eth complex; (D) Bar(CH3)a complex. The deviation decreases from A to D (see Table l). The arrow indicates the direction of 
a view down the long tape axes. The filled-in terr-butyl groups are on the edges of the tapes that are nearer to the viewer. 

This distance is the length of a screw-related pair of Mel•Bar 
dimers along the tape axis, illustrated, for example, by the distance 
between symmetry-equivalent filled-in tert-butyl groups in Figure 
2. Figure 2 also shows that the crinkled tapes deviate from 
planarity in a direction perpendicular to the infinite hydrogen• 
bonded axis. This deformation, or "waviness", turns the crinkled 
tapes into quasi-three-dimensional structures. To a first ap­
proximation, there is a rough trend between the degree of waviness 
and the size of the axis underlined in Table l. The tape with the 
greatest deviation from planarity (the complex with Bar(Et)­
(CH2CF3)) has the shortest unit projection (15.709 A) along the 
tape axis. 

At the macroscopic level, crystals of these crinkled tapes are 
blocky chunks or plates. Crystals of linear tapes, by contrast, 
were most frequently obtained as fine needles, a morphology that 
reflected the parallel packing of the linear tapes.3 In addition, 
crystals of crinkled tapes were on average larger than crystals of 
linear tapes. A fixed-tube X-ray source, rather than a rotating 
anode generator, could therefore have been used for single-crystal 
X-ray analysis. Equally importantly, the crystals of these Mel-

(5) Steric repulsion was also responsible for crinkling in the complex between 
N,N'•bis( 4•methoxycarbonylphcnyl)mclamine and barbital that we reported 
previous!y.2 

( 1Buh complexes were easier to grow than crystals of complexes 
of para-substituted diphenylmelamines and barbita!.3.6 

Solid-State Structures of Complexes of Mel('Bu)z•Bar(R) (R'). 
To convey the important points of intermolecular orientation, we 
have constructed conglomerate pictures (Figures 3-6) showing 
several views of tape packing at once. The deviation from planarity 
of these crinkled tapes makes them appear "thicker" than linear 
tapes in an end-on view. Nonetheless, such a view (looking down 
the crystallographical!y infinite hydrogen-bonded axis) is still 
useful in showing the relative orientation, or the tertiary 
architecture, of tapes. Table l lists crystallographic data and 
some geometric parameters of tape packing. 

N,N~Di(tert-butyl)melamlne/Barbital, Mel(IBu)rBar(Eth (Fig­
ure 3). This complex was investigated to provide a comparison 
to our previous work on systems that contained Bar(Eth and 
substituted diphenylmelamines. The only variable structural unit 
in these cocrystals is thus the melamine, and crinkling can be 
attributed to its characteristics. The backbone of this tape is 
wavy (Table l and Figures 2 and 3): the average displacement 
of the atoms in the tape backbone from their own mean plane is 

(6) This ready crystallization is attested to by the fact that the single crystals 
of Mel(1Buh•Bar(Eth and Mel(1B11)z,Bar{Et){CHzCF3) used for diffraction 
were obtained from the very first crystallization attempts made on these 
complexes. 
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Flgur<' 3. Views of tht :-.tet(1lluh,U11r(Ef): Alkyl 
have been omitted frnm the c.-:ntral and bt,ttom In 

thal appear in mmc tlrnn one view arc drawn with 
the centrnL end-on view and ore C(mnccted with 
ln the bottom view, the high!igJw:d tajH!S ,ire ne,Htr 

0.54 By contrast., the seven linear 
para-substituted ultt•~1-"=' with 

Zukowski and Whilesid,•s 

Figure 4. Views of the Mel('.6u}rBar{E:1)(CII1CF1) comJ)!ex, Alkyl 
hydrogen, have been omitted frnm the ccmril and bottom views. 

ported arc less wavy, with ml average deviation from 
of 0.13 A. 1 

(1) \Ve define Hm me:w plane of a rnpe as the si~ ring atoms ,,f each 
J1ijt,erc>cv,·!o plui the three hydrngcn•bohding rn;,crnoiom,, three 

the melamine and three oxygens 
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N, N'" Di( tert-buty!) melamine/ 5. Ethy!,5,{2,2,2,triflutiroethyl}• 
lmrbitur!c Add, Mel(1Ihih/Bar{Et;(Gi 1Cf3 ) (Figure 4). This 
compkx rcpre~cnts a minim(l! stcrk pcrturbati<m on the Bar• 
(Eth complex. We are :dso intcre~tcd in ~tudying the packing 
(lf compound:.conrnining fluorncnfbon units. to see if th¢ 11uorine~ 
segregate away from hydrocarbon regions or exhibit other pat!crn, 
of behavior that might be used to control solid-stat..: strncturc. 
The ~tacking of the i\·1cl(1Buh•Bar{Kt}(CH2CFJ) ,ifinkkd tape,; 
is similar to that of the Mcl('Buh•Bar(Et) 1 \1lpc$. In this solid· 
state stru<:rnrc, there arc also 1111 Ouorint-rich regions nml no 
com,1et, under the sums of vun dcr Waals radii involving 
nuorines, 

lv,N'-Di(tert-bulyl)melamlnc/5,5-0ll'U('thylharbilurk Acid, l\tt'I• 
(•Bu)z•ffar{CH,h (Figure 5). We investigated this cmnplex 

B 

J, Am, Chem. Soc,, Vol, //6, No. /0, JiJ94 430! 

bc·cau,e it i§ nn abbreviated anal()gui;: or tht llar(Eth comrkx: 
that k the sirt:of the burbiturnte substitucm ha;; been dc<:reascd. 
The tape bad,boncs an: less wavy tbui in the ,trnctorc, 
incorp()rating Bar(Eth and '1Jar(Et){CH1CF,1} i'rab!c 1 ), 

N,N'-Di(tt'tt-butyl)mclaminc/5/f,-Diplwnylbarbituric Adrl, M1:I• 
('lfoh•Bar(Pbh (Figur❖ 6). !n this complex, the ,teric perturbn­
tion of the barbiturate ,ubstituent is in the opposite direction 
from Uar(CII.~);: the phenyl group$ an: larger and more rigid 
than thit ,i!hyl groups, The phenyl ri111;s are not packed in either 
edge-to-face or fuce-to-fact orientations, There !s, however. a 
CH ... () contact (2,5 A, L<1w ~ 2.'J J\l between a barbirnrntc 
oxygen <ln one rnpe and an o-phenyl proton in an overlapping 
rnpe (e.g. tapes l\ and Din Figurt 6).• 

Pncking fractions (Table l}, The packing frai::tiun C, is a 
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herringbone complexes, Me(( 1Bu)rBar(Et) 1 and l\·fel(1Hu)rBar­
{Et)(CH1CF,), arc al the lower mid ,if the normal 
Nonc,helc,s, there ue no discrete cavities enough to allow 
indusion of sn!vtmt molecules. The mean value for (hese four 
crinkled tape nn11v,c:"~·•• 0.64, is lower than that (0.69) for the 
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linear tape complexes of para-substituted diphenylmelamines with 
barbital.3 

Discussion 

The results presented here confirm our hypothesis that steric 
hindrance involving the terr-butyl substituents of the melamine 
would force hydrogen-bonded tapes to pack in a crinkled motif 
rather than in a linear motif. The most important result of this 
work, therefore, is that the secondary crystalline architecture 
(the tape motif: linear, crinkled, or cyclic) of complexes of 
melamines and barbiturates can be predicted and controlled using 
steric effects. We have not yet searched for polymorphism in 
these complexes, but we do believe that Mel(IBu)z will reliably 
yield crinkled tapes. 

At the level of tertiary architecture (the stacking of tapes in 
the crystal), we propose that the deviation of crinkled tapes from 
planarity to produce a wavy shape (Figure 2) occurs to maximize 
packing efficiency. This observation is consistent with the broad 
guideline that, in crystals in general, intermolecular contact of 
van der Waals surfaces tends toward a maximum.9,11 In these 
crystals of crinkled tapes, regions of space that would otherwise 
be voids are filled by the deformation of the hydrogen-bonded 
backbone of tapes from planarity. The views at the bottoms of 
Figures 3 and 4 illustrate this increased packing efficiency for the 
two complexes (those with Bar(Eth and Bar(Et)(CH1CF3)) that 
adopt the herringbone pattern. Two adjacent, perpendicular 
tapes fit together compactly, by matching the crinkling of one 
and the waviness of the other. Figure 7 presents a closeup view 
of these relationships. 

In wavy tapes, the hydrogen bonds are bent from linearity. 
For the N-H ... Q bonds, the angles at hydrogen are 167°, 145°, 
175°, and 157°, and for the N-H .. ,N bonds, the angles are 174° 
and 173°. The hydrogen atoms involved in these hydrogen bonds 
were located crystallographically from electron density maps. 
Bent hydrogen bonds are frequently observed in crystal structures 
and do not appear to be energetically unfavorable (although there 
must be a level of deformation beyond which the tapes would not 
hold together).12,13 

Conclusions 

The four crystal structures of complexes of Mel(!Buh with 
barbiturates show that the triad of hydrogen bonds that holds 
together crystallographically infinite tapes is robust to substitu­
tions that cause unfavorable intratape steric interactions. The 
formation of crinkled tapes can be rationalized using steric argu­
ments: bulky substituents on the melamines (here, tert-butyl 
groups) prevent adoption of a linear format and force tapes to 
crinkle. In terms of designing organic solids, we expect to be able 
to use this effect to obtain crystals built from the crinkled structural 
motif. In fact, the ease of crystallization of these crinkled tapes 
recommends their use in systematic physical-organic studies of 
the solid state. Another result instructive for future work is that 
tapes are tolerant of different classes of substituents (alkyl and 
aryl groups) on both melamine and barbiturate components. 
Systematic variation on either component is a valid approach to 
crystal engineering. 

(9) Ct • N• V .,.,/ V «u, where N is the number of molecules in a unit cell, 
Vmo1 is the molecular volume, and v •• 11 is lhe volume of the unit cell. 
Kitaigorodsky, A. I. Organic Chemical Crystallography; Consultants Bu­
reau: New York, 1961. 

(10) Sec ref 3 for a discussion of the relationship of ck• to Ck, 
(11) Values of Ck usually range from roughly 0.65 to 0.77. Desiraju, G. 

R. Crystal Engineering: The Design of Organic Solids; Elsevier: New York, 
1989. 

(12) Taylor, R.; Kennard, 0. Acc. Chem. Res. 1984, 17, 320. 
(13) Gas-phase studies have shown that linear hydrogen bonds are the 

most stable (Le3on, A. C.; Mllllll', D. J. Ace, Chem. Rei. 1987, 20, 39), Crystals, 
however, need to balance a mimber of intermolecular for~es. and bydrosen 
bonds seem to be a blo to deform to ,omocxten t to perm! t cl01e packing between 
other parts of moloeulea, 11,u 
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Figure 7, View of two adjacent, roughly perpendicular tapes of Mel• 
(1Buh•Bar(Et)2 showing the steric complementarity of their fit. The 
tape on the right Is viewed from the side; the tape on the left is tilted 
approximately 25° out of the plane of the page (see Figure 3). The 
deviations from planarity of the tape viewed perpendicularly to the mean 
plane of its hydrogen bond network (right) clearly are complementary 
to the protuberances and indentations of the quasiperpendicular tape 
(left). •· 

While we still have no clear rationalization of intertape packing, 
we note that it is possible to relate the waviness of a tape-that 
is, the deviation of its hydrogen-bonded backbone from 
planarity-to the minimization of voids (and the maximization 
of the packing fraction, Ct) in the crystal. Crinkled tapes appear 
to deviate from planarity in order to pack as closely as possible 
to neighboring tapes, Since our system of tapes appears to be 
robust enough to tolerate a range of substitutional modifications, 
we believe that experiments designed to examine the consequences 
of steric perturbations on packing can be performed in a controlled 
and consistent fashion. 

This system provides another model with which to study the 
physical-organic chemistry of the solid state. It should provide 
a consistent molecular framework-parallel, crinkled tapes-with 
which to probe relations between molecular and crystalline 
structure. 

Experimental Section 

General. tert-Butylamine was obtained from Aldrich Chemicals. Both 
5,5-dimethylbarbituric acid 1• and .5,5-diphenylbarbituric acidll were 
prepared by literature procedures. General te(;hniqucs were as previously 
published.' 

(14) (a) Organic Synth«m; Blatt, A, H., Ed.; Wlloy and Sons; New York, 
1943; Collect. Vol. U, p 60, (b) Thome, J, T. J. Cli,m. Soc. 1881, 39,543, 

(IS) McElvaln, S. M, J, Am. Chem, Soc, 1935, J'?, 1303, 

UM00016840 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3822 of 4460



4304 J. Am. Chem. Soc., Vol. I 16, No. JO, 1994 

2-Amlno-4,6-bls(tert-butylamlno)•t,3,5-trlazlne (Mel(IBuh), A solu• 
tion of cyanuricchloride (2.0 g, 10.8 mmol) was prepared in 100 mL of 
freshly distilled THF in a round-bottomed flask and cooled in an ice­
water bath. A solution of tert-butylamine (1.14 mL, 10.8 mmol) and 
diisopropylethylamlne (1.88 mL, 10.8 mmol) in 20 mL ofTHFwas added 
from a dropping funnel over the course of 15 min with magnetic stirring. 
When addition was complete, the ice-water bath was removed and stirring 
was continued for another hour. The mixture was heated to reflux in an 
oil bath and another equivalent each of tert-butylamine and diiso­
propylethylamine (in 20 mL of THF) was added. Since the boiling point 
of tert-butylamine is 46 •c, some of this compound was lost to the 
atmosphere, even with a water-cooled condenser affixed to the reaction 
flask. Over the course of another 3 h, additional portions of a tert­
butylamine solution in THF were added to the reaction, amounting to 
an additional 0.4 equiv. This amount was sufficient to produce primarily 
one product (2-chloro-4,6-bis(lert-butylamino)• l,3,5~triazfae) as deter• 
mined by TLC. The reaction was cooled to room temperature, and solvent 
was removed by rotary evaporation at aspirator pressure. The residue 
was slurried in I 00 mL of diethyl ether and solids were removed by 
filtration at aspirator pressure through a short plug of silica gel, which 
was then washed with more diethyl ether (3 X 30mL). The ether solutions 
were combined, and solvent was removed by rotary evaporation at aspirator 
pressure. 

The 2-chloro-4,6-bis(tert-butylamino)-1,3,5-triazine was placed in a 
15-mL pressure bottle along with a magnetic stirring bar, approximately 
8 mL of 2: l l ,4-dioxane/H20, and 3 mL of 30% NH40H. The pressure 
bottle was capped and heated in an oil bath to 100-105 °C (CAUTION: 
behind a safety shield). Heating was continued for 5 h, after which the 
pressure bottle was cooled to room temperature and opened. TLC 
indicated that some starting material remained, but the most intense spot 
was the productdi(lert-butyl)melamine. The reaction mixture was poured 
into l SO mL of H20 and stirred well. The precipitated product was 
collected by vacuum filtration, washed with H20 (2 X 25 mL), and dried 
on a vacuum line at 0.1 Torr for several hours. It was then purified by 
chromatography on silica gel with ethyl acetate as eluant (Rr = 0.3). The 
product, after rotary evaporation of solvent, was a white solid (1.57 g, 
61 %): melting point 166-7 °C; 1H NMR (300 MHz, CDCli) o 4.85 (br 
s, 2 H),4.5 (br s, 2 H), 1.4 (s, 18 H);HRMS-EI (M+) calcd for C11H22N6 
238.1906, found 238. I 9 I 3. 

5-Ethyl-5•(2,2,2-trlfluoroetbyl)barblturlc acid. The prwursor 2,2,2-
trifluoroethyl trifluoromethanesulfonate was prepared by a literature 
procedure from 2,2,2-trifluoroethanol, (CF3S02h0, and pyridine in 
CFC!i. 16 A solution of this trifluoromethanesulfonate(2.46 g, I 0.6 mmol) 
in IO mL of freshly distilled diethyl ether was added over the course of 
30 min from a dropping funnel to a refluxing solution of diethyl malonate 
(1.52 mL, 10 mmol) and NaH (80% by weight, 0.30 g, 10 mmol) in 100 
mL of EtOH. Reflux was continued for 3 h, at which point an aliquot 
was removed, concentrated by rotary evaporation at aspirator pressure, 
and dried on a vacuum line at 0.1 Torr. The desired diethyl 2,2,2-
trifluoroethylmalonate had been formed, as determined by I H NMR 
spectroscopy and comparison to literature chemical shifts.17 Refluxing 
was continued for another 2 h, after which ethyl iodide (1.2 mL, 1.5 
mmol) and powdered anhydrous K2COi (1.66 g, 12 mmol) were added 
to the mixture. Reflux was continued for 3 days. The reaction mixture 
was cooled to room temperature and solids were removed by filtration 
at aspirator pressure. Solvent and excess ethyl iodide were removed from 

(16) Gassman, P. G.; Harrington, C. K. J. Org. Chem. 1984, 49, 2765. 
(17) Muller, N. J. Org. Chem. 1986, 51,263. 

Zerkowski and Whitesides 

the filtrate by 'rotary evaporation at aspirator pressure. The resulting 
colorless oil was judged by I H NMR spectroscopy to be sufficiently pure 
diethyl ethyl(2,2,2-trifluoroethyl)malonate to proceed to the next step. 

A solution of the malonate (1,5 g, 5.6 mmol) in 20 mL of dry EtOH 
was added in one portion to a gently refluxing homogeneous solution of 
urea (0.53 g, 8.8 mmol) and sodium (0.37 g, 16 mmol) in 100 mL of dry 
EtOH in a round-bottomed flask in an oil bath. The temperature of the 
bath was increased to 105 °C, and reflux was continued overnight. The 
reaction was then cooled to room temperature and solvent was removed 
by rotary evaporation at aspirator pressure. The yellow residue thus 
obtained was dissolved in 50 mL of H20 and washed with Et20 (3 X 50 
mL). The aqueous layer was neutralized by dropwise addition of 
concentrated HCI. The resulting white precipitate was collected by 
vacuum filtration at aspirator pressure and was rwrystallized from hot 
water, giving 0.73 g (55%) of the barbituric acid. Chemical shifts of the 
1H NMRspectrum (300 MHz, acetone-d6) agreed with literaturevalues.17 

Preparation of Complexes. Equimolar amounts of Mel(1Buh and the 
barbiturate were dissolved together (in one flask) in THF, The solvent 
was removed by rotary evaporation at aspirator pressure, and the 
composition of the complex was checked by 1H NMR spectroscopy. If 
integration of peaks indicated that one component was present in excess, 
the other component was added to bring their ratio to l: l. The melting 
points of the complexes were the following: Mel('Bu)J,Bar(Eth, 236-8 
°C; Mel(1Buh•Bar(Et)(CH1CF3), 245-7 °C; Mel(1Buh•Bar(CHih, 
248-50 °C; Mel(1Buh•Bar(Pbh, 264-6 °C dee. 

Crystallization or Complexes, Mel(1Buh•Bar(Elh and Mel(1Bu)2, 
Bar(Phh: Crystals were grown by room-temperature evaporation of a 
solution of the complex in MeOH in a 5-mL screw-top vial with the lid 
resting loosely on top of the vial. 

Mel(1Buh•Bar(Et)(CH:i(:F3) andMel(IBuh•Bar(CHih: Crystals were 
grown by allowing a solution of the complex in boiling EtOH or MeOH, 
respectively, to cool to room temperature by enclosing a round-bottomed 
flask containing the solution in a corked Dewar flask. The Dewar flask 
was allowed to rest undisturbed for 24 h before opening it to check on 
the progress of crystal growth. 

X-ray Crystallography, For details of X-ray data collection, structure 
solution, and refinement, see the supplementary material. Data were 
collected on Mel(1Buh•Bar(CH3)J, Mel(1Bu)l,Bar(Et)(CH:iCF3), and 
Mel(1Bu)i,Bar(Pbh by Molecular Structure Corp., The Woodlands, TX, 
on a Rigalru AFC5R diffractometer equipped with a rotating anode 
generator. These structures were solved and relined at Harvard using 
the Siemens SHELXTL-PLUS package of programs. Data collection, 
structure solution, and refinement for Mel(1Buh•Bar(Eth were performed 
by Crystalytics Co., Lincoln, NE. 
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The concept of a C-H, .. Q hydrogen bond, which is 
becoming increasingly important for our understanding 
of how molecules align themselves in crystals, dates 
back to Pauling's observation that the boiling point of 
acetyl chloride (51 °C) is substantially higher than that 
of trifluoroacetyl chloride (<0 °C). He ascribed this 
discrepancy to hydrogen-bond formation even though 
the expected hydrogen-bonding groups are not present.1 

In other early studies, Glasstone suggested that com­
plexes of haloforros with ketones (X3C-H .. ·O=C<) 
have a definite existence,2 while Jeffrey correlated the 
relatively high melting point of dimethyl oxalate (54 °C) 
with methyl .. •carbonyl interactions in the crystal.8 The 
ever-growing literature on C-H•-O bonds, the increasing 
interest in molecular and crystal engineering,4 and the 
work carried out in our laboratories during the last three 
years has prompted the writing of the present Account. 

Posing the question in the title of this Account in a 
provocative article,5 Donohue gave a derisive answer: 
"It isn't". His remark proved to be the nemesis of 
structural chemists, who for more than a decade 
thereafter shunned the idea of a C-H group forming a 
hydrogen bond with electronegative atoms. Donohue's 
comment was a rebuttal to Sutor, who assumed a van 
der Waals distance of 2.6 A for the H···O contact and 
claimed that C-H .. ,O hydrogen bonds exist in caffeine 
(H ... Q, 2.07 A), theophylline (2.25 A), and other com­
pounds.6·7 Donohue, however, argued that the 2.6-A 
value was inappropriate. Quotin_g Ramachandran's 
values for "normally allowed" (2.4 A) and "outer limit" 
(2.2 A) O···H distances,8 he claimed that no special 
bonding effects are needed to explain Sutor's C-H···O 
geometries. In retrospect, it is interesting to note that 
Ramachandran always believed that C-H, .. Q hydrogen 
bonds exist and that they contribute significantly to the 
stability of biomolecules!9 The distance ranges were 
apparently mentioned by him merely to alert crystal­
lographers about different types of O·•·H contacts. In 
the hiatus that followed, a solitary article by Cohen on 
the structural chemistry of quinones is noteworthy10 

because it hints that C-H ... Q bond strengths need not 
be well-correlated with O···H distances and because it 
identifies C-H .. ,O interactions as "lateral" in crystal 
structures of planar molecules. 

A landmark study by Taylor and Kennard in 1982 
provided conclusive evidence of the exisumce of C-H·-O 
hydrogen bonds in crystals. 11 These authors showed 
that C-H, .. Q contacts are electrostatic and that they 
occur within certain distance (C···O, 3.0-4.0 A) and 
angle (C-H, .. Q, 90-180°) ranges. We identified these 
directional preferences in several crystal structures of 
planar oxygenated compounds, 12 and an Account pub-

Gautam R. Oesira)u was born in Madras In 1952, obtained his Ph.D. In 
1976 at the University of Illinois at Urbana-Champaign, and Is now a Profes­
sor of Chemistry at the Central University of Hyderabad. His research inter­
ests are In the area of crystal engineering, molecular recognition, and mate• 
rials chemistry. 

lished in 1986 delineates the role of these C-H, .. Q in­
teractions in crystal engineering.13 The choice between 
several competing packing arrangements of these planar 
compounds may be understood only by a consideration 
of the directional properties of weak C-H···O bonds 
present in these structures. 

Today, there is a consensus that C-H,"O bonds have 
significant implications in many diverse areas of 
structural chemistry. These interactions are no longer 
considered an esoteric phenomenon with little practical 
importance or as a mere hunting ground for crystallo• 
graphic disputes. Owing to the frequent occurrence of 
oxygen in organic compounds (68% of 1991 Cambridge 
Database14 entries), thousands of crystal structures 
must contain short c ... Q distances, many of which could 
arise from C-H···O bonds. The significance of these 
C-H, .. o interactions in a particular structure increases 
with their number relative to the stronger Q-H ... Q and 
N-H, .. Q interactions. Further, the energy of the C­
H ... Q bond (1-2 kcal/mol) is just in the range where it 
can compete with conformational forces in small mol­
ecules and with forces responsible for the tertiary 
structure of macromolecules. Accordingly, a preferred 
molecular conformation in an organic solvent may yield 
to an "unfavorable" conformation in aqueous media 
because of additional C-H .. ,O stabilization, while an 
appropriate C-H••·O bond may clinch the site of protein 
folding. C-H .. ,O interactions seem to determine the 
ordering of CO and alkylidyne molecules in a mixed 
adsorbate on a clean Pt(lll) surface,15 and to specify 
the stereochemistry of CH3OH inclusion within ZSM-5 
zeolite channels. 16 

In this Account, an attempt has been made to un­
derstand the significance of C-H .. ,O hydrogen bonds 
in organic crystals and to evaluate them more rigorously 

(1) Pauling, L. The Nature of the Chemical Bond; 3rd ed.; Cornell 
University Press: Ithaca, 1960; p 459. 

(2) G!asstone, S. Trans. Faraday Soc. 1937, 33, 200. 
(3) Dougill, M. W.; Jeffrey, G. A. Acta Crystallogr, 1953, 6,831. 
(4) Desiraju, G. R. Crysta! Engineering: The Design of Organic 

Solids; Elsevier: Amsterdam, 1989. 
(5) Donohue, J. In Structural Chemistry and Molecular Biology; Rich, 

A., David.son, N., Eds,; W. H. Freeman: San Francisco, 1968; pp 459-463. 
(6) Sutor, D. J. Nature 1962, 68, 195. 
(?) Sutor, D. J. J. Chem. Soc. 1963, 1105. 
(8} Ramachandran, G. N.; Ramakrishna.n, C,; Sasiaekharan, V. J, Mal. 

Biol. 1963, 7, 95. 
(9) Ramakrishnan, C., personal communication, 1988. 
(10) Bernstein, J.; Cohen, M. D.; Lelserowitz, L. In The Chemistry of 

Quinonoid Compounds; Pat:ai, S., Ed.; Interscience: New York, 1974; p 
37. 

(11) Taylor, R.; Kennard, 0. J. Am. Chem. Soc. 1982, 104, 5063. 
(12) Sarma, J. A. R. P.; Desiraju, G. R. J. Chem. Soc., Perkin Trans. 

2 1987, 1195. 
(13) Sarma, J. A. R. P.; Desiraju, G. R. Acc. Chem. Res. 1986, 19,222. 
(14) Allen, F. H.; Bellard, S.; Price, M. D.; Cartwright, B. A.; Dou­

bleday, A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; Ken­
nard, O.; Motherwell, W. D. S.; Rodgers, J. R.; Wateon, D. G. Acta 
Crystallogr. 1979, B35, 2331. 

(15) Blackman, G. S.; Kao, C. T.; Bent, B. E.; Mate, C. M.; van Howe, 
M. A.; Somorjai, G. A, Surf. Sci. !988, 66, 207. 

(16) Catlow, C.R. A., personal communication, 1990. 
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II Cl3CH 

1111 Cf2CCH 

26 0 CIC:CH 

~ C3CH 

:l 

C··•O liist~nce (D) in J. 

C, 

CL 

Fipre 1. Scli~matic view of n C-H•«O interaction i11 thl'l ti,:imponnd1' (Cl;i-,R.,)CH showing cboa1m limit.~ for distances (D) and anglte 
(M along with him)Rrl!IDI! of C~,O di,;.tances for U:1e four cmn.pound catefories fr: "' 0, I. 2, 3). Note that the hist.i)!:rams are offaet 11.ocOldini 
to C-H acidity. C, C!, and C, rnfor t() any itlkyl or aryl gr,.lllpf. R which are not electron-withdrawing. 

using criteria which are customary for the stronger 
N-H···O and 0-H••·O h~1drogen bonds: lengths, anl{les, 
and effect.I! on physical, spectro<Scopic, and crystallo­
graphic properties. Ox:.e may ask; (a) A:te certain in­
termolecular C-H, .. Q lengths and angles characteristic 
of certain donor and a.ccept-0r groups? (b) Do C-·H···O 
inter&ctions resemble van der Waals forces or 0-H···O 
and N-H···O hydrogen bonds? (c) Are some organic 
crvstal structures defined and con~rolied by C-H, .. Q 
int:eroctions, or do structures merely accommodate the 
C-H, .. Q geometry within the overall framework of van 
der Waals forces and strong hydrogen bonds? 

C H"" • "'0 Lengths 
The length, D, of a hydrogen bond fa one of its most 

characteristic attributes. F'or :,,itrong bonds, Q ..• () and 
N·•·O distances are centered around 2,75 and 2.85 A, 
re.i,pe-ctively, and chi"ter within a mrrrow range (0.2 A). 

--c--,H 
,,.,t_,,,"..,.,, 

D •-, 

, ...... \~---~ 
"· o-Lc 

These non bonded distances are significantly shorter 
than the conventfrmal van der Waals separations.17 
The value of Dis more sensitive to the nat11re of the 
H atom than to the nature of the basic acceni.or: the 
more acidic the hydrogen. thP shorter the bond. For 
c .. ,H .. -0 bonds, the Hitm:J.tion is far less dear-cut. Be­
camle of the very weakness of the interaction, C-H···O 

(17i }0 ;;r inM.tace, •ee: (aJ Ramachandra.o, G. N.; Venk.!i\11chalam. C. 
M., Krimm, S. B1ophy,. J, !MG. Ii, '149, (b, Ramakrialmall, C .. Pr111<11d. 
N. [ti/:. J, Proteirt Ref. l97l, Ill. 209 /c) Mitra, C.; Ram■kri~hnan, C. 
I,11 J. Pept. Protein R,a. 1'77, G'. 27. (di T11yl<H·, R.; Kenni,rd, O.; 
Verskh~I. W. J. Am. Ch.em. So<'. 198:l, /ll,5, 576,. 

bonds can be distorted by other crystal forces and c ..• Q 
distances with 3.0 < D < 4.0 A are common. Here, van 
der Waals radii are not eo helpful. 

At this point, it should be emphasized that such radii 
are empirical quantities that permit only an approxi­
mat,e rationaiization of nonbonded distances in crystals. 
Deviations are marked for weaker interactions. The 
Sutor-Donohue-Rarnitchandran controversy arose 
largely because of the erroneous assumption that a 
particular set of van dc,,r Waals radii are constants of 
fundamental imponance and that interactions may be 
termed "short" or "long" on this basis. Even aniso­
tropic radii, advocated in recent times, Js,rn appear to he 
overparametrized quantities, allowing for good agree• 
ment with experiment but offering little by way of 
chemka 1 insight. In general, the use of any one con• 
sistent set of isotropic radii is probably adequate. What 
is of chemical importance ie a statistically significant 
shift toward Hhorter or longer intermolecul!l1' dist.a.nces 
within a group of compounds. 

The basic problem in evaluating the geometrical at­
tributes of a weak int,iraction such as the C-H···◊ hy­
drogen bond is a high noise-to-information ratio. Since 
the intera.ction is so easily deformed, the variation in 
bond geometry is considerable and even careful crys• 
t.allographic studies may not lead to sensible condtlllions 
if the number of stnwtures sampled i.,..; small. If a large 
numl.,;:r of stmcu.ues are examined, however, systematic 
trends in the data may lead to a meaningful chemical 
result. Chemistry emerges from crystallography. A 
statistical approach. greatly facilitated by the availa-

i l@l Nyburg, B. C.; Faerman, C.; Pta;;ii.d, L. Aeto Crysta/logr. l!lll5, 
JW:i,WZ. 

U!H l'll.ikawa, M.; Ikuta, S .. l{atada, M.; Sano, H. Acta Cry.,tallogr. 
19t&, Bfa Ml'..!. 
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bility of crystallographic databases, is therefore inva­
luable in the study of weak intermolecular interactions. 

Accordingly, let us consider Figure 1, which is a his­
togram of c ... Q distances in chloroalkanes (C13.nR,)­
c-H ... O with O 5 n 5 3. The Cambridge Database was 
used to retrieve all ordered structures of chloroform 
solvates which have nonbonded contacts from the C-H 
group of CHC13 to an O atom/~> The mean C-·O length 
for the 100 retrieved contacts with D < 3.90 A is 3.32 
(2) A. When contacts from C-H groups in compounds 
of the types RCHCl2, R2CHC1, and R3CH to intermo­
lecular O were also retrieved (excluding cases with 
strongly electron withdrawing substituents, R), the 
mean c ... Q lengths obtained for 23, 87, and 868 contacts 
respectively e.re 3.40 (3), 3.46 (2), and 3.59 (1) A. The 
histograms for these four groups of compounds are 
offset regularly, showing that, in general, shorter C­
H, .. Q contacts are obtained for mare acidic C-H 
groups. One must appreciate that this kind of infor­
mation could not have been obtained from a few 
structures, since the histograms overlap in almost the 
entire range 3.00-4.00 A and, in particular, in the :region 
3.30-3.80 A. 

A similar analysis was performed for C-H ... o bonds 
involving a.lkyne (-Ce=C-H·••O) and alkene (>C=C­
(R)-H, .. Q) groups.21 The mean c ... o distance for 105 
alkyne geometries is 3.46 (2) A while that for 622 alkene 
geometries is 3.64 (1) A. This large difference cannot 
be rationalized on the basis of C-H bond length dif­
ferences but must result from carbon acidity differences 
between alkyne and alkene C-H groups. 

Are C-H ···O distances greater than the van der Waals 
limit significant? The above results show that system­
atic gradations in c ... Q distances for different types of 
very weakly acidic C-H groups extend well beyond the 
"conventional" van der Waals limit. This means that 
the C-H···O contact is not really a van der Waals in­
teraction but is primarily electrostatic, falling off much 
more slowly with distance. Now, electrostatic forces 
between approaching molecules prior to crystallization 
(r·1 dependence) are effective at distances longer than 
those at which dispersion forces (r-6) are important. So, 
even long c ... Q separations (3.50-4.00 A) may have to 
be considered seriously, and C-H ... Q bonds may have 
an orienting effect on molecules before the influence is 
felt of van der Waals forces which will eventually de­
termine the packing of hydrocarbon residues in the 
crystal. If this is the case, the surprising constancy of 
the C-H···O angular geometry is readily explained. 

C-lh • •O Angles 
The relatively fixed angular geometries of C-H, .. Q 

bonds are striking because intermolecular angles are 
usually deformed more easily than lengths. The im• 
portant angular attributes of the C-H,..Q bond a.re the 
C-H, .. Q bending angle (6) and the H .. ,Q-C angle(¢). 
While observed fJ values cluster in the range 150-160°, 
Ramachandran and others have sho"'"Il that, purely 
from geometrical considerations and excluding energy 
factors, the number of A-H, .. B bonds whose bending 
angle lies in the range 6 to fJ + dO is proportional to 2-,r 
sin () dfJ. 11,22•23 This geometrical correction leads to a 

{20) Desiraju, G. R. J. Chem. Soc., Chem. Commun. 1989, 179. 
(21) Desiraju, G. R. J. Chem. Soc., Chem. Commun. 1990, 454. 
(22) Balaaubramanian, R.; Chidambaram, R.; Ram.achandran, G. N. 

Biochim. Biophys. Acta 1970, 221, 196. 
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distribution that is clearly indicative of a linear inter• 
action. 

Curiously, this tendency toward linearity is shared 
by both strong and weak C-H ... Q bonds. In the study 
of 622 alkene and 105 alkyne C-H···O bonds discussed 
above, there is a 50% (alkyne) and 60% (alkene) 
probability that 8 lies in the range 165-180°. It is in­
teresting that the longer alkene contacts are as linear 
as (or even more linear than?) the shorter alkyne con­
tacts. In contrast, it appears that, for O-H .. ,O and 
N-H .. ,0 hydrogen bonds, Q ... Q and N••·O nonbonded 
repulsions tend to straighten out the shorter bonds; in 
other words, the stronger the bond, the more linear it 
is likely to be.24 That both strong and weak C-H ... Q 
bonds are linear would suggest that analogous c ... Q 
:repulsion is not a major factor in determining bond 
linearity. Perhaps the C···O distances are too long for 
such repulsions to exert a significant effect on angle 
geometry, Alternatively, alkyl-oxygen repulsion (R, .. Q), 
which is a possibility in alkenes (>C=C(R)-H, .. O) but 
not in alkynes (-C=C-H .. ,0), may result in the al­
kene contacts being more linear. 

That the C-H, .. Q bond is electrostatic in character 
is evidenced by the fact that the H atom tends to point 
toward the lone pairs of the O atom rather than be 
repelled by them, an illustration of the so-called Le­
gon-Millen rules. 25 There is general agreement that, 
for carbonyl acceptors, the H ... Q=C angle¢ is distrib­
uted around 120° and that the C-H group lies in the 
plane defined by the O lone pairs. For ethereal ac­
ceptors, the C--H bond tends to be in the plane of the 
0 lone pairs, but the directional preferences within this 
plane, say toward the conventional lone pair directions, 
are far less apparent. These preferences or lack thereof 
have been justified theoretica.lly.26 

Spectroscopic Studies 
If the C-H, .. Q interaction is to be termed a hydrogen 

bond, appropriate spectroscopic measurements should 
reveal the effects of such bonding.27 The C-H stretch 
in 1,3,5-trichlorobenzene is depressed by 35 cm-1 in the 
presence of pyridine, the result of a C-H·••N bond.28 

Sim attempted to correlate IR spectral shifts of the 
C(sp)-H bond between dilute solution and the solid 
state with the corresponding c ... Q length in the crys­
ta.l. 29 However, this work was inconclusive because 
C-H ... o bonds with more or less identical geometrical 
properties (D, 0, ¢) were found to have significantly 
different spectral shifts.3° For example, in propargyl 
2-bromo-3-nitrobenzoate (C .. ,O, 3.39 A), the spectral 
shift between the solid state and dilute CC14 solution 
is 47 cm~1, but in triethylprop-2-ynylammonium p­
bromobenzenesulfonate (C .. ,O, 3.36 A), the corre­
sponding shift is 69 cm·1• However, an increase from 
two to nine in the number of compounds studied 
sufficed to reveal dear chemical information. When we 

(23) Kroon, J.; Kanters, J. A.; van Duijieveldt-van de Rijdt, J. G. C. 
M.; Vliegenhardt, J. J. Mol. Struct. 1975, 24, 109. 

(24) Taylor, R.; Kennard, 0. Acc. Chem. Res. 1984, 17, 320. 
(25) Legon, A. C.; Millen, D. J. Acc. Chem. Res. 1987, 20, 39. 
(26) Legon, A. C.; Millen, D. J. Chem. Soc. Rev. 1987, 16,467. 
(27) Green, R. D. Hydrogen Bonding by C-H Groups; Wiley: New 

York, 1974. 
(28} Allerhand, A.; Schleyer, P. v. R. J, Am. Chem. Soc. 1963, 85, 1715. 
(29) Calabrese, J. C.; McPhail, A. T.; Sim, G. A. J. Chem. Sac. B 1966, 

1235. 
(30) Caiabrese, J. C.: McPhail, A. T.; Sim, G. A. J. Chem. Soc. B 1979, 

282. 
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Figure 2. A correlation between crystallographic and spectro­
scopic (IR) properties of some C-H-0 bonded t:ermi:nal acetylenes. 
Structural formulas and Cambridge Database ref codes are given. 
In the compound BEVNIZ, the acetylenic H atom does not make 
a close approach to an intermolecular O atom and the C-H 
stretching frequency in the solid state and solution are identical. 

redid Sim's work with nine terminal acetylenes, we 
noted a good correlation between the solid-state C­
(sp)-H stretching frequencies and intermolecular c ... o 
distances (Figure 2).31 The bromobenzenesulfonate 
studied by Sim now appears t-0 be an outlier. We found 
that a closer approach of the oxygen atom progressively 
weakens the acetylenic C-H bond, suggesting that the 
C-H-·O contact is a bonding interaction. Figure 2 also 
shows that the formation of a typical C-ff .. ,O bond with 
D ~ 3.2 A releases an amount of energy equivalent to 
.100 cm-1, that'is, ca. 0.3 kcal/mo!. Undoubtedly there 
is considerable scatter in C-H···O distances, and in 
retrospect, the early literature on C-H .. ,O interactions 
appears confusing because a statistically significant 
number of compounds were not studied. 

In general, a. sufficiently activated C-H group seems 
to be required to observe consistent spectral shifts, and 
there exist a number of related studies involving ace­
tylenes. The forbidden C=C stretch in unsubstituted 
acetylene appears in the IR spectrum in the presence 
of donor solvents like acetone, indicating the removal 
of symmetry by intermolecular association.27 Com­
plexes of acetylene with water and other oxygen-con­
taining bases have been isolated in inert matrices at low 
temperatures, and IR evidence of C-H ... Q bonding has 

(31) Desire.ju, G. R.; Murty, B. N. Chem. Phys. Lett. 1987, 139, 360. 
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been obtained. 32•33 The two activated methylene H 
a.toms in the 8>CH2 group in 3,4-(methylenedioxy)-,S­
nitrostyrene form two C-H-0 bonds (C·••O, 3.15, 3.21 
A), and an m spectral shift of 55 cm-1 between the solid 
state and C6H5NO2 solution is obtained.34 Activated 
C-H groups in quinones have been studied by solid­
state 13C NMR spectroscopy, and the chemical shifts 
of carbonyl C atoms that participate in >C=Q .. ,H-C 
hydrogen bonding are shifted downfield by 1-3 ppm 
from the corresponding solution values.35 In compar­
ison, the solid-state solution shift in a conventional 
>C=Q ... H-Q hydrogen-bond situation is 8 ppm. The 
lack of proper spectroscopic evidence for C-H .. ,O bonds 
formed by less activated C-H groups could stem from 
the fact that the spectral shifts are just not large 
enough. Alternatively, C-H ... Q interactions of weakly 
and strongly acidic C-H groups may be fundamentally 
different. However, not enough definitive work has 
been done to distinguish between these possibilities. 

C-H • • • 0 Bonds and Crystal Engineering 
The long-range, electrostatic and "orienting" nature 

of the C-H .. ,O interaction determines its important role 
in crystal engineering. Common patterns such as I-V 
among others illustrate that the more acidic hydrogen 
atoms in organic molecules (alkyne > quinone > alkene 
> aromatic > aliphatic) tend to form C-H·•·O bonds 
more consistently and that, as far as possible, these 
bonds are adjusted within the framework of stronger 
interactions such as O-H·•·O and N-H···O hydrogen 
bonds. 

V 

A number of quinones and quinone complexes form 
C-H···O mediated layered crystal structures;10 acetic 
acid forms a C-H ... Q stabilized catemer rather than a 
dimer; and the syn-anti conformational preference of 
crystalline a,iS-unsaturated acids is strongly dependent 
on C-H···O bonding.36 In general, a full understanding 
of the packing arrangement in an oxygen-containing 
organic crystal structure is possible only when the C­
H···O bonds are considered. However, it is not easy to 
predict any arbitrary oxygenated crystal structure just 

(32) Peterson, K. J.; Klemperer, W, J. Chem.. Phys. 1984, 81, 3842. 
(33) De Laat, A. M,; Ault, B. S. J. Am. Chem. Soc. 1987, 109, 4232. 
(34) Pedireddi, V. R.; Samia, J, A. R. P.; Desiraju, G. R. J. Chem. Soc., 

Perkin Trans. 2, in press. 
{35) Scheffer, J. R.; Wong, Y. F.; Pat,il, A.O.; Curtin, D. Y.; Paul, I. 

C. J. Am. Chem, Soc. 1985, 107, 4898. 
(36) Berkovitch-Yellin, Z.; Leiserowitz, L. Acta Crystallogr. 11184, B40, 

159. 
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on the basis of C-H•··O interactions. 
Progress has been made in designing crystal struc­

tures of planar oxygenated aromatics that are deter­
mined by an interplay of herringbone-steering c-.. H 
interactions37•38 and lateral C-H···O bonds which steer 
to stacked (or {J) structures with short axes of 3.8-4.2 
A.12,13 The inclined herringbone pattern may be sta­
bilized by C(o--),••H(H) interactions whereas the C···C 
stabilized stack structures a.re characterized by parallel, 
overlapped molecules. Planar aromatic hydrocarbons 
generally adopt the herringbone structure (or its vari­
ants) because c, .. H interactions predominate. Their 
oxygenated derivatives show a pronounced tendency to 
adopt the stack structure because the lateral nature of 
the C-H .. ,0 contacts, which arise from the O atoms, 
assists in the formation of two-dimensional motifs such 
as sheets or ribbons. The numbers of O and H atoms 
seem to determine if a herringbone or stack structure 
will be formed for a particular molecule. To summarize, 
the stack structure is favored by higher C:H ratios, and 
these ratios are effectively raised by an increasing 
number of O atoms. 

These ideas have been applied in the design of crystal 
structures that permit an intermolecular solid-state 
Diels-Alder reaction.39 The strategy involved identi­
fication of substances that may act as either diene or 
dienophile and will crystallize in a structure that per­
mits a topochemical 4 + 2 conversion. Accordingly, 
substituted phenylpropiolic acids were considered; not 
only are they used in self-Diels-Alder reactions in lignan 
synthesis but the crystallographically related tran.~­
cinnamic acids have been extensively investigated. The 
starting point in this crystal engineering exercise, the 
4-A stack structure of 3,4-(methylenedioxy)cinnamic 
acid (VI), was therefore chosen deliberately. The 

O:dC02H 
( vi 
0 ~ 

VI VII 

crystal structure is layered, the layers being constructed 
by linking 0-H ... Q bonded centrosymmetric dimers 
with C-H, .. Q bonds. As described above, other factors 
being constant, a planar aromatic having a higher C:H 
ratio prefers the stack structure. Accordingly, one may 
extrapolate from the stack structure of VI, C10H 8O4, 

that of [3,4-(methylenedioxy)phenyl]propiolic acid 
(VII), C1oH6O4• Both VI and VII are planar molecules 
with similar volumes, shapes, and functionalities. The 
smaller number of H atoms in VII was expected 
therefore to enhance the tendency for stack structure 
adoption. 

This prediction was confirmed; acids VI and VII are 
isomorphous, and Figure 3 shows that VII molecules 
form a compact sheet characterized by O-H···O (O···O, 
2.63 A) and C-H ... O (C, .. Q, 3.36, 3.39 A) bonds. These 
bonds stabilize the sheet motif and with it the stacked 
.B•structure. Analogously, {3,4-dimethoxyphenyl)- and 
(3,4,5-trimethoxyphenyl)propiolic acids, both of which 
are efficiently C-H .. ,O bonded, also form layered 4-A 
structures.40 Almost predictably, phenylpropiolic acid 

(37) Desiraju, G. R.; Gavezzotti, A. J. Chem. Soc., Chem. Commun. 
1989, 621. 

(38) Desiraju, G. R.; Gavezzotti, A. Acta Crystallogr. 1989, B45, 473. 
(39) Kishan, K. V. R.; Desiraju, G. R. J. Org. Chem. 1987, 52, 4640. 
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C 

Figure 3. View of the crystal structure of [3,4-(methylenedi­
oxy)phenyl]propiolic acid (VII) down the 4-A short axis. Oxygen 
atoms are shaded. C-H ... Q and 0-H .. ,0 bonds are shown. 
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C7 
Figure 4. Schematic view of a topochemical Diels-Alder reaction 
for acid VIL 

(C6H5C=CC02H) forms 0-H···O hydrogen-bonded 
dimers which pack in a herringbone fashion since a 
paucity of O atoms results in a dovetailing of terminal 
phenyl groups so as to optimize c, .. H interactions. The 
theme conveyed is that a critical number of oxygen 
atoms will permit a planar aromatic molecule to cross 
the structural threshold from a c, .. H stabilized her­
ringbone structure to a C-H, .. Q stabilized layer 
structure. 

Our model for a solid-state intermolecular Diels­
Alder reaction draws from the early work of Haworth,41 

who found that when phenylpropiolic acids (such as 
VII) are refluxed with acetic anhydride, the symmetrical 
anhydrides (ArC=CCO)2O so formed are converted 
quantitatively into anhydrides of the corresponding 
1-phenylnaphthalene-2,3-dicarboxylic acids. The 
chemical expedient of forming the symmetrical anhy­
dride in situ brings diene and dienophile components 
together for a Diels-Alder reaction. By construction 
of a 4-A short axis, the identical 4 + 2 cycloaddition is 
achieved in the solid at temperatures below 80 °C and 
the molecular arrangement in the crystal parallels Ha• 
worth's original lignan synthesis very closely (Figure 4). 
In contrast, the unsubstituted acid which does not have 
a 4-A stack structure is heat stable below its melting 
point. 

C-H • • • 0 Bonds as Crystal Structure 
Directors 

Typically, the directional preferences of C-H···O 
bonds a.re satisfied within the geometrical constraints 
of stronger forces such as O-H .. ,O and N-H .. ,O hy­
drogen bonding, 1r1r stacking, and donor-acceptor in­
teractions. However, C-H-O bonds need not be passive 

(40) Desiraju, G. R.; Kishan, K. V. R. J. Am. Chem. Soc. 1989, 111, 
4838. 

(41) Haworth, R. D.; Kelly, W. J. Chem. Soc. 1936, 745. 
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C-H .. ,O Hydrogen Bond in Crystals 

Figure 5. Crystal structure of 3,5-dinitrocinnamic acid (VIm 
to show O-H·--0 and C-H, .. Q hydrogen bonds. The referenc~ 
molecule is shaded and linked to one of its 2-fold related neighbors 
by 0-H .. ,0 bonds. 

bystanders in a crystal; in fact they may be able to 
discriminate between alternative 0-H ... Q (or other) 
networks which, though geometrically reasonable, are 
structurally quite distinct. In such cases, C-H .. ,O bonds 
may be termed "steering" or "tugboat" interactions 
which, though small in energy, are sufficient to select 
a particular crystallization pathway from among several 
possibilities. The energy of an individual C-H·•·O in­
teraction may be small, but if their number crosses a 
critical threshold, the structure may focus into an un­
conventional packing. 

An arresting example is provided by 3 5-dinitro­
cinnamic acid (VIII), a molecule that contains several 
activated H and acceptor O atoms. Acid VIII crystal­
lizes as an 0-H-O dimer wherein the hydrogen-bonded 
molecules are related, not by an inversion center, as is 
usual, but by a 2-fold rotation axis.42 Both inversion 
and 2-fold dimers are equienergetic, and in principle, 
both a.re reasonable possibilities. However, Figure 5 
shows an extensive C-H···O bond network (seven con­
tacts with c .. ,Q < 3.75 A) in the crystal. These C-H .. ,0 
bonds dominate the structure, and their combined di­
rectional requirements appear to be incompatible with 
an 0-H••·O inversion dimer. 

In other ca:rboxylic adds such as trans-cinnamic acid 
(II), a. smaller number of C-H .. ,O bonds stabilize the 
inversion dimer. In the extreme, there are cases such 
as (4-chlorophenyl)propiolic acid (IX) where the com­
plete absence of C-H•··O interactions leads to an 
unexpected hydrogen-bonded ca.temer motif rather than 
the dimer (Figure 6).43 The 0-H .. ,0 catemer is in­
trinsically more stable than the dimer. Therefore if the 
dimer is to be formed, it must be stabilized additionally 
~Y C-H .. ,O bonds or in some other manner. Conversely, 
1f the C-H···O bond forming ability is reduced the ca­
temer is favored. Failure of IX, C9H5Cl02, to form 
C-H···O bonds could arise from adverse C:H:O ratios 
because the crystal structures of 4-chlorobenzoic and 
4-chlorocinnamic acids, with higher relative O stoi­
chiometries, contain C-H ... Q bonds and the molecules 
crystallize as dimers. 

Such studies show that C-H ... Q bonds, which are 
probab_ly far more ubiquitous than has been generally 
recognized, need to be considered as important con• 
tributors in the formation of hydrogen-bond patterns 

(42). Desiraju, G. R.; Sharma, C. V. K. M. J, Chem. Soc., Chem. Com­
mun., m press. 

(43) Desiraju, G. R.; MW'ty, B. N.; Kishan, K. V. R. Chem. Mater. 
1990, 2, 447. 
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Figure 6. Crystal structure of (4-chlorophenyl)propiolic acid (IX) 
down the short axis to show O-H, .. Q and c1 ... c1 interactions. 
Oxygen atoms are shaded. Molecular layers such as shown here 
are stacked along the short axis. Notice the catemer 0-H, .. Q 
network and the absence of C-H .. ,O interactions. 

in organic crystals and that their presence or absence 
could well determine the manner of networking of 
str_o:°'ger 0-H·:·0 hydrogen bonds. Consequently, a.n 
ab1hty to predict hydrogen-bond patterns could be im­
proved by a better understanding of C-H .. ,O interac­
tions. 

The C-H• • •O Hydrogen Bond in Crysta.ls: 
What Is It? 

The evidence in hand suggests that the C-H ... Q bond 
is, like the 0-H .. ,0 and N-H ... Q hydrogen bonds, a 
largely ~lectrostatic, attractive interaction with a long­
range distance character. The length of the bond is 
variable but depends on C-H acidity. The angular 
approaches of the C-H and 0-C groups which form the 
bond are largely predictable. Considering also the 
spectroscopic data on C-H ... Q bonds, especially of the 
more acidic C-H groups, it seems that the terminology 
C-H ... O hydrogen bond is fully justified. 

The attractive and non van der Waals character of 
the C-H·•·O interaction is also indicated since the ad­
dition of specific hydrogen-bonding terms of the -D 
e':'-p(-Fr) or the Morse type44•45 improves the optimiza­
tion of oxohydrocarbon crystals with (exp-6-1) or 
12-6-1) potentials. A heavier theoretical treatment is 
difficult, among other reasons, because of basis set su­
perposition errors. However, ab initio calculations show 
that while H20···CH3N02 does not form a hydrogen 
bond, H20• .. CHiCN)2 forms a hydrogen bond of ca. 5 
kcal/mol energy.46 Other calculations indicate that an 
activated C-H group is polarized C(o--)--H(H) and can 
hence form an electrostatic interaction with an O atom. 
A less activated C-H bond dipole, however, has the 
sense C(o+)- -HUH that is reversed by O atom polari­
zation in a C-H••·O bond.47 These results corroborate 
our own findings that strongly acidic groups form better 
C-H .. ,0 bonds, but more needs to be done before we 
can determine if C-H••·O interactions of weakly and 
strongly acidic C-H groups are similar or fundamentally 
different. All these studies show that the C-H .. ,0 bond 
is an attractive interaction, but it must be emphasized 
that neither a geometrical-statistical nor a theoretical 
approach reveals the degree of covalent bonding be­
tween the C-H and O moieties. Spectroscopy is prob­
ably a better tool to resolve this question. 

(44) Cox, S. R.; Hau, L. Y.; Williama. D. E. Acta Crystallogr 1"81 
A31, 293. · • u • 

(45) Gavezwtti, A. J. Phys. Chem., in press. 
(46) Kumpf, R. A.; Damewood, J. R. J. Chem. Soc., Chem. Commun. 

1988, 621. 
(47) Wiberg, K. B.; Waldron, R. F.; Schulte, G.; Saunders, M. J. Am. 

Chem. Soc. 1991, 113, 971. 
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"What is a C-H .. •O hydrogen bond?" In the same 
vein one might well ask, "What is an 0-H···O or an 
N-H .. ,0 hydrogen bond?" At a practical level, struc­
tural chemists have not been used to thinking in terms 
of C-H .. ,O bonds, and it is in order to reexamine older 
ideas about crystal packing in this new light. For ex­
ample, there is every indication that phenomena such 
as three-center bonding (bifurcation) and cooperative 
and resonance-assisted hydrogen bonding exist for C­
H, .. Q networks, and hence chemists will find it worth­
while to consider all interactions, weak {C-H, .. Q, 0-
H .. •C) and strong (0-H, .. Q, N-H···O), while attempting 
to understand hydrogen-bond arrangements and indeed 
crystal packing, in general. References to C-H···O 
bonds in the physical organic literature are even more 
sparse, but here again, these forces have been invoked 
to explain some surprising observations.47•48 In con-

clusion, it seems appropriate to state (with due apolo­
gies to Donohue) that a better answer to the question 
in the title of this Account and this section is: "It 
certainly is." 

Warm thanks are due to the following students, past and 
present, who have worked with me on the topic of C-H .. ,O hy­
drogen bonding in organic crystals: J. A. R. P. Sarma, K. V. 
Radha Kishan, V. R. Pedireddi, C. V. K. M. Sharma, and B. N. 
Murty. I thank J. P. Glusker and A. Gauezzotti for their valuable 
comments on this manuscript. It is impossible to list all the 
colleagues with whom I have had spirited discussions on this 
controversial subject, but I miu1t mention C. Ramakrishnan and 
R. Parthasarathy, who filled me in on the early days of C-H .. ,O 
bonds, especially in the G. N. Ramachandran group in Madras. 

Registry No. C, 7440-44-0; 0, 17778-80-2. 

(48) Sb.ultz, G.; Hargittai, I.; Doerner, T.; G!eiter, R. Chem. Ber., in 
press. 
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Since Gomberg's discovery of the persistent tri­
phenylmethyl radical over 90 yea.rs ago, 1 there has been 
a steady increase in interest in free radicals. Recent 
years have seen the emergence of new free-radical 
synthetic methods that are efficient and convenient,2•3 

and new chain-propagation schemes have been reported 
that are based on tin hydride-alkyl halide or boro­
hydride-mercurial reductions, halogen atom transfer 
reactions,3 thiohydroxamate4 or allylstannane addi­
tion-fragmentation processes,5.6 and manganese(III) 
oxidations.; 

Ring construction by free-radical cyclization has 
proved to be particularly useful, and five-membered 
rings are readily produced by this approach. The fun­
damental work of Walling, Beckwith, and Ingold8 pro­
vided information about the regiochemistry, absolute 
rate, and stereochemistry of cyclizations. Synthetic 
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efforts have benefited tremendously from this body of 
mechanistic work, and the cyclization reaction has been 
put to good synthetic use. 9•10 Intermolecular free­
radical addition reactions have also received renewed 
interest. Systematic studies have shown that polar and 
steric effects are most important in controlling the rate 
of addition of radicals to carbon-carbon double bonds, 
and there are many examples of the useful incorpora­
tion of intermolecular radical additions into synthetic 
sequences. 2•3 

Despite major advances in the past 10 years, a sig­
nificant barrier for the application of free-radical 
methodology in organic synthesis remains: there is no 
general approach to the control of acyclic stereochem-

tDuke University. 
! University of Bllllel. 
I University of Pittsburgh.. 
(1) Gomberg, M. J. Am. Chem. Soc. 1900, 22, 767. 
(2) Giese, B. Radicals in Organic Synthesis: Formation of Carbon• 

Carbon Bonds, Pergamon Press: New York, 1986. 
(3) (a) CuITan, D. P. Synthesis 1988, 417-439, 489-513. (b) Curran, 

D. P. In Comprehensive Organic Chemistry: Selectivity, Strategy and 
Efficiency in Modem Organic Chemistry; Trost, B., Fleming, I., Eds.; 
Pergamon: New York; Vol. 4, Chapters 4.1 and 4.2, in press. (c) Jasperse, 
C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev., in press. 

(4) (a) Barton, D. H. R.; Crich, D.; Motherwell, W. B. Tetrahedron 
1985, 41, 3901. (b) Crich, D. Aldrichimica Acta 1987, 20, 35. 

(5) (a) Keck, G. E.; Yates, J.B. J. Am. Chem. Soc. 1982, 104, 5829. (b) 
Grignon, J.; Servens, C.; Pereyra, M. J. Organomet, Chem. 1975, 96, 225. 

(6) Baldwin, J.E.; Kelly, D.R. J. Chem. Soc., Chem. Commun. 1985, 
682. 

(7) (a) Snider, B. B.; Mohan, R.; Kates, S. A. J. Org. Chem. 1985, 50, 
3559. (b) Heiba, E. I.; Dessau, RM.; Rodewald, P. G. J. Am. Chem. Soc. 
197 4, 96, 7977. 
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New York, 1980; Vol. 1, p 162. 
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Purpose. The purpose of this study was to evaluate a novel in silll 
micronizmion method avoiding any milling techniques lo produce 
nano- or microsized drug particles by controlled crystallization to 
enhance the dissolution rate of poorly water-soluble drugs. 
,Hetfwds. Ibuprofen, itraconazole, and ketocona,ole microcrystals 
were prepared by the association of the previously molecub1dy dis­
persed drug using a rapid solvent change process. The drug was pre­
cipitated in tl1e presence of stabilizing agents, such as hydrocolloids. 
The obtained dispersion was spray-dried. Pfmlcle size, morphology, 
dissolution rate, specific surrnce nrea, und wettability were analyzed. 
Physicochemical properties were charnclcrized using differential 
scanning calorimetry and X-ray diffractometry. 
Results. The obtained dispersions showed a homogeneous particle 
size distribution. Drugs are obtained in a mean particle size of ap­
proximate!y 2 µ,m and below. A high specific surface area was created 
and in situ stabilized. Different stabilizers showed differences in pro­
tecting the precipitated drug rrnm crystal grov.1h. The surface was 
hydrophilized because of the adsorbed stabilizer. Thus, a drug pow­
der wi!h markedly enhanced dissolution rate was obtained. 
Com:l11.1lo11s. in ,1111 micronization is a suitable method for the pro­
duction of micro-sized dmgs. This technique can be performed con­
tinuously or discontinuously and uses only common technical equip­
ment. Compared to milled products drug properties are optimized as 
all partide surfaces are naturally grown, the particle size is more 
uniformly distributed and the powder is less cohesive. 

KEY WOHDS: micronization; inhibition of crystal growth; dissolu­
tion rate enhancement; poorly water-soluble drug; controlled crystal­
fintion. 

INTRODUCTION 

The poor water solubility of many drugs-especially sev­
eral newly developed substances-is a challenge in pharma­
ceutical research. Because of their !ow bioavailability, several 
potential drugs have to be delayed or abandoned in pharma­
cologica ( screenings because of their lipophilicily (! ). Their 
dissolution rate is the limiting factor in most case because 
drugs with high lipophilicity can permeate biornembranes 
quickly. Thus, the research on .~trategies for drug dissolution 
enhancement is of high interest. According to the Noyes­
Whitney equation, the administration of a drug in a reduced 
particle size is a very promising way to improve drug bioavai!­
abillty of poorly soluble substances (2). The common way for 
reducing the particle size is the disruption of previously 

1 Department of Pharmaceutics and Biopharmaceutics, Christian 
Albrecht University Kiel, Gutcnbcrgstr. 76, 24118 Kiel, Gcrmarry. 

2 To whom correspondence should be addressed. (e-mail: 
bwmueller@pharmazie. uni-kie I .de) 
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formed larger particles by milling techniques such as jet­
rnil!ing, milling in a pearl•baH-mill, or high-pressure homog­
enization. However, these methods have several disadvan­
tages resulting from the mechanical disruption process. The 
micronization process using mills is extremely inefficient (3) 
because of the high-energy input that can alter the surface 
properties as a thermodynamically activated surface ls cre­
ated (4,5). Even a small amount of activated material at the 
surface affects the drug substance properties, such as the 
blending characteristics (6) or flow properties (7). When the 
partially amorphous surface recrystallizes, the physical prop­
erties of the drug change. The conversion of crystalline solid 
surfaces into partially amorphous solid surfaces leads to a 
"dynamic nature" of the micronized drug (8). The newly cre­
ated surfaces are not naturally grown because the cleavage 
plane is. the crystal face with the smallest attachment energy 
(9). Thus, this surface will dominate the size-reduced particles 
and the mllled powder is characterized by their surface prop­
erties. In most cases the surface shows poor wettlng proper­
ties; therefore, because of agglomeration, the increase in the 
dissolution rate is not as high as calculated from the increase 
in surface area. Nanosuspensions (DissoCubes®) are milled 
by high-pressure homogenizers (10,11). The high pressures 
used cause changes ifl the crystal structure, and as a result, the 
amorphous fraction in the particle increases (12). Thus mill­
ing affects several physical properties of the drug, such as 
powder flow, agglomeration behavior, or electrostatic behav­
ior. Beside these effects, the chemical reactivity or degrada­
tion also can be affected by miHing (13,14). Even the particle 
size can change during storage after rnicronization because of 
stress relaxation processes ([5). Beside these problematic 
properties, a further disadvantage especially of jet-milling 
processes, is a broad size distribution (16). Because of abrn­
sion, the product can be afflicted with metaUic impurities that 
can affect the chemical stability as a result of catalytic activity. 

Because of the disadvantages of milling processes, tech­
niques were developed that produce the drug directly in the 
optimal particle size. However, the preparation and stabiliza­
tion of small parlicles is not easy because of their lendency to 
grow. Thus, several examples of inorganic clusters prepared 
for example in electrochemical cells exist, but stable disper­
sions of organic substances (beside polymer-lattices) are 
scarce. Because of the high surface that must be created, the 
established methods need high amounts of stabilizing excipi­
ents reading to amorphous products. The most important ex­
amples are the so-called hydrosols developed by GaPmann et 
al. (17). Hydroso!s are colloidal aqueous suspensions contain­
ing drug nanoparticles of poorly water-soluble drugs for in­
travenous administration. They arc prepared by a precipita­
tion process as the drug solution is mixed with a relatively 
high volume of water (96-98% water after mixing) in the 
presence of stabilizing agents such as poloxamer and modified 
gelatins, which act as "short term stabilizers" (L 7). After pre­
cipitation, the amorphous hydrosol is stable for approxi­
mately 60 min because of the stabilizers and the high amount 
of nonsolvent. After this time, the drug crystallizes. Because 
the clouding corre[ates with the particle size, crystallization 
and particle growth can be observed by a steep increase of 
absorbance at a wavelength where the drug substance does 
not absorb. Thus, for durable stabilizing the amorphous nano• 
sized drug, the hydrosol is immedfately spray-dried with ex-
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Fig, 1. Particle size distribution in dispersion 60 min after precipitation (HPMCsolution). (a) ibuprnfon; (b) 
ketoconazole. 

cipients such as lactose or mannito[ before crystallization oc­
curs. Before use, the preparations are reconstituted with wa­
ter. Hydrosols contain the drug in a particle size of 
approximately 200 nm and are thus suitable for parenteral 
application. An example is cyclosporin, which can be formed 
□ s a hydroso! (ratio drug: gelatin = 1: 20). According to this 
principle, colloidal dispersions of [3-carotene are produced. 
Amorphous carotenoid nanopartides conlain high amounts 
of stabilizing agents, such as gelatin, and softening agents, 
such as sugar. Because the amount of !3-carotene is approxi­
mately 10-15% (18,19), these preparations can be called em­
beddings. Because of the high amount of stabilizer and the 
immediately spray-drying, the product is amorphous. Micron­
ized drngs can also be prepared using supercritical carbon 
dioxide (20,21 ). The drug is precipitated in the supercritical 
fluid. A disadvantage of this technique is the high machine 
expenditure. 

The aim of this study was to prepare crystalline micro 
sized drug particles of poorly water-soluble drugs use in oral 
administration forms to enhance the dissolution rate. Because 
the drug powders are prepared directly in the micronized 
state during the particle formation without any further slze­
reduction, this technique can be described as an in situ mi­
cronization technique. The molecularly dispersed drug is 
transrormed to particles in the desired size and stabilized in 
the formed dispersion. Because they are model drugs with a 
poor solubility in water, ibuprofen, itraconazole, and ketoco­
nazole were used. The first aim was to find a stabilizing agent 
that was able to stabilize the associated drug in small particle 
size against crystal growth. Furthermore, the use of an effec­
tive stabilizer is important to obtain a drug powder with a 
drug load as high as possible. By the use of a suitable stabi­
lizer, the crystal germs can be stabilized. To find a stabilizer 
with high affinity to the newly created high surface, several 
potential stabilizing agents were compared. The resulting 
product showed a high drug load and contained the drug in 
crystalline form. 

MATERIALS AND METHODS 

Materials 

Ibuprofen 50 was provided by BASF AG (Ludwigshafen, 
Germany), and itraconazole and ketoconazole were supplied 
by Janssen Pharmaccutica (Bccrsc, Belgium). For compari­
son of the analytical data, drugs were used as obtained and 

called "common crystals." Acetone and isopropyl alcohol 
(Merck KG, Darmstadt, Germany) were of analytical grade. 
Water was used in double-distilled quality. The stabilizing 
agents used were agar (Merck KG), calcium caseinate 
(Lactonat®EC, Lactoprot, Kaitenkirchen, Germany), dcxtran 
200 (Sigma, Deisenhofcn, Germany), gelatin A (Merck KG), 
hyd oxye thylcell ulose HEC (Na trosol®Plrnrm G, 
Natrosol®HHX, Hercules, Wilmington, DE, USA), hydroxy­
ethytstarch (HES 130, HES 450, Fresenius Kabi, Bad Hom­
burg, Germany), hydroxypropylcellulose HPC (Klucel® GF, 
Klucel® LF, Herculesmethylcellulose MC {Tylose® M 4000, 
Clariant, Frankfurt, Germany), methylhydroxyethylcellulose 
MHEC (Tylopur@ MH 50, Tylopur® MH 4000, C!ariant), hy­
droxypropy[methylcellulose (HPMC; Metoiose® 60 SH 15, 
4000, 10,000, Shin Etsu, Tokyo, Japan), sodium carboxymeth­
ylceHulose NaCMC (Tylopur® C 30), sodium alginate 
(Sigma), pectin (pectin Classic AU 204, low viscosity, Her­
streith & Fox KG, Ncuenburg, Germany), polyvinylalcohol 
(average molecular weight 30,000-70,000; Sigma), and poly­
vinylpyrrolidone (Kollidon®30, BASF AG). 

Crystallization Procedure 

Crystallization was conducted using the solvent change 
method by instantaneously mixing two liquids in the presence 
of a stabilizing agent as described by Rasenack and M0[ler 
(22). [n the first step, the drug was dissolved in an organic 
solvent that is mfsdble with water. The chosen concentration 
depends on the solubility of the drug (ibuprofen: 5 g/100 mL 
isopropyl alcohol; itraconazole: 0,75 g/500 mL acetone; keto• 
conazole: 0.5 g/100 mL acetone). The stabilizing agents were 
dissolved in water. By batch-wise mixing the two liquids (20 
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Fig. 2. Particle size <listributlon of itrncon3zole 24 h after preci pita­
tion with pure water respectively. HPMC solution. 
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Fig. 3. Particle size of itrnconazo[e (dispersion 24 h after precipitation) [concentration of stabilizer in water = 
0.025% (111/m)]. 

mL of drug solution + 80 mL of nonsolvent in the case of 
ibuprofen and ketoconazo!e, respectively, 50 mL of drug so­
lution+ 80 mL of nonsolvent in the case of itraconazole) a 
dispersion is formed. The nonso!vent was poured rapidly 
from a beaker into the drug solution under stirring conditions 
using a magnetic stirrer. The stability of the dispersion de­
pends on the stabilizer that is used. For each drug, several 
stabilizers and different concentrations were tested by mca• 
suring the particle size at different times after precipitation. A 
solution of HPMC (ibuprofen: 0.1 %; itraconazole: 0.025%; 
ketocona:zole: 0.05%) was used for preparing the micronizcd 
drugs. After spray-drying the prepared dispersion during its 
stability (130chi 190 Mini Spray-dryer, BU.chi Labortechnik 
AG, Flawil, Switzerland; temperatureinlel: 128°C; ternpera­
tureout]ct: 55°C; air flow 600 Nl/h; 0.5-mm noozle; aspirator 
stream 40 m3/h) a micro- respectively nanosized drug powder 
was obtained (drug content: ibuprofen 92.6%; itraconazole 
79.0%; ketoconazole 71.4%). In this study, the spray-drying 
process was not used to form particles as if solutions are 
spray-dried but only to dry previously formed particles. Be­
cause of the small particles, a high strenm of volume was used 
to obtain a higher yield. Furthermore, a cone was inserted 
between the bottom of the cyclone and the collecting vessel. 
Passing through the gap of approximately 1.5 mm, the powder 
can deposit in the coHecting vessel. Swirling up and swirling 
out of the collecting vessel is reduced. 

Product Characterization 

Particle Size 

The volume particle size distribution was measured using 
a laser diffractometer (Helos, Sympatec GmbH, Clausthal 
Zellerfeld, Germany). The dispersions ·were diluted with wa­
ter nnd measured in a cuvcue. The spray-dried drug powder 
was previously suspended in water. Particle size distribution is 
characterized by the XlO (10% below this size), the X50, X90, 
and the X99-value. 

Powder Dissolution 

Dissolution studies were performed assuring sink­
conditions nccording to the paddle method (USP) using an 
Erweka DT6 dissolution apparatus (Erweka, Heusenslarnm, 
Germany). The stirring speed used was 100 rpm, and the 
temperature was maintained at 37"C ± 0.5"C. The dissolution 
medium (900 mL) was phosphate buffer pH 7.4 (USP 25) in 
the case of ibuprofen and simulated intestinal fluid in the case 
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Fig. 4. rntluence of different concentrations of HPMC4000 on pnr­
llcle size in dispersion. (a) itrnconazole 24 h after precipitation; (b) 
ke!oconazole 120 rnin after precipitation [rnm:entralion in precipitat­
ing liquid in & (m/m)J. 

UM00016856 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3838 of 4460



I11 Situ Microniz11tion Method 1897 

(a) (b) 
Fig. S. Scanning electron micrograph of ibuprofen. {a} common crystals; ( b} micronized drug. 

of itraconazole and kctoconazole. This dissolution medium 
consisted of 0.25% sodium dodecy[ sulfate and 0.2% sodium 
chloride (all Merck KG). Surface tension was lowered by 
sodium dodecyl sulphate in an attempt to mimic in vivo con­
ditions as described by Pedersen et al. (23). Because of their 
physiologic relevance for dissolution testing of poorly water­
soluble drugs the addition of a surfactant is generally to be 
preferred to e.g., hydroalcoholic mediums (24). Quantifica­
tion of the dissolved amount of drug was conducted spectro­
photometrically at 221 nm (ibuprofen), 262 nm (itracona­
zole), 226 nm (ketocollllzole) (Lambda40 UV VIS Spectrom­
eter, Perkin Elmer, Witten, CT, USA). All samples were 
analyzed in triplkate. 

Scanning Electron Microscopy 

Scanning electron micrographs were taken using a Phil­
ips XL 20 (Philips, Eindhoven, Netherlands). Samples were 
fixed on an aluminium stub with conductive double-sided ad­
hesive tape (Leit-Tabs, Plano GmbH, We!zlar, Germany) aml 
coated with gold in an argon atmosphere (50 Pa) at 50 mA for 
50 s (Sputter Coater, Bal-Tee AG, Liechtenstein). 

Specific Surface Area 

The specific surface area was determined using the gas 
adsorption method. Calculation is based on the BET equa­
tion. A Surface Arca Analyzer Gcmini-2360 (Micromeritics 
Instrument Corporation, Norcross, GA, USA) was used. 

(a) 

Contact Angle 

The contact angle was measured by the sessile drop tech­
nique using a goniometer (G 1, KrUss GmbH, Hamburg, Ger­
many). A compressed disc of the powder (200 mg) was made 
at 30 kN for 90 s under vacuum. The contact angle between 
the disc and a single dro-p of water (25 µL) was determined 
10 sand 180 s after !he droplet was put onto the disc. Deter­
mination was repeated 20 times. 

Differential Scanning Calorimetry (DSC) 

A differential scanning calorimeter (DSC7, Perkin 
Elmer, Connecticut, USA) was used. The equipment was cali­
brated using indium and zinc. Samples were heated at I 0°C/ 
min in aluminium pans under nitrogen atmosphere. The on­
sets of the melting points and enthalpies of fusion were cal­
culated by the software (Pyris, Perkin Elmer, CT, USA). 

X-l-?.ay Dijfractomelry 

Powder X-ray diffraction patterns were collected in 
transmission using an X-ray diffractometer with a rotating 
anode (Stoe and Cie GmbII, Darmstadt, Germany) with Cu 
Ka.l radiation (monochromator: graphite) generated at 200 
mA r1nd 40 kV. Powder was packed into the rotating sample 
holder between two films (PETP). 

RESULTS AND DISCUSSION 

When a hydrophobic substance is precipitated, a hydro­
phobic surface is formed. The energy of the system increases. 
Thus a stabilizing agent-provided that it has any affinity to 

(b) 
Fig. 6. Scanning electron micrograph of itraconazole. (a) common crystals; (b} micronized drug. 
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(a) (b) 
Ng. 7, Sca1111ing electron micrograph of ketoconazole. (a) common crystals; (b) micronizcd drug. 

the surface------covers the newly formed surface spontaneously. 
Thereby, the surface energy and consequently the enthalpy of 
the system is lowered. The small particles that normally would 
agglomerate because of their hydrophobic surface are steri­
cally stabilized against crystal growth by a layer of protective 
polymer (25). 

Clrnracterizing the Precipitated Dispersion 

The analgesic drug ibuprofen and the antifungal drugs 
itraconazole and ketoconazole show a mean particle size of 
approximately 2 1_tm and below if precipitated in the presence 
of a stabilizing agent. The particle size distributions of the 
formed dispersions are shown in Figs. 1 and 2. In all cases a 
light particle size distribution is received. The effect of the 
stabilizing agent (HPMC) on the particle size of itraconazole 
is obvious (Fig. 2): 24 h after precipitation itraconazole with 
pure water, a broad particle size distribution with a mean 
particle size (X50) of 30 /_lm is formed. 1n contrast, a light 
particle size distribution with a mean particle size (X50) or 
600 nrn is formed if the drug is precipitated in the presence of 
IIPMC. Thus, HPMC can stop the molecular association and 
the crystal growth by forming a protective layer around the 
nucleation germs. The stability of the dispersion depends on 
the stabilizer that is used. When comparing the particle size 
distribution obtained in the presence of different stabilizing 
agents, differences are detected (Fig. 3); particularly, cellulose 
ethers with alkyl-substituents (MC, MHEC, HPMC) are able 
to protect a particle growth. Additives with a mainly hydro­
philic moiecule structure, such as dextrnn, hydroxyethyl­
starch, or polar substituted cellulose ethers, do not stabilize 
the formed drug particles in that way. This shows that the 
additive must be able to interact with the newly formed sur­
face. As e.g., HPMC shows surface activity (26), it can be 
adsorbed onto the newly created surface of the precipitated 
drug to lower the interfacial tension; particularly, cellulose 
ethers containing methoxyl or hydroxypropyl groups are ad­
sorbed onto hydrophobic solid surfaces as described for hy­
drophobic silicon dioxide (27). A dependency of the resulting 
particle size on the viscosity of the precipitating liquid (de­
termined using an Ubbe!ohdc-viscometcr) cannot be found. 
The effect of different concentrations on the resulting particle 
size of precipitated itraconazole (dispersion 24 h after pre­
cipitation) is shown in Fig. 4a. A minimum necessary amount 
of stabilizer (0.025% in the precipitating liquid) was found. 
Below this concentration, a particle growth occurs. However, 

the use of a higher amount of HPMC does not result in 
smaller itraconazole particles. A protective layer around rhe 
particles seems to be important. A similar relationship can be 
observed in the case of ketoconazo[e (Fig. 4b). Here two 
groups of particle size distributions can be observed: Below a 
minimal concentration of the stabilizer, large crystals with a 
mean particle size (XSO) of 25 µm are obtained. If the mini­
mum effective amount is used, a tight particle size distribution 
with a mean particle size of L2 µmis obtained. Because of the 
higher solubility of ketoconazo[e compared with itraconazole, 
the particle growth of keloconazole is more rapid and thus the 
two groups of preparations can be sharply distinguished, Itra­
conazole that is not stabilized effectively grows slowly, thus 
different paTtic!e sizes (Fig. 4a) are observed in the case of 
using different amounts of stabHizer as a result of the fact that 
particle growth has not yet finished. 

Chamcterizing the Spray-Dried Drug Powders 

After spray-drying the prepared dispersions, drug pow­
ders are obtained (Fig. Sb, Fig. 6b, and Fig. 7b). The precipi­
tated drugs are isomorphic with the common crystals, as X­
ray and DSC analysis showed. The particle size distribution of 
the dispersions is fixed by the drying process. However, be­
cause of the fact that a suspension is spray-dried, the particle 
size is not affected by the spray-drying process. The common 
crystals of ibuprofen (Fig. 5a) are prepared by crystallization 
and show a relatively homogeneous particle size. However, 
the milled drugs itraconazole and ketoconazole show very 
heterogeneous particle sizes (Fig. 6a and Fig. 7a). The drug 
powders prepared in this study consist of uniform particles. 
Because of the small particle size, the drug is agglomerated. 
After redispersing the drug powder in water, the particle size 

0,1 1 10 100 
Partlcle sl<e fi,rn] 

Fig, 8, Particle size distribution of micronized ketocunazole (dis­
persed in water). 
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Fig. 9, Powder dissolution. (a) ibuprofen; (b) itracont1zole; (c) ketocurmzo1e. 

distribution (Fig. 8) is nearly the same as in the dispersion that 
is spray-dried. Thus, the agglomerated crystals are de­
agglomernteu. No electrostatic effects occur; thus, the powder 
flow is increased compared with milled itraconazole or keto­
conazo!e. The dissolution rate of the micronized drugs is sig­
nificanlly increased compared with the common crystals (Fig. 
9). Particularly, the common crystals of itraconazole only 
show a very slow dissolution because of the effect of aerophi­
lization, which is often observed with mi!Ied drugs. Thus, the 
dissolution rate of a milled drug is tower than would be ex­
pected from the Noyes-Whitney equation. The crystals arc 
not wettable (not even by the used simulated gastric juice 
containing a surfactant). Thus, they are agglomerated on the 
surface of the dissolution medium. The dramatic increase in 
drug Jissolution rate can be explained by an increased specific 
surface area (Table I). This high surface area is hydrophilized, 
the contact ang!e is decreased because of adsorbed hydro­
philic HPMC (Table II). The contact angles of the micronized 
drugs arc nearly the same for ibuprofen, itraconazole, and 
ketoconazole and also nearly the same as for the pure cellu­
lose ether. The adsorbed HPMC determines the surface prop­
erties of the resulting product. Thus by precipitating micro­
crystals in the presence of stabilizing protective additives, a 

Tai.lie J, Specific Surface Area [m2/g] (±S.D.) 

Ibuprofen 
I!raconazole 
Ketoconazole 

Common crystal 

o.r 1 + O.Ol 
0,21 ± 0.02 
0.[8 ±0.(}2 

Micronizcd 
drug 

2.00 ±0.09 
4.03 ±0.10 
3.01 ± 0.09 

Results; mean of three measurements; S.D. = standard deviation 

high and hydrophilized surface area can be formed in a one 
process step without using any milling techniques. 

CONCLUSIONS 

By the method usc(l in this study, small drug particles are 
prepared without size-reduction techniques. Micronized 
poorly water-soluble drugs can be prepared by controHed 
crystallization of primary rnolcculariy dispersed substances. 
The precipitation technique in the presence of protective hy­
drophilic polymers followed by spray-drying results in a drug 
powder with a markedly enhanced drug dissolution rate. A 
high and hydrophilized surface area is created. To form a 
protective layer on the crystal surface, the polymer must have 
an affinity to the hydrophobic crystal surface. Compared with, 
e.g., solid dispersions or cydodextrin encapsulations, the 
amount of drug in the preparation is relatively high. The pro­
duction process can be conducted discontinuously or continu­
ously using a static mixer and is possible as a one-process step 
and needs only common equipment. This technique offers a 
relatively easy way for production of micrnnized drugs that 
are characterized by a homogeneous particle size distribution. 
Critical effects resulting from milling processes are avoided. 

Ibuprofen 
!traconazole 
Ketoconazole 

Tai.lie IT, Contact Angle [0
] (±S.D.) 

Common crystal Micronized cJmg 

t1 0 s tz = !80 s t1 = 0 s ti.= 180 s 

63.9 ± 1.5 62.3 ± 1.4 42.3 ± l.6 33.0± 1.5 
48.2 ± 1.3 47.2± 1.0 39.I +.1.4 30.l ± L3 
44.6 ± U 42.8 ± 1.3 33.2 ± 1.3 29.8 Jc 1.1 

Results: mean of 20 mearnrements; S.D. = standard deviation. 
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An optimal drug candidate is not only a highly potent 
ligand, selective to the receptor species to which it has been 
designed to bind, has more favourable kinetics of binding 
than its naturally competing ligands, and has adequate 
chemical and rnetaoolic· stability. Moreover, it should 
satisfy a series of requirements set by areas remote from 
the immediate environment of the receptors. Most 
important, there is the need for substantial transport from 
outside the organism to the sites of action. Biopharmaceu­
tically relevant substance properties can enable or limit the 
crossing of absorption barriers and for administering a drug 
in dosed amounts or suitable concentration. Preparations 
need to be designed and developed for timely and 
quantitative delivery of the active substance. Although 
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pharmaceutical formulation techniques offer numerous 
possibilities, there are limitations in mastering problems 
incurred by substances with suboptimal inherent properties, 
and the least of the consequences is that they slow down the 
drug development process. 

An NCE (new chemical entity) rarely meets all the 
requirements of an ideal drug substance. As lead optimi­
zation concentrates towards improvement of biological 
activity as evaluated by in vitro tests, other desirable 
properties often fall behind, although the awareness is 
increasing that acceptable pharmacokinetic properties 
should be built into a drug molecule as well. 

Functional groups that tum a molecule into an electrolyte 
provide the opportunity for the formation of salts. Salt 
formation is a means to change the properties while the 
chemical structure of the active entity is left intact. Yet, a 
new chemical entity is created by salt formation with all the 
consequences. 

About half of all present-day drugs are used as salts, and 
for the chemist it is obvious to try improving the properties 
of a drug candidate by the formation of a suitable salt, in 
particular with the intention to enhance solubility and in 
consequence, the rate of dissolution as prerequisite 
parameters for absorption. However, one should be aware, 
that high solubility alone does not guarantee good 
absorption. 

In this chapter not only the topic of water-soluble salts 
but also some general points to consider when the final form 
of a drug substances will be decided upon. Although it is 
generally accepted that solubility in aqueous media is the 
most crucial physicochemical property of a drug substance, 
it is not appropriate that only a single parameter should 
dominate such an important decision. Since here only 
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the essentials of the complex field of salt formation and 
selection can be dealt with, the reader may refer to a recent 
monograph on the subject. 1 

II THE SOLUBILITY OF COMPOUNDS 
IN WATER 

A Prediction of solubility 

Solubility is understood as the concentration in a solution 
found in equilibrium with an excess of the solid solute at a 
given temperature. It is generally accepted that solubility in 
aqueous media is the most crucial physicochemical 
property of a drug substance. In order to get an estimate 
of the solubmty of a nonelectrolyte at a very early stage, 
many computational approaches have been made. Among 
them, a surprisingly simple and yet effective tool is 
available, the General Solubility Equation (GSE) as 
developed and refined during the last two decades by 
Yalkowsky and his coworkers2

•
3 using a thermodynami­

cally sound approach for establishing a semi-empirical 
correlation: 

log S = 0.5 - 0.0l(Mp - 25) - log Kow (1) 

where S is the molar solubility of the solute, Kow the 
octanol/water partition coefficient, which can be calculated 
from the structural formula (ClogP),4 and Mp is the 
melting point (in centigrade, 0 C) as the only experimental 
data, representing the easiest accessible descriptor of the 
strength of a solid's crystal lattice. Based on the 
assumption, that the nonionized form of an electrolyte 
may be regarded as a nonelectrolyte, an extension of the 
GSE has recently been proposed. By simply combining 
equation (1) with the solubility-ionization relationships 
(equations in Table 35.2), it is possible to construct pH 
solubility profiles for acids, bases and zwitterions.5 

B Ionization of weak electrolytes 

In physicochemical terms, about two-thirds of all existing 
drug entities belong to the class of weak electrolytes, i.e. 
substances which in aqueous solution are at least partly 
present as ions. They are formed by releasing protons 
(acids) into, or by accepting protons (bases) from, an 
aqueous environment. Ionized species are easily hydrated 
and hence are generally more soluble in an aqueous phase 
than their nonionized source. The aqueous solubility of 
weak electrolytes is influenced and can be controlled by 
adjusting the pH of the solution via the equilibrium between 
the nonionized and the ionized species. 

The dissociation of a monoprotic acid HA is des­
cribed by the equilibrium between the concentrations of 
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the nonionized acid molecule ( = [HAJ) and of its anion 
( = [A-]): 

(2) 

The equilibrium constant Kn of this reaction is the ionization 
constant, which is defined by 

(3) 

Because ionization constants are small a:;.d inconvenient 
figures, they are expressed as their negative decadic 
logarithms: 

(4) 

As an example, the Ka of acetic acid converts from 1. 738 x 
10-5 to pK,. = 4.76. Similarly, for a monobasic compound 
the dissociation equilibrium is expressed as follows: 

(5) 

with the dissociation constant 

(6) 

Since the protonated base can be considered as an acid 
corresponding to the free base, it is possible to characterize 
both, acids and bases with the same parameter, i.e. the acid 
ionization constant. The Ka or the pKa, respectively, is the 
key parameter indicating the strength of an electrolyte 
(Table 35.1). 

Table 35.1 Examples of acids and bases aligned 
according to strength 

pK. Acids Bases pk. 

Strong l.3 Oxalic acid, pK., 1 Caffeine 0.6 Weak 
1.6 Saccharin Quinine, pKa.2 4.1 
2.8 Benzylpenicillin Pyridine 5.2 
3.0 Salicylic acid, pKa,J Papaverine 5.9 
4.1 Diclofenac Apomorphine 7.0 
6.5 Sulfadiazine Benzoctamine 7,6 
7.1 Sulfathiazole Quinine, pK.,1 8.0 
7.4 Phenobarbital, Cocaine 8.4 

pK •. 1 

8.4 Phenytoin Imipramine 9.5 
8.8 Theophyllin Atropine 9.7 

10.0 Phenol Amantadine 10.3 
11.8 Phenobarbital, Piperidine 11.2 

pKa,2 
Weak 13.8 Salicylic acid, PKa,2 Arginine, 13.2 Strong 

PKa,I 
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Fig. 35.1 pH solubility profiles of four salts of naproxen 
(pKa = 4.15) in water at 25°C. Starting material was 
naproxen acid (full symbols) or the respective salt (open 
symbols). (Redrawn from Cowhan.6

) 

C Solubility of electrolytes 

General features of pH solubility profiles 

Monoprotic acids and bases. An ideal pH solubility profile 
for a weakly monoprotic acidic compound is exemplified 
by naproxen 1, as shown in Fig. 35.1. It is obtained by 
increasing the pH, e.g. by stepwise adding amounts of a base, 
for example sodium hydroxide, to a suspension of the acid 
and determining the concentration of dissolved acid after 
equilibration. The pH range of the diagram is divided into 
two regions marked as region I and II, respectively, acc­
ording to the nature of the excess solid phase in equilibrium 
with the saturated solution. In region I (pH< 8.3 in Fig. 35. l) 
the excess solid phase is the free acid, whereas in region II 
(pH > 8.3), it is the sodium salt. In region I, the total 
solubility is described by the sum of concentrations of the 
neutral and the dissociated fractions of the acid: 

~COOH 

'o)l;,U 

Naproxen 
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7 

CCCOOH 

NH 

CI-OCI 
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Dexoxadrol 

Valsartan 

Bac!ofen 

Flubendazole 

Chlordiazepoxide 

Terfenadine 

Diclofenac 

UM00016863 
NOVARTIS EXHIBIT 1517 

Novartis v. Regents, IPR2023-01347 
Page 3845 of 4460



604 The Practice of Medicinal Chemistry 

~ 
\=./ r COOH 

F 

9 

12 

Flurbiprofen 

Cyclopentamine 
hydrochloride 

Amfenac sodium 

Seproxetine 

H OH ~t,/'-~9 ~ x ~coo-

~~ ~ ~ 
OH 

13 

Salmeterol xinafoate 

S =[HA]+ [A-] (7) 

S = S0 ( 1 + [:~] ) (8) 

where S is the total solubility at any given pH, So is the 
intrinsic solubility of the free acid, (HA] and [A-] represent 
concentrations in solution of the undissociated and disso­
ciated forms, respectively, and Ka is the acid dissociation 
constant defined in equation (3). 

Region I may be further subdivided into a range where 
the solubility is essentially independent of the pH (pH 
< ca.3) and the range adjacent to region II, between pH 
approximately 3 and 7.3 characterized by an exponential 
dependence of solubility on pH. 

The total solubility in region II is described by: 

(9) 

(10) 

where Ksp is the solubility product of the salt, and ..fl(;,= S, 
is the intrinsic solubility of the salt. 

Thus, the two equations (8) and (9) are sufficient to 
describe the entire pH solubility profile of a monoprotic acid, 
and the point of intersection is defined by equation ( 1 J): 

_ So _ _ 1 
pHmax - pK0 + log W- - pKa + logSo 2 logK,p (11) 

vKsr, 

For a weak base, the pH solubility profile is essentially the 
mirror image of that of a weak acid along a vertical axis, as 
illustrated in Fig. 35 .2 by the central stimulant and analgesic 
dexoxadrol 2. 

As in the case of the acid, there is a region in equilibrium 
with excess undissolved free base, here at high pH values 
and a region with high and constant solubility at low pH 
values. An analogous set of equations applies for the two 
legs of the theoretical pH solubility profile (equations (11) 
and (12)), whereas for the position of pHmax, equation (10) 
is equally valid for bases. 

High pH region (II): S =[BJ+ [BH+] 

= So ( 1 + [~:] ) 
(12) 

Low pH region (I): S = (I+ [::] ),JK::, ( 13) 

pHmax• At pHmax, both the nonionized species and the 
respective salt coexist in the undissolved solid. Bogardus 
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10 
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l 
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l 
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Fig. 35.2 pH solubility profile of dexoxadrol in water at 
approximately 23°C. Open and full circles indicate 
different analytical methods. (Redrawn from Kramer 
and Flynn.7) 
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t'f al. 8 reported that indeed the excess solid in equilibrium 
with the saturated solution of doxycycline at pHm,,,, 
contained both the free base and the hydrochloride salt 
phases. 

pHmnx constitutes a further descriptor of the solubility 
profile specific for the particular salt, as may be recognized 
from the profiles of the four salts of naproxen presented in 
Fig, 35. l. The different counterions limit the solubility at 
different levels, resulting in differences as high as two orders 
of magnitude. A counterion can gain influence on solubility 
only at pH values where the drug substance is ionized, and 
salt formation cannot improve solubility in pH regions 
where the nonionized species prevails. It should be noted 
that the solubilization capacity by pH control for weak 
electrolytes is limited by the solubility product Ksp of the 
salt formed. Once the solubility of the salt is reached, pH 
control cannot further solubilize the compound. 

Diproric acids and bases. Many drug substances bear more 
than one ionizable function: acidic or basic functional groups 
or, in case of amphoteric substances, even both types in the 
same molecule. In order to evaluate their influence on 
solubility, the key parameter is again the pK0 • In Table 35.2, 
the equations describing the pH profiles for mono- and 
diprotic acids and bases are given in their exponential form. 
As an example, the graph in Fig. 35.3 shows the profile of a 
diprotic base with pKa values relatively close to each other. 
As upon addition ofan acid toa suspension of the base the pH 
decreases, the solubility starts to increase by one order of 
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Fig. 35.3 Theoretical pH solubility profile of a diprotic 
base with the pKa values pK8 , 1 = 11.25 and pKa,2 = 8. 7; 
S0 = 0.004. The point-dashed line shows the course of 
solubility if there were only the first basic function. 

magnitude as the pH decreases by one unit once it gets below 
the first protonation step, pK3 , 1• However, as the pH drops 
below the second ionization step, pKa,2, the solubility increa­
ses by two orders of magnitude per one pH unit. Similar 
relationships apply for diprotic acids. A further aspect of 
diprotic electrolytes may be illustrated by the speciation 
diagram (Fig. 35.4) of the diprotic acid valsartan 3 
(PKa,1 = 3.90, carboxylic acid; pK •. 2 = 4.73, tetrazole). 
This graph shows the relative abundance of the ionic and 

Table 35.2 Solubility equations for mono- and diprotic acids and bases 

pH"'= pH.,., pH 2:: pHmn, 

Monoprotic acid 

S = Sa·( I + !OpH-pK.) (17) S = Ss-( l + 10PK,-pH) (18) 

Diprotic acid 

S = S0.( l + lOpH-pK,., )·( I + IOpH-pK,.,) (19) S = Ss.2-{ l + IQPK~,-pH) (20) 

Monoprotic base 

S = Ss·( I + lOpH-pK,) (21) S = So·( l + lOpK.-pH) (22) 

Diprotic hase 

s = Ss.:! ·( I + l opH-pK,) (23) s = so-( I + iQPK,., -pH).( l + IOPK.i -pH) (24) 

S5,2 is the solubility of the neutral snit of the diprotic acid or base, respectively. Other symbols are as used in the text. 

BNSDOCID: <XP ___ 2566271A I > 

UM00016865 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3847 of 4460



606 The Practice of Medicinal Chemistry 

<I) 

-~ 
(I) 

5!- 0.6 
0 
C: 0.4 'fl 
e! u. 0.2 

0 
0 2 6 8 10 12 14 

PKa,2 pH 

Fig. 35.4 pH species distribution diagram of valsartan 
(see text). 

nonionic species of the acid in solution as a function of pH. 
The maximum fraction that the mono-anion can reach is at 
pH 4.2, and amounts to a percentage of 56% of the dissolved 
acid, while at the same time 22% each of the nonionized acid 
and the di-anion are simultaneously present. A consequence 
from such relations is that it will depend on the relative 
solubilities of the respective ion pairs, which of them would 
form the excess solid in equilibrium with a saturated aqueous 
solution in the intermediate pH range, and it is possible that 
from aqueous solutions a pure acidic salt cannot be isolated. 

Special types of amphoteric substances are the zwitter~ 
ionic compounds. Every molecule that has an acidic pKa 
lower than the pKa of its basic function is a zwitterion, 
because such a substance has acidic and basic groups strong 
enough to neutralize one another; hence, they are 'inner 
salts'. As shown in Fig. 35.5 the solubility profile of 
baclofen 4 (pKa,l = 3.85, proton gained; pK8• 2 = 9.25, 

6 
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0 

4 ,---.2? 
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::J 
0 2 
(/) 

1 

0 
0 2 4 6 8 

pH 
10 

I 
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I 

12 

fig. 35.5 Solubility pH profile of baclofen at 25°C in 
aqueous buffers. 
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proton lost), a typical example of this class, exhibits a 
solubility minimum in the pH range where the zwitterion is 
the predominant species. 

Practical evaluation of solubility 
The principle of solubility determination was already briefly 
described above. The suspension system should be held at 
a constant and controlled temperature. Before sampling it 
should be given sufficient time for equilibration, which is 
accelerated by using finely ground material. Ideally, 
equilibrium is assured by repeated sampling. The concen­
tration in the filtered samples is det~rmined by a suitable 
analytical method, most frequently by direct UV or by 
HPLC assay; the latter would help to detect any degradation 
during the equilibration process. The frequently applied 
'quick' method of heating a sample in water to achieve 
complete dissolution and cooling to room temperature leads 
more often than not to erroneous results due to super­
saturation effects and also due to changes of the excess solid 
like polymorphic transformation or change of the state of 
hydration induced by higher temperature. Sometimes solid 
samples are obtained by lyophilization and are therefore 
amorphous. An amorphous substance is both, much more 
soluble and more hygroscopic, than the same material is in a 
crystalline state. 

It is important to note all relevant parameters of the data 
points in a solubility experiment: temperature, pH, concen­
tration, nature of the excess solid, i.e. whether salt or free acid 
(base) is present, and whether changes with reference to the 
initial sample material concerning the polymorphic state or 
the degree of hydration have taken place. While such careful 
studies are appropriate at a later stage, i.e. prior to the final 
candidate selection, other techniques are applied for screen­
ing large numbers of compounds at an earlier stage. As for 
screening the biological activity, high throughput techniques 
are also applied for solubility screening. A typical non­
specific microtechnique is based on the turbidimetric 
indication of the transition between complete and incomplete 
dissolution when stock solutions of substances in DMSO are 
diluted with water or aqueous buffers. 9 This technique can be 
performed on 96-well microtiter plates and adapted for a first 
screening of salt formers and establishing pH solubility 
profiles. 

m ACIDS AND BASES FOR SALT 
FORMATION 

Numerous acids and bases are in use for providing the 
counterions to form salts. Figures 35.6 and 35.7 show acids 
and bases, indicating the frequency of their use in drug salts 
of prescription drug products. However, salt forming agents 
are material, which are not expressively approved by the 
health authorities for that particular use, and hence there are 
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Fig. 35.6 Percentage of the 15 most frequently used acids for salt formation, resulting from a survey of the 1998 edition 
of Index Nominum. 

no official lists. A drug is approved not as an isolated active 
entity but only in the context of the drug product as a whole, 
i.e. as the dosage form intended for the market, containing 
the active ingredient in its complete chemical fonn. The 
counter-ion is not a separate item of application. The use of 
such 'inactive' moieties is rather justified by their prior 
occurrence as salt formers in established drugs, and their 
further use as safe 'inactive' moiety in drug salts can be 
largely derived from their presence in marketed drug 
products. A periodically updated register of approved drug 
products is the Orange Book 10 which lists drug products 

whose safety and efficacy has been evaluated, so it may be 
searched also for salt forms of drug substances. 

The high frequency of hydrochlorides and sodium salts 
has not only the background of convenience but can be 
derived from the fact that both ions are the most abundant 
electrolytes in the body and hence are expected to cause no 
alterations of physiological functions. Other salt-forming 
acids are naturally occurring components of food or natural 
substrates of the intermediary metabolism. The number of 
organic bases usable as salt formers is much smaller, 
because generally, amines and other nitrogen bases have 
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Fig. 35.7 Percentage of the 15 most frequently used bases for salt formation resulting from a survey of the 1998 edition 
of Index Nominum. 
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their own pharmacodynarnic activity, unless they are very 
rapidly metabolized. Exceptions are the essential basic 
amino acids, e.g. arginine and lysine. 

A Selection of salt formers 

pKa 
Which acids or bases should be considered for forming salts 
with a drug substance? This must chiefly be decided with 
regard of physicochemical parameters, in the first place 
based on the pKa values involved. When forming a salt the 
acid transfers a proton to the conjugate base, which in turn 
must be selected to be ready for accepting the proton. This is 
generally the case if the pKa of the acid is at least two units 
lower than the pKa of the base. This corresponds to a 
situation where in water both components are ionized to a 
degree'of at least 99%. Strong mineral acids such as HCI 
(pK0 = - 6) or H2S04 (pKa = - 3) could form solid 
salts with the anthelmintic flubendazole 5 having a pKa 
value as low as 4.1, whereas with acetic acid or with benzoic 
acid (PKa = 4.2) an attempt to prepare a salt would not 
be successful with such a very weak base. For basic 
drugs, Gould 11 has published detailed physicoc!Jemical 
relationships along a decision analysis procedure including 
useful tables of salt-forming acids. 

Resulting pH 
The next parameter to consider is the pH resulting in the 
aqueous solution of a salt. The pH may be estimated even 
before the salt has been prepared, since equations ( 14 )-(16) 
for the three general cases of salt types of weak electrolytes 
sallow a theoretical approach: 

weak acid X strong base: pH 

= ½ (pKa,acid + pKw + log c) 

weak base x strong acid: pH 

= ½(PKa,base - log c) 

weak acid X weak base: pH 

= ½ (PKa,acid + PKa,base) 

(14) 

(15) 

(16) 

where, pKw is the negative ionization exponent of water 
with the value of 14 at 25°C, and c is the concentration of the 
salt. How the solubility and pH can be estimated, using 
equations (12) and (15), respectively, is demonstrated for the 
weakly basic tranquillizer chlordiazepoxide 6 (pKa = 4.6). 
For a solution containing 50 mg ml- 1 (0.167 M) as 
the hydrochloride salt, the calculated pH is 2.7. With the 
known solubility of the nonionized base (2 mg ml- 1

), 

equation ( 12) predicts a solubility of 200 mg ml- 1 at this 
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pH (in fact, the solubility of the hydrochloride in water is 
I 00 mg ml - l = 0.33 M). Trying to prepare an acetate of 
chlordiazepoxide would make little sense for three reasons: 
( l) the pKa of acetic acid is just about the same as that of the 
drug base; (2) an equimolar solution of base and acetic acid 
would have a calculated pH of 4.78, at which pH in I ml a 
mere 4 mg of the base are soluble, a solubility value not really 
worthwhile for a salt; (3) if a solid acetate were feasible it 
would, on contact with water or humid air, release the volatile 
acetic acid, and the solid drug base would be left behind. 

-· : ' 
The common-ion effect 
While the preference for preparing hydrochlorides and 
sodium salts is favoured by the physiological abundance of 
Cl- and Na+ ions, these can also bring about negative 
effects. One of them is the suppression of solubility, which 
becomes particularly apparent with hydrochlorides and 
sodium salts of moderate to low intrinsic solubility. The 
presence of additional ions of the same kind, e.g. in 
physiological saline, in the stomach and in blood, causes a 
reduction of solubility by the law of mass action. This 
'common-ion effect' depresses the solubility of teifenadine 
(7) hydrochloride in water (2 mg rnl- 1 at pH of approxi­
mately 5) down to a tenth when 0.05 M NaCl is added. The 
solubility of diclofenac 8 sodium in water (25°C) is 
21.3 mg ml- 1

, but 6.7 mg ml- 1 in physiological saline. 
Under the same conditions, the corresponding figures for 4-
(5 ,6-dimethyl-2-benzofuranyl)-piperidine hydrochloride, an 
experimental antidepressant, are 3.8 and 0.44 mg ml- 1

, 

respectively. While hydrochlorides of aliphatic amines are 
highly soluble (oxprenolol: 720 mg g- 1 solution at 25°C), 
those of cycloaliphatic and heteroaromatic nitrogen bases 
are often sparingly soluble. Numerous examples have been 
reported where hydrochloride salts exhibited lower solu­
bility than other salts. 12

-
16 Solubility and dissolution rate of 

hydrochlorides administered orally may be further sup­
pressed by the common-ion effect, 17

-
19 since the chloride 

ion is present at concentrations between 100 and 
140 mval 1- 1 in gastric fluid. 20 There are examples of 
pyrimidine derivatives whose hydrochlorides are even less 
soluble than the free bases. Bogardus and Blackwood8

•
21 

compared the intrinsic dissolution rates of doxycycline 
monohydrate and hydrochloride dihydrate in 0.1 M HCl. 
Although the hydrochloride is better soluble in water, it 
dissolved six times slower than the free base form due to the 
common-ion effect. 

Due to their strength, mineral acids (and the alkali 
hydroxides) are appreciated for forming stable salts with 
very weak bases (and acids, respectively), they will be 
considered in first place, provided the above pH estimations 
would not exclude them in individual cases. Once several 
alternative salt formers have been selected, experimental 
screening will identify those rendering high solubility. 
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Tong and Whitese1122 have described a substance-sparing 
procedure. Using less than 50 mg of investigational 
material, they exemplified their in situ salt screening 
method with GW1818X, a basic drug candidate (a 
piperidine base, pK. = 8.02; relative molar mass 571.60) 
having a solubility of 4.4 mg 1- 1 in water. They investigated 
the solubilities of six salts using 0.1 M aqueous solutions of 
HC!, methanesulfonic, phosphoric, citric, succinic and 
tartaric acids and simultaneously characterized the excess 
materials that were crystalline except for the oily citrate and 
tartrate residues. The rank order of solubility in water 
(mg ml- 1

) found with the salt samples subsequently 
prepared in gram amounts, was as follows: mesylate (9.2) 
> phosphate (6.8) > succinate (2.9) > hydrochloride 
(1.2). However, the initial screening had already shown that 
the intrinsic solubility of the phosphate salt, which was 
reached at a lower pH (i.e. in region II), had indeed the 
highest solubility (13.5 mg ml- 1

) in the series, as was 
already found by in situ screening. 

Predictability of salt solubility 
Given an acidic or basic drug, the straightforward 
determination of the salt forming partner leading to a salt 
with the desired water solubility would be highly desirable. 
However, so far the predictive tools for estimating solubility 
based on the structure of the constituting ions are not at 
hand. Although some empirical structure-solubility 
relationships have been studied within closely related drug 
series, or with the salts of a given drug with a series of salt­
forming ions, the phannaceutical scientist is left with 
empirical tendencies or rank orders. So often, the highest 
solubilities are achieved with mesylates, lactates and salts of 
polyhydroxy acids of basic drugs, and with the potassium, 
tromethamine, meglumine and arginine salts of acidic 
drugs. Figure 35. l reflects a typical rank order. As an 
additional observation, the series of diclofenac salts 
presented in Table 35.3 demonstrates the nonuniform 
temperature dependence of solubility even in a series of 
closely related members. In Fig. 35.8, linear solubility 
profiles of terfenadine 1 are shown, obtained with four 
different acids; the few experimental points are sup­
plemented with theoretical curves. The frequently encoun­
tered rank order: lactate > methanesulfonate > 
hydrochloride > phosphate is found in this example. 
Here also the common-ion effect becomes dominant 
towards the low pH end of the profile because ( I) for 
reaching the low pH values, the acid concentration of the 
respective acid has to be increased, which also raises the 
concentration of the respective anion; and (2) the 
overall level of solubility of this drug is rather low. 
Nevertheless, sometimes surprising changes of rank orders 
may be found, as in the example of GW1818X mentioned 

BNSDOCID: <XP ___ 2566271A_L> 

Preparation of Water-Soluble Compounds Through Salt Formation 609 

Table 35.3 Solubility of diclofenac salts in water 

Salt 25°C pH 37°C pH 

Diclofenac (acid) 0.0071 5.8 0.0120 6.9 
Calcium 0.58 6.8 0.62 6.8 
Sodium 19.08 7.8 22.5 7.8 
Potassium 47.05 7.8 120.5 8.2 
Ethylenediamine 1.76 7.2 2.86 7.2 
Diethylamine 13.95 7.6 18.3 7.6 
Meglumine 14.5 8.0 15.9 7.6 
HEP' 44.7 8.3 484 7.8 

Solubility (mg ml- 1
) is expressed as.the free acid; the pH of the saturated 

solution is given. 
a l-deoxy-1-(methylamino)-o-glucitol. 
b2-pyrrolidino-2-ethanol. 

above with the highly soluble phosphate salt, whereas most 
phosphates are rather sparingly soluble. 

The solubility of salts is determined by ( 1) the 
interactions of the drug ions among themselves; and 
(2) between themselves and their counter-ions in the crystal 
lattice of the solid salt, represented by the lattice energy 
6.G1auice; (3) between each sort of ions and water, expressed 
as the solvation energies of the cation liGcalion, and of the 
anion, 6.Ganion• The molar free energy of solution, 6.Gsoluilom 
is the balance between those interactions: 

liGsolution = LlGcation + LlG,mion - 6.Glattice ( 17) 
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Fig. 35.8 pH profiles of the solubility of terfenadine with 
different acids. ( Redrawn from Streng. et al. 15
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In principle both the lattice energy and the hydration 
energies increase with an increase in cation or anion charge 
and decrease with an increase in ionic radius. They are also 
expected to increase with the polarity or with the hydrogen­
bonding nature of the counterion. The overall effect of a 
given structural change on water solubility will depend on 
which terms, the lattice energy or the hydration energies, are 
more sensitive to the change in structure. Due to the 
complexity of drug molecules and in consequence, 
the multitude of the number and nature of interactions, the 
contribution of each term cannot yet be reliably estimated. 

Anderson and Conradi23 studied the effect of six 
ammonium salts of fturbiprofen 9, differing in the hydro­
phobicity of the cation, on the water solubility. The 
solubility correlated well with the melting point of the 
salts, but the tromethamine salt with the most hydrophilic 
cation ranked only third in solubility. Chowhan6 in his 
investigation of the sodium, potassium, magnesium and 
calcium salts of four carboxylic acids found that even the 
rank order of the salts of this cation series is not uniform. 
The result of a study on the sodium salts of 11 drugs, 
Rubino24 confirms the correlation of melting point and salt 
solubility. How the melting point and other characteristics 
can be used to guide the process leading towards a salt of 
desired properties is presented in Table 35.4. 

Other criteria 
Not only physicochemical but also safety aspects can play a 
role when the decision is made as to which salt formers to 
include in a search for the optimum salt. Acids and bases 
that are traditionally in use for preparing salts are regarded 
as biologically 'inert'. However, not all of them are entirely 
indifferent. Some of them are indeed inert, such as the 
chloride, phosphate, or sodium ions. As an example, sodium 
ions are well tolerated, whereas elevated concentrations of 
potassium ions can cause local necrosis of the mucosa of the 
gastrointestinal tract. Salicylic acid, though formerly some­
times used as counter-ion, has its own pharmacological 
activity and can therefore not be regarded as an inert salt 
former. The route of administration, the prospective doses 
or concentrations, the therapeutic area of the drug candidate 
and the expected treatment regimen (acute or chronic) 
need to be taken into account even at this early stage. A 
comprehensive compilation of salt-forming acids and bases 
and their characteristics is found in Stahl and Wermuth. 1 

IV OBTAINING SOLID SALTS 

A Some principles and practical 
considerations of preparation 

Based on pH profiles of solubility, aqueous solutions can be 
prepared by adjusting the pH with a suitable acid or base in 
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concentrations just necessary to achieve a solution, be it for 
immediate use for tests by the biologist, as well as for 
developing injectable formulations by the pharmacist. This 
is even done in production scale in pharmaceutical 
manufacturing if solutions are the final product, or if for 
some reason it is preferred to produce, isolate and store the 
free drug acid (or base). However, while in solubility 
screening experiments certain salt-forming acids or bases, 
respectively, may prove suitable for increasing solubility in 
water by pH adjustment, this is not the m_1ly requirement to 
be met for salt formation. In addition, conditions must be 
found for preparing and isolating a salt. After all the 
resulting solid is expected to be a physically stable and 
stoichiometrically reproducible product. 

To this end, the process of salt formation is performed 
preferably in nonaqueous media. No drug salt can be 
isolated under conditions where it is fully ionized. Ion pairs 
constituting the salt need an environment that suppresses 
dissociation as much as possible. Drug substance and salt­
forming agent are dissolved separately in solvents of 
moderate polarity, e.g. alcohols, esters, ethers and ketones. 
If one of the components is available in aqueous solution 
only (e.g. phosphorous acid), the other solvent should be 
water-miscible. While the solutions of the components are 
gradually mixed, the salt frequently starts to precipitate. If 
not, crystallization may be induced by raising the degree of 
supersaturation, which can be effected by cooling, by 
evaporating the solvent or by slow addition of a miscible 
anti-solvent (nonsolvent), or by a combination of these 
measures. 

The preparation of salts is illustrated by two, example 
procedures for a hydrochloride salt and for a sodium salt. 

Cyclopentamine hydrochloride 10: 141 g ( 1 mol) I -
cyclopentyl-2-methylaminopropane ( = cyclopentamine) 
are dissolved in 500 ml of dry ether. Dry hydrogen chloride 
is passed into the solution until the weight of the mixture has 
increased by 36 g. During the addition of the hydrogen 
chloride, the hydrochloride salt of cyclopentamine precipi­
tates as a white powder. The salt is filtered off and washed 
with dry ether. Cyclopentamine hydrochloride thus pre­
pared melts at about ll3-115°C. The yield is practically 
quantitative. 

An:ifenac sodium 11: A stirred solution of 111 g 
(0.43 mo!) of 2-amino-3-benzoyl-phenylacetic acid ( = 
amfenac} in 777 ml of tetrahydrofuran is treated with 31.3 g 
(0.39 mo!) of 50% NaOH. After cooling the solution at 0°C 
for 3 h, the solid which precipitates is collected by filtration 
to yield 64 g (56%) of the expected sodium salt, m.p. 245-
2520C. An analytical sample is obtained by dissolving 1.0 g 
of the crude salt in IO ml of 95% EtOH and treating the 
solution with 5 ml of isopropyl ether. The pure sodium salt 
precipitates slowly to yield 0.9 g of yellow solid, m.p. 254-
255.50C. 
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Table 35.4 Manipulating characteristics of basic drugs by change of salt form 

Charac1eristic Direction of change Direc1ion of change 

Melting point Decrease Increase 
Action to achieve change Use more flexible aliphatic acids with aromatic bases 

2 Move to more highly substituted acids that destroy 
crystal symmetry 

I Use small counter ions. e.g. Cl-
2 If aromatic base use aromatic anions 
3 If base has hydrogen bonding properties 

use small hydroxy carboxylic acids 

Consequences of change 

Solubiliry, dissolution rate 
Action to achieve change 

I Increases solubility 
2 May form noncrystallizing liquid 

(rarely possible, rarely desired!) 

Increase 
l Decrease melting point 

I Decreases solubility 
2 Reduces processing problems 

Decrease 
I Increase melting point 

2 Decrease pK0 and increase soly. of acid 
3 Increase hydroxylation of acid 

2 Increase hydrophobicity of acid 

Consequences of change 

Stabiliry 
Action to achieve change 

Consequences of change 

We1wbili1y 
Action to achieve change 

4 Move to small organic acid in case of 
common ion effect 

Increases bioavailability 
2 Enables possibly liquid formulation 

Decrease 

Decrease 
Increase hydrophobicity of acid 

Suspensions physically more stable 
(reduced rate of particle growth) 

2 Solid dosage forms: retarded release 

Increase 
l Increase hydrophobicity of acid 
2 Use carboxylic rather than sulfonic 

or mineral acids 
3 (in case of acid-labile a.s. base:) Use acid of 

higher pKa to reduce pH of adsorbed water 
4 Decrease solubility 
5 Increase crystallini ty 

I Reduces hygroscopicity 
2 Improves resistance to attack by 

environmental agents 

l11crease 
1 Increase polarity of counterion 
2 Use acid with high degree of hydroxylation 
3 Use acid of lower pK0 

4 Attempt recrystallization from d:fferent 
solvents to alter crystal habit 

Consequences of change Reduces degree of hygroscopicity/deliquescence fmproves dissolution and bioavailabllity 

Adapted from Gould. 11 

In the crystallization of salts, water may assume different 
roles. At times, the presence of traces up to stoichiometrical 
amounts may favour crystallization, in particular if 
preferably a hydrated salt form has a strong tendency to 

crystallize. ln other cases. strictly anhydrous conditions may 
be mandatory which should be observed with highly water­
soluble salts. Also, if salt formation of very weakly acidic 
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(basic) substances with strong bases (acids) is intended the 
presence of water would cause partly protolytic dispropor­
tionation of the salt, then the result would be a salt 
contaminated with the free acid (base) form of the drug 
substance. 

A series of typical preparative procedures for salt 
formation can be found in Wermuth and Stah!. 25 
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B Solid-state properties 

Polymorphism and hydrate formation 
A salt, once isolated, may maintain its physical properties 
for long periods of storage, and repeated observations would 
render the same characteristics, e.g. melting point, or 
solubility. However, many salts are not only able to 
crystallize in different crystal forms but also may transform 
from one form to a different one even in the solid state: they 
exhibit the phenomenon of polymorphism. In addition, 
more frequently than with nonelectrolytes, pseudopoly­
morphism is encountered: the stoichiometric inclusion of 
solvent molecules in the crystal lattice producing solvates, 
and in particular hydrates, if the solvent is water. Such 
variations of a drug's solid state are highly important for the 
manufacturing of solid and semisolid dosage forms since the 
different forms differ in all their substance parameters and 
properties, including solubility and dissolution. Once they 
are encountered, both, po]ymorphs and hydrates, can 
become disturbing, especia]ly if one form transforms to a 
different one during production. A consequence may then be 
that the final drug substance or salt cannot be delivered 
reproducibly in the same form. Transformation of poly­
morphs can also take place during storage of the substance, 
or during processing, manufacturing or storage of dosage 
forms. Therefore, the thermodynamically most stable form 
is preferred. This also includes stable hydrates or stable 
anhydrates, where 'stable' means that within acceptable 
ranges of storage and processing temperatures and humid­
ity, no change will take place with respect to the crysta] 
polymorphic state or the degree of hydration. Anhydrous 
material can form hydrates on contact with water or when 
exposed to humid air. Generally, hydrates are less soluble in 
water than the corresponding anhydrates. (One of the very 
rare exceptions to this rule is reported in Kristi et al. 26) 

Although salt hydrates usually form rapidly, the rate of their 
formation can vary widely, taking from minutes to months. 
Thus, the solubility and dissolution rate of an anhydrous salt 
can be initially high, leading to supersaturation with respect 
to a hydrate which might appear with delay, whereupon the 
concentration in a solution drops as the hydrate crystallizes, 
or a dissolution process would slow down due to the 
transformation of the undissolved anhydrous solid to a 
hydrate. Equilibria of hydrate formation in humid air are 
graphically presented as water sorption isotherms as shown 
in Fig. 35.9 for the potassium salt of diclofenac 8. When 
exposed to stepwise increasing humidity, this salt takes up 
4 mol of water, once 60% relative humidity is exceeded. 
Whereas in other cases, a hydrate would revert to the 
anhydrate if the humidity drops below the same minimum 
value when it has been formed (in this case, below 60%), 
this sorption isotherm exhibits hysteresis: the salt hydrate 
retains water even at lower humidity. Only below 40% is the 
hydrate water lost completely. The question must be asked 
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Fig. 35.9 Water sorption isotherm (23°C) of diclofenac 
potassium at atmospheric pressure. Full circles, adsorp­
tion; empty circles, desorption. 

whether the propensity to form a hydrate might interfere 
with, for example, tablet production. For this particular case 
the following consideration leads to the conclusion that no 
interference would occur. If a wet granulation process is 
applied to form a homogeneous granular mass for 
producing tablets, an aqueous binder solution is worked 
into the powder mixture consisting of the drug salt and 
excipients. Clearly, the tetrahydrate is intermediatedly 
formed during this procedure. Checking the sorption 
isotherm against the temperature and humidity conditions 
of the subsequent drying of the wet granulation at a 
temperature above 60°C it can be concluded that the drying 
process not only removes the excess water introduced by the 
binder solution, but also the hydrate water completely. 
However, when the intermediate tablet mass is further 
processed, care must be taken that the humidity in the 
manufacturing facility is controlled to values below 60% so 
that the anhydrous state will be maintained, and the final 
tablet product will be sealed in blister packs. This example 
can make clear that hydrates are not generally prohibitive in 
drug product development and manufacture, if the climatic 
stability ranges of the different forms of the particular 
substance are sufficiently known and such climatic con­
ditions are applied as to avoid transformations. 

Chemical stability 
The salt form can have an effect on the chemical stability of 
the drug. If a potentially reactive salt-forming agent has 
been chosen unwittingly the resulting salt may decompose 
under certain conditions. Such cases have been reported for 
fumarate and maleate salts. A pH-dependent adduct for­
mation with maximum reactivity at pH= 5 took place wi1h 
the dimaleate of the development compound POE-7762928 
(two basic nitrogens; pK0 , 1 = 4.3; pKu.2 = I 0.6).27 Further. 
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with the selective serotonin reuptake inhibitor seproxetine 
( = S-norfluoxetine: 12) maleate hemihydrate, the inter­
nction of the primary amine group with the anion in aqueous 
solution (optimum pH range 5.5-8.5) resulted in adduct 
formation. 28 

The stability in the solid state of the free acid and 
three salts of a prostaglandin derivative were compared on 
samples stored at 33°C, protected from light. After 
2 months, > IO% of the acid, > 50% of the sodium 
salt, < 2% of the potassium salt and 2-3% of the Tris 
(= tromethamine) salt were decomposed. The surpris­
ingly large differences could be correlated neither with 
the water solubility nor with the melting point.29 

PoweU30 found a dramatic difference in stability between 
the phosphate and the sulfate salts of codeine in solution at 
room temperature. Whereas the phosphate solution had a 
shelf life of 1.1 years, the extrapolated shelf life of the 
wlfate was 44 years. The low stability of the former was 
ascribed to a catalytic effect of the phosphate anion on the 
degradation of codeine. 

These few examples underline the importance of the 
stability aspect of salt selection. 

V CRITERIA FOR SALT SELECTION 

The selection of the final salt form must take into account 
that each one of the different salts of a drug candidate has 
its own profile of properties, and an ideal profile would 
match the biopharmaceutical and technological require­
ments for a particular dosage form and route of adminis­
tration. Rarely high solubility can be the only criterion of 
decision. In addition, the requirements of the envisaged 
dosage form need to be respected. For example, a salt with 
the highest solubility, but a pH of 2.8 for the saturated 
solution in water, might be corrosive to tableting machin­
ery ,31 which would prec1ude manufacturing of a 200-mg 
tablet product. So the decision could vote for a less soluble, 
but also less aggressive salt. In contrast, for preparing an 
injectable solution such a low pH could be tolerated if the 
solution is designed for administration by addition to an 
intravenous infusion. A step-wise route to salt selection has 
been proposed by Morris and coworkers. 32 Often the result 
of the decision process is a compromise between several 
competing property profiles, or if one salt form is intended 
to be used in different dosage forms. 

A Essential parameters and properties 

Here are summarized the essential factors that constitute the 
pharmaceutically relevant profile of a drug candidate and 
hence for any salt in consideration. 
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The solubility (pH profile) should be as high as possible 
for injectables, moderate for peroral dosage forms. 

Hygroscopicity, the adsorptive uptake and release of 
water or the deliquescence of highly soluble salts, can be 
decisive for technical problems. As an example, sodium 
valproate. used as an anticonvulsi ve, deliquesces at 
humidity ==::43% relative humidity and therefore requires 
special precautions during processing for solid dosage 
forms. 

The propensity to form hydrates in water or in humid air 
must be known. If hydrates form, the conditions of 
formation and the climatic range (temperature, humidity) 
of stability must be known, and the compatibility of both for 
the form to be chosen must be assessed. 

Morphic state: It must be clear whether the salt is 
monomorphic or polymorphic. If it is polymorphic, the 
relationship between the polymorphic forms (monotropic, 
enantiotropic), their relative thermodynamic stability (stable 
or metastable at room temperature) and the temperature 
range of their physical stability need to be clarified. 

Crystallinity: The degree of crystallinity must be known. 
Amorphous materials are thermodynamically not stable, 
and stabilization is likely to take place under a broad range 
of conditions and half-life times. The morphology and 
crystal habit is of interest for mechanical processing 
procedures such as milling, mixing, powder flow and 
compression. 

Melting point: A melting point lower than approximately 
I00°C can cause problems during mechanical handling 
and processing. In particular, melting or lumping can occur 
when comminution by milling is attempted. 

Chemical stability under a variety of macro- and micro­
environmental conditions is a highly critical property 
determining the expected shelf life of products. The 
stability of the bulk solid and in solution must be studied, 
whereby the influence of environmental factors (pH, 
temperature, humidity, oxygen, light) and including the 
presence of various excipients on drug stability must be 
established. 

Corrosiveness: salts of weak bases with strong acids 
need to be tested whether or not they are corrosive on 
tableting tools. 

Such profiles are studied in preformulation programs,33 

but some of the properties must already be known before 
the decision for the final salt form is made. A change of the 
salt form of a drug substance at later stages of product 
development must be avoided. Otherwise, many essential 
studies would then have to be repeated with the new salt at 
a cost of additional time and resources. Besides the 
essential parameters and properties of immediate pharma­
ceutical-technological and biopharmaceutical interest men­
tioned above, further issues may have to be considered in 
the final decision concerning other areas: ( l) chemical 
processing, handling and economy: the yield and quality of 
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crystallization, of milling; in addition, the equivalent mass 
ratio active entiry:salt can play a role, if a drug is likely to 
be used in high doses, because a large counter-ion could 
cause unwieldy large doses to be administered; (2) patent 
aspects: physical and chemical variations of a drug 
substance can be employed for extending the proprietary 
substance protection by a suitable strategy of patent 
application for salt forms or crystal modifications that are 
characterized by particularly advantageous (pharmaceuti­
cal, biophannaceutical, medical or technical) properties 
and can open up new areas of application. It should be 
mentioned that salt formation is not only used to improve 
solubility, but also for reducing solubility. Thus, sparingly 
soluble salts can be used for developing peroral slow­
release drug products. Typical applications are the 
pamoates ( = embonates) of imipramine, pyrantel, pyrvi­
nium and others; also the resinates, in which the drug 
substance is loaded on an ion exchanger.34

•
35 Salmeterol 

xinafoare 13 (= 1-hydroxy-2-naphthoate) is an example of 
tailoring the properties of a bronchodilating beta-stimulant 
by means of salt formation to an optimum performance in 
inhalation. The sparingly soluble xinafoate salt dissolves 
slowly thereby contributing to the long-acting properties of 
the drug substance. At the same time, mucosa! irritation by 
osmotic effects is avoided. 
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ABSTRACT: Al ' • , .... , . ,11s.t~ry.ot cocrys1als reported in the literature prior to the year '.WOO is presented. Concentration is on cocrystals 
lhctl cuutdm on!) 01gdrnc components, not mcludmg species commonly referred to as solvates and clathrates. However brief 
1.nent1~'.1 1s. mad.~ of some cocrystals containing botb organic and inorganic components. The discovery and early hist;ry of 
coc1 ystals a1e d.1scussed. with emphasis on centers of activity. Numerous examples are then utilized to illustrate the structural 
vanety and utJltty of cocrystals described in the literature. 

Introduction 

There is a vast amount of information in the chemical 
literature related to cocrystals. It is, however, widclv dis­
persed. In addition, (here have always been, and re-main, 
multiple te1111s used lo describe multicomponent crystals. 
For those reasons, a comprehensive history of cocrystals 
would be an undertaking beyond the scope of this article. 
Insiead. only work published prior to 2000 is reviewed herein. 
Emphasis will be on early history, centers of activity, and 
example~ selected to illustrate various types of cocrystals and 
their uses. 

I wil I define a cocrystal as I have in the past, as a crystalline 
structure with unique properties that is made up of two or 
more components. A component may be an atom, ionic 
compound, or molecule. 1 A better, more precise description 
of a component is the one utilized in Gibbs theory. stated by 
Kit,tigorodsky as'· ... a constituent part of a system, sucb thc{t 
its composition, at least in oue state of aggregation, does not 
depend on the concentration or the other parts."2 Using that 
broad definition, species such as hydrates, solvates, and 
clathrates are cocrystals. Hydrates and solvates are multi­
component crystals in which one component is water or an 
organic compound used as a solvent, respectively. The term 
clathrate, introduced by Powell in l 948, 3 refers to cocrystals in 
which one component is contained in spaces within the crvstal 
structure of the second component. The crystallizing 'sub­
stance is commonly called the host and the substance con­
tained in the spaces is commonly called the guest. A well­
known host molecule is urea, which crystallizes in helices in 
order to maximize hydrogen bonding. The helices are hollow, 
and many structurally diverse molecules can reside in the 
voids. It should be noted that urea also is known to form non­
clathrnte. stoichiometric cocrystals. 

It is important to realize. however, that the cocrvstal 
definition f have adopted for this Perspective represent; my 
opinion. Different views have been expressed regarding no­
menclature and classification of crystals containing multiple 
components. Kitaigorodsky, in the preface to his 1986 book, 
Afixed Crystals, noted that the title would denote different 
things to different people, and that it could be applied to both 
" ... crystals composed of different molecules and also to solids 

*To whom correspondence should be addressed. E-mail: pstahly(~!..; 
uicliniclabs.com. 
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that are a mixture of crys1als with different structures."4 

\Vhere I use the tern, "cocrystal", others have advocated the 
use of "co-crystal",5 "molecular complex", 6 or '"multi-com­
ponent molecular crystal".7 Some prefer to define cocrystals 
as structures made up of components which are themselves 
crystnlline solids at room tempcraturc. 8 Using that classifica­
tion scheme, cocrystals (both components are solid at room 
temperature) and solvates (one component is liquid at room 
temperature) become subsets of the broader class of multi­
component crystab. 

Historically, one finds variations on the terms ··compound" 
or "complex" frequently used in the literature to describe 
cocrystals: but other names are also employed. Quinhydrone 
was descnb~d as a compound containing molecular propor­
tions of qumonc and quinol by its discoverer. 9 [t was later 
called a molecular compound, 10 

,1s were related subs lances 
containing halogenated species. 11 Cocrystals containing two 
different benzoins in equimolar amounts were found to' form 
readily and were called addition compounds. 12 The structure 
of a crystal containing 1-rnethylthymine and 9-methyladenine 
in a 1: I molar rntio was determined from X-rav c!iffraction 
measurements and was described m the report as

0

a hydrogen­
bonded compiex. 13 \Venner, in studying the reactions of 
ascorbic acids with weak amine bases, found that L-ascorbic 
acid and D-isoascorbic acid combine with nicotinamide to 
form definite compounds, and concluded that " ... we think it 
incorrect to name the new compounds "salts", and hence refer 
to the combinalion of L-ascorbic acid and nicotinamidc as 
"nicotinamide-L-ascorbic acid complex" rather than calling it 
"nicotim1mide 1.-ascorbate". 14 A cocrystal containing a 2.: l 
ratio of pyrene and pyromellitic dianhydride was called a 
molecular complex, 15 and one containing a 2: J ratio of 
hexamethylbenzene and tetraeyanoethylene was called a so­
lid-~tate complex:. 16 Kitaigorodsky used the term "mixed 
molecular crystals" to describe both solid solutions and what 
he called molecular compounds. 17 Recently, cocrystals of 
fullerenes and cu bane were called heteromolecular crystals. 18 

Terms used to describe the components in a multicompo­
nent crystal have also varied in the literature. Often in the case 
of cocrystals there is a central molecule of interest that is 
cocrystallized with various other components. T n those cases, 
t,he secondary component has been referred to as the cocrystal 
former (coformer for short), ligand, or guest (as in clathrates 
as described above). I will use the term coformer herein. 
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Figure I. Quinhydrone (3) structures proposed by Jackson and 
Oenslager (a), 22 Wi\lslatler and Piccard (b),21 and Posner (c).24 

Thus, it is recognized that the issues of nomenclature and 
classification of cocrystals are not settled. Neither a cornpre-­
hensive review of those issues nor discussion of the merits of 
proposals that have appeared in the literature arc undertaken 
in this Perspective. Instead, the focus is on the structural 
vci riety of molecules that have been found to fonn cocrystals 
and how cocrystals have been used. Selected examples are 
presented; a comprehensive listing of cocrystals known prior 
to 2000 is not intended. My hope is that the Perspective will 
cause researchers t!iac are currently active in the field of 
cocrystals to pause and look back at literature that may be 
easily forgotten in the rnce 10 new technologies. 

The cocrystals that are the primary subject of this Perspec­
tive are those containing only organic components, though 
brief 1nentio11 will be made of some cocrystals containing both 
organic and inorganic components. However, hydrn1es, sol­
vates, clathrates, and cocrystals containing components such 
as mineral acids, halogens, and inorganic molecules such as 
hydrogen peroxide, as well as compounds best described as 
metal coordination complexes, are not included. Tbe criterion 
used to identify solvates for exclusion is that one component is 
,m organic compound commonly used as a solvent. That is, of 
course, a subjective criterion, and is based only on my 
experience and opinion. 

Cocrystals Containing All Organic Components 

The first organie:organic cocrystal was reported by \Vohler 
in 1844 during studies on quinone.9 He found that by mixing 
solutions of quinone ( l) and "colorless" hydroquinone (also 
called quinol, 2), a crystalline substance was forn,ed that he 
called "green hydroquinone". That be described as one of the 
finest materials known to organic chemistry, similar to mur­
exide (the ammonium salt of purpuric acid) but even surpass­
ing it in splendor and beauty of color .1

\' On the basis or 
chemical behaviors and elemental analyses, Wohler con­
cluded tbat green hydroquinone was made up of a I :I molar 
combination ofl and 2. 

Following the initial publication, there appeared in the litera­
rnre a series of papers describing analyses of the new material, 
and for a while a controversy about its makeup existed. Most 
data supported \:Vohler's view that quinone and hydroquinonc 
were present in a 1: 1 molar ratio, but Wicbelhaus believed the 
ratio to be 2:l. Ultimately, the 1: I 5toichiometry was found lo be 
correct. Ling and Baker published a short history of the dispute 
as well as their own work in which several rcla ted cocrysta Is were 
made from halogenated q uinones. 10 They referred to green 
hydroquinone as quinhydrone (3), a name which apparently 
originated prior to publication of their paper, and described it as 
'·a molecular compound of quinone and quinol". 
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Figure 2. The structures of quinonc .. hydroquinone, and quinby­
drone. 

Remember that X-ray diffraction analysis was unavailable 
at thal 1 irne. X-rays were discovered by Rontgen in 1895, and 
were used lo solve the first crystal structure. of sodium 
chloride, in 1914.1° It was not until 1923 that the first full 
X-ray structure solution of an organic molecule, hexamethyl­
tetrnrnine, was puhlished.21 Therefore, chemists were unsure 
of the types of intermolecular chemical bonds holding quin­
hydrone together, not knowing if they were covalent, ionic. or 
dipole in nature. Some of the structures proposed are shown in 
Figure 1. 

Early X-ray diffraction studies of 3 conducted in tbe 1930s 
,md 1940s confirmed the existence of discrete quinone and 
hydroquinone moietics.25 On the basis of the unit cell infor­
mation obtained. ;r-stacking of the rings was deduced. It was 
not until 1958 that the full structure of a monoclinic quinhy­
drone crystal was published.2<, Quinone and hydroquinone 
molecules were found to alternate in Ligzag chains beld 
together by 0- H · · · 0 hydrogen bonds. The planar mole­
cules pack parallel to one another, with an intermolecular 
distance considerably shorter than those found in many other 
crystals of aromatic compounds. That Jr-stacking interaction 
was suggested to be responsible for the high density of 3 
( I .40 g/cm1

) compared to l ( 1.32 g/crn3
) and 2 (I. :n g/cm1

), as 
well as its color. The monoclinic structure was redetermined in 
1 %527 and the crystal structure of a polymorphic, triclinic 
form of quinhydrone was published in 1968.28 Figure 2 shows 
the chemical structures of 1 and 2, as well as the packing 
diagram of lbe monoclinic form of 3.29 

After the discovery of quinhydrone, researchers began to 
seek other types of organic cocry~tals. In the late l 800s and 
early 1900s, many were discovered. One of the more prolific 
researchers during that time was German chemist Paul Pfeif­
fer, who in 1922 published his book Organise/Jc Molekulver­
bindungen (Organic Molecular Compoands). 30 Most of that 
book is made up of two sections, one covering cocrystals 
conrnining a mixture of inorganic and organic components 
(Anorganisch-organischc Molekulverbindungen) and a sec• 
ond covering cocrystals containing all organic components 
(Rein organische Molekulverbindungen). A part or each 
section is a listing of the cocrystals that bad been reported 
prior lo the book's publication. Most oft be inorganic:organic 
cocrystals listed fall outside the scope of this paper, as they are 
best classified as solvates or metal coordination complexes. 
However, some of those fall into cla~ses that will be briefly 
discussed later, namely, carboxylic acids cocrystal!ized 
\Vith alkali metal carboxylate salts and organic molecules 
cocrystallized with simple alkali metal or ammonium scilts. 

The Rein organische Molekulverbindungcn section lists 
just over 300 cocrystals. Almost all contain aromatic com­
pounds. and well over half contain di- or trinitro aromatic 
compounds. l ,3,5-Trinitrobenzene, picric acid ( l-hydroxy-
2 ,4,6-tri nitrobenzene), and picryl chloride ( 1-chloro-2,4, 
6-trinitrobenzene) readily cocrystallize with both functiona­
lized and unfunctionalized arom2.t.ics, including polycyclic 
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Chart I. Some Cocrystals Containing Commercially Important Compounds Reported by Pfeiffer in 1922 

Component i Component 2 

~H, 

phenol, 2-mcthylphenoL 3-methylphenol, 4-methylphenol, 2-

propylphscnol. 2-rnethoxyphenol, pyrocatecho!. resorcinol, 

H,C 

4 

hydroquinone, 1-naphthol, 2-naphthol, 1,2,3-benzenetriol. 

hydroxybcnzoic acid, methyl 2-hydroxybenzoute 

2-rnethylphenol, 3-methy !phenol. 4-methylphenol, 

hydroxymethylphenol, 2--methoxyphenol, pyrocatecb.oL 

resorcinol, hydroquinone. 5-rnethylresordnol, 1,2,3-benzenetriol, 

5 l ,3,5-bcnzenetriol. rnelhyl 3-amino-4-hydroxybenzoa!e 

phenol, 2-mcthoxy-4-ally !phenol. 2,4,6-1.rihromophenol, 

pyrocatechol. resorcinol 

aromatic hydrocarbons. aromatic amines. aromatic alcohols, 
halogenated aromatics, aromatic heterocyclic compounds 
containing nitrogen or oxygen. aromatic ketoncs. aromatic 
aldehydcs. and aromatic acids. About 80 cocrystals in which 
one component was benzoquinone or a related compound 
were listed. Coformers in those cases were mostly aromatic 
alcohols or amines. 

A nothcr class of molecules that readily form cocrystals are 
aromatic alcohols such as phenols and naphthols. Coformers 
include aromatic amines, nitrogen-containing heterocyclic 
aromatics, ureas, and <1celamide. Some interesting examples 
of cocryslals containing aromatic alcohols are those contain­
ing commercially important compounds ,is one of the com­
ponents. Eucalyptol (4), isolated from Lhe blue gum tree 
(l:.:ucalyptus globulus), is used in flavorings., fragrances, and 
cosrnctics because of its aroma and taste. Fourteen eucalyptol­
containing cocrystals were listed by Pfeiffer (Chart I). The faci 
that. eucalyptol has no aromatic moieties is noteworthy. The 
finding of such cocrystals taught that :-T-stacking interactions 
between component.sis not necessary for cocrystal formation. 
Also listed were 12 cocrystals containing the analgesic anti­
pyrine (5) and five cocrystals containing the antimalaria 
compound quinine (6) (Chart I). 

It is interesting that a number ofcocrystals ors are included 
in the 1895 phannaceutical text A-fodem lvfateria Medica (4th 
edition). Two 5 • resorcinol cocryslals, one called resopyrine 
and the other called resorcylalgin, are mentioned, but no 
discussion of the structural difference between them is given .31 

The 5 · 1.2,3-benzentriol (pyrogallol) cocrystal is called pyro­
gallopyrine.32 A cocrystal of 5 and 2-naphthol. which had 
been described in the liternture33 but apparently was not 
included in Pfeiffor's book, was given the name naphthopyrin 
and desciibed as one of several phenol compounds of 5. 34 

Although it appears that the 2-naphthol-containing cocrystal 
was not administered to humans, ,H least prior to pL1blication 
of the fourth edition of Modern lvfateria !vledica, it was not 
because of concern about the pharmaceutical acceptability of 

2-naphthol. The description of naphthols in tha1 book in­
cludes the following: '"Internally doses of 5 to 8 grains, several 
times a day, have been recommended for intestinal disinfec­
tion, especially in typhus (Robin and others). In chronic 
diarroea very good results have followed its administration 
(Ewald)_" A cocrystal of 5 and chloral. called hypnal, was 
described as tasteless and odorless needles melting at 58-
60 °C, and was reported to alleviate pain and produce quiet 
sleep when given lo patients with troublesome coughs.35 The 
related cocrystal containing 5 and butylcbloral, called butyl­
hypnal, \vas reported to exist as colorless needles melting at 
70 °C.35 1\1igrnnine was described as a preparation containing 
four components in fixed proportions, 89.4% 5, 8.2% caf­
feine, 0.56% citric acid, and 1.84% water.36 It was stated, 
however, that whether the preparation was a simple mixture 
or a chemical compound was unknown. Migranine was used 
f'or treatment of migraine headaches, and "never failed to 
ward off attacks even in the most severe cases during five 
year,' experience".36 

Just after Pfoiffer's book was published, Ludwig Kofler was 
appointed professor in Lhe In,litule of Pbarmacognosy at the 
University offnnsbruck. From lhat time (1926) until his death 
in 1951, Kofler pioneered and improved Lhe art of thermal 
microscopy. Kofler, his wife Adelheid Kofler, and their 
colleague, Maria Kulmert-Brandstatter (nee Brandstatter). 
investigated hundreds of organic molecules using that techni­
que, and authored nearly 250 publications describing their 
work. Some of those publications describe use of the "contact 
method" to determine phase diagrams or binary or ternary 
mixtures of organic compouncb. 37 In the contact method, two 
small portions of different crystalline substances are sequen­
tially melted and resolidified on a rnicrosrnpe slide so that a set 
of two thin crystalline films having a zone ofcontact is created. 
By slow heating of that preparation under the microscope, 
melting of various portions can be observed and the binary 
phase diagram is revealed. For example, two substances which 
do not inleract exhibit a low-melting zone at a specific 
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Figure 3. The relationship between contact preparation melting behaviors, shown in the bottom pictures, to melting point bi1rnry phase 
diagrams, shown in the top pictures. 

composition, called the eutectic. That is illustrated in the 
left side of Figure 2. On heating a contact preparation of 
hypothetical compounds A and B under the hot-stage micro­
scope, the first region to melt will be the low melting eutectic 
composition. When a single eutectic melt is observed, 
as depicted in the bottom left illustration, it indicates that 
A and B do not interact to form a cocrystal. On tbe other 
band, substances that form a cocrystal exhibit two emectics, 
between which resides the cocrystal, as shown on the bottom 
right side of Figure 3. The observance of two melting zones 
separated by solid indicates that a cocrystal of A and B has 
formed. By continuing to heat the preparation, the melting 
point of that cocrystal can be determined. The appearance of 
melting zones under the hot-stage microscope constitutes a 
direct representation of the binary melting point diagram of 
the two compounds. Binary melting point phase diagrams are 
constructed by plotting A and B composition on the X axis 
and temperature on the Y axis. Those diagrams for hypothe­
tical compounds A and B are shown in the top pictures in 
Figure 3. Note that phase behaviors of binary mixtures can be 
quite a bit more complex than the simple examples depicted in 
Figure 3. 

Using the contact method, known cocrystals were studied 
and new cocrystals were discovered. For example, the phase 
diagram for anthracene and picric acid was constructed, 38 

and the cocrystal that bad first been reported in l 867 was 
observed.39 New cocrystals of similar types reported include l­
methyl-2,4,6-triuitrobenzene·carbozole40 and l -naphthol · 2-
napbthylamine.41 Cocrystals of urea and long-chain ali­
phatic acids were studied, but those are actually clathrates 
in which a urea cage can be occupied by varying amounts of 
the coformer.42 It was found that nicotinarnide (7), \Vhich 
is part of the vitamin B group, forms cocrystals with 
earboxylic acids and a few other types of compounds. 
Two-component cocrystals were reported containing 
nicotinamide and adipic acid, azelaic acid, glutaric acid, 
palmitic acid, sebacic acid, stearic acid, suberic acid, dec~m­
edicarboxylic acid, hexadecanedicarboxylic acid, diallyl­
harbituric acid, elhvl 4-hvdroxvbenzoate, pyrocatechol, 
2,4-dinitrophenol, 2~5-dinitroph~nol, and 2,6-dinitrophe­
nol.43 Particularly interesting was the report that barbital 
(8), which was marketed as a sleeping aid from 1903 until 
the l 950s under the brand name Verona!, forms a cocrystal 
with pyramidone (9),44 Pyramidone has been used commer­
cially as an analgesic and an antipyretic. App,uently, the 
cocrystal was tested in vivo, as it is stated in the publica Lion 
that there was no difference in therapeutic activity when 

either the cocrystal or a physical mixture of the components 
was prescribed. 

~
o 

' 
NH2 

7 

Not surprisingly, cocrystals can be polymorphic. As dis­
cussed above, quinhydrone (3) exists in monoclinic and 
triclinic forms. Kofler studied the intcradions between 
l ,3,5-trinitrobcnzene or picric acid and the aromatic hydro­
carbons fluorene, naphthalene, phenanthrene, anthracene, 
1-naphthylaminc, and 2-naphthalamine. 45 Of the 12 combi­
nations, all form cocrystals, eight of which are dimorphic and 
one of which is tetramorphic. Also interesting is lhal cocrys­
tals may contain more than two components. An example is 
the structure containing 3 rnol of 4-aminobenzoic acid, l mol 
of 2,4,6-trinitrobenzoic acid, and 1 mol of 1,3 5-trinitroben­
zene, which was called a tribeteromolecular adduct.46 

During the time Pfeiffer, Kofler, Kofler, and Kuhnert­
Brandstatter were at least partially focused on cocrystals 
and phase behavior, other researchers were finding cocrystals 
serendipitously. Cloez reported an attempt to dibrominate 
cholesterol by ltdding l equiv of bromine in carbon disulfide to 
a solution of cholesterol in the same solvenl.41 'i,Vhen half of 
the bromine had been added, needles crystallized from solu­
tion, and then redissolved during addition of lbe reminder of 
the bromine. The white needles were isolated and found to be a 
1: 1 cocrystal of cholesterol and dibromocholesterol. One of 
the keys in understanding the structure was that the cocrystal 
could be prepared by crystallization from a solution contain­
ing equimular amounts of the pure components, Von Narwall 
reported a study of the reduction of cinchonine with metals.48 

Treatment of the compound with sodium or sodium amalgam 
afforded the expected hydrogenated derivatives. However, 
when he added metallic tin to a hydrochlolic acid solution of 
cinchonine the product was a 1: l cocrystal of cinchonine and 
cinchonine hydrochloride. Schroeter attempted to prepare 
benzoic acid using the relatively new Gringnard reagent.49 It 
had been reported previously that treatment of phenyl mag­
nesium iodide with carbon dioxide gave benzoic acid, But the 
reaction behaved somewhat differently when phenyl magne­
sium bromide was used, Treatment of that reagent with 
carbon dioxide, followed by acidic hydrolysis, gave a crystal-
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Figure 4. The addition of carbon dioxide to phenyl magnesium 
bromide resulted in lhe isolation of al:! cocrystal ofbenzopllenone 
and lriphenylcarbinol. 

line powder in about 6% yield. That material turned out to be 
a 1: l cocrystal of benzophenone (10) and triphenylcarbinol 
(11) which melts at 165 °C (Figure 4), app:m~ntly formed by 
continued addition of the Grignard reagent to the initially 
formed product. Szmant et al. treated 2.5-diphenyl-[1,4]­
ditbiine (12) with peracetic acid and isolated a product to 
which he tentatively assigned the structure 13.50 That assign­
ment was based on previous reports of Diels-Alder reactions 
occurring during oxidation of thiophenes. However, results 
from additional analyses of the product were inconsistent 
with structure 13.51 Identification of the product as a l:l 
cocrystal of 12 and 13 was confirmed by separation of tbe two 
components using column chromatography, as well as crystal­
lization of the cocrystal by addition of 2-propanol to a 
benzene solution containing equimolar proportions or 12 
and 13. 

12 

(~:S)Ca 
' 2 

15 16 

The potential utility of cocrystals was recognized early and 
continuously explored during the 20th century. Some cocrys­
tals considered for pharmaceutical applications were dis­
cussed earlier. A few additional examples are presented here. 
The observation that the aqueous solubility of caffeine (14) is 
increased in the presence of sodium salicylate was investigated 
by Regenbogen and SchoorL who identified what they be­
lieved to be a cocrystal or 14 and salicylic acid. 52 Ultimately, 
Schoorl isolated a hydrated cocrystal composed of one mole­
cule of 14. one sodium salicylate molecule, and five water 
molecules. 53 That cocrystal is particularly interesting in that it 
contains an un-ionized organic molecule and an organic salt, 
bearing some resemblance to the acid/acid salt class of 
cocrystals (.liscussed later. Similar cocrystals were patented 
by Czechoslovakians Oscar and Rudolf Adler, wbo are better 
known for patenting tbe use of activated carbon for water 
dechlorination. They were granted a U ,S. patent for cocrystals 
containing salts ofphenylquinoline carboxylic acids and sub­
stituted pyrazolones. 54 For example, by beating to I JO °C, 
with stirring, an equimolar mixture of c;;lcium 2-phenyl-4-
quinoline carboxylate (15) and l-phcnyl-2,3-dimethyl-4-
dimethylamino-5-pyrazolone (16) with a little water, a clear 
melt was obtained. Cooling of the melt gave the 1: 1 cocrystal. 
which they called a molecular compound. The claimed 

Stahly 

cocrystals were described as " ... particularly suitable in cases 
of true gout with inf1ammatory joint manifestations, uratic 
diathesis, chronic joint disorders, or chronic arthritis when 
administered through the mouth with 3-4 doses of0.5-0.6 g 
per day." Another example of a cocrystal containing an 
organic salt und an organic molecule was patented by Zell­
ner.55 He found that c;iffeine (14) and theophylline cocrystal­
lized with sodium 2-naphthylacetic acid. and claimed that 
'·The new molecular compounds have the advantage over 
caffeine and tbeophylline that they are much better soluble in 
water than the purines as such. f'or instance. the molecular 
compound with caffeine permits the preparation of aqueous 
solutions containing 80% of the molecular compound." 
Apparently, complexation occurs in solution as well since 
the cocry~lal structure is lost on dissolution. 

A cocrystal of nicotinamide (7) and L-ascorbic acid 
(vitamin C) was found and patented by chemists working 
for the Gelatin Products Corporation. Bailey et al. established 
the existence of lhe 1: l cocrystal by generating the mel Ling 
point phase diagram in 1945.56 Fox patented the cocrystal in 
1947, generating pure samples by mixing equimolar amounts 
of the components in the dry state, 57 Leading to discovery of 
the cocrystal was an investigation of unwanted thickening of 
oil-based multivitamin preparations containing nicotinamide 
and L-ascorbic acid. The patent claimed that preparations of 
reduced viscosity were obtained when the cocrystal was 
incorporated instead of the individual components. Buu­
Hoi et al. reported testing the cocrystal, which was called 
Nicastubine, in guinea pigs. 58 lt showed ant;scorbutic 
(prevention of scurvy) activity and offered some protection 
against tuberculosis. 

Kranz ct al. found that a cocrystal containing equimolar 
amounts of sodium theopbyllinate and glycine increased the 
water solubility oftheophylline. 59 A clinic,il s!udy showed lhal 
the cocrystal was tolerated in "'unusually large amounts in 
man" and elicited the '"typical theophylline response." 

Higuchi studied complex formation in solution using solu­
bility measurements. He found that caffeine forms complexes 
in solution with a number or pharmaceulically active or 
acceptable compounds such as benzoic acid, benzoate ion,6° 
aspirin, 4-hydroxybenzoic acid, 3-hydroxybem:oic acid. sali­
cylic acid, salicylate ion, butyl paraben,61 sulfathiazole, sulfa­
diazine, 4-aminobenzoicacid, benzocaine. phenobarbital, and 
barbital. 62 He ultimately isolated cocrystals of caffeine and 
gcntisic acid that had stoichiometries of 1: l and l:2 caffeine: 
gentisic acid. 63 Those cocrystals reduced the dissolution 
rate of caffeine and lberefore, according to Higuchi 
" ... present a potentially useful way of formulating wffeine 
in dosage forms such as chewable tablets that are intended to 
linger in the mouth. Such dosage forms would only release 
caffeine slowly and should. consequently. have an improved 
taste factor over ones containing pure caffeine." 

Several Japanese groups studied the potential pharmaceu­
tical use of cocrystals in the 1950s. Among those reported are 
cocrystals of penicillins with amino-4-toluenesulfonamide,6

·
1 

aminopyrine with glyct:rol monophenyl ether derivatives. 65 

5,5-diphenylhydantoin with antipyrine,66 amino pyridine with 
barbituric acid derivatives, 61 and berberine chloride (17) with 
sulfa drugs such as sulfonilamide (18).c'8 Japanese researchers 
recognized that cocrystals could increase the dissolution rate 
of active pharmaceutical ingredients (APis). Glucuronic acid 
(19) cocrystals of caffeine (I4) and tbeobromine (20) were 
reported to have higher solubility than 14 and 20 themselves. 69 

It may be reasonably assumed that the high water solubility or 
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component 19 is responsible for enhanced dissolution rates of 
the APis, but the distinction between solubility and dissolu­
tion rate was not addressed in the pub!icalions. Similarly, 
homosulfamine (21) cocrystals of sulfa drugs were said to 
increase the solubility of the sulfa drugs. 70 That effect prob­
ably does not result from individual component solubilities, as 
21 is structurally very similar to sulfa drugs such as 18. 

OCH3 Cl 

17 18 

The number of reports of cocrystals having pharmaceutical 
utility grew sornewhal in the late ! 900s. Most of those studied 
contained known classes of compounds such as the sulfa 
drugs, barbiturates, and xanthine alkaloids such as caffeine 
(14), theophylline, and theobromine (20). Sakiguchi com­
pared the aqueous dissolution behavior of a l: 1 cocrystal of 
18 and sulfathiazole (22) to that of a physical mix lure of tbe 
compounds.72 At equilibrium the system consists of both 
components in solution and a solid phase containing a 
mixture of 22 and the cocrystal, but the equilibrium arises 
by much different kinetic pathways depending on the ,tarting 
,olid. The components or the physical mixture initially dis­
solve rapidly, then the rates decrease as undissolved particles 
become coated with precipitating cocrystal. The rates of 
component dissolutions were considerably different starting 
with the cocrystal. At about l h, the concentration of 18 was 
over five limes higher when starting with the physical mixture 
compared to slarting with Lhe cocryslal. Also interesting is the 
fact that with the cocrystal as starting material, a metastable 
equilibrium was observed, its duration ranging from 6 h at 
35 °C to > 24 h at 15 °C, wherein the solid phase consisted 
only of the cocrystal. After that, equilibrium was slowly 
attained. The result is that the aqueous dissolution rate of 
the more water-soluble component ( 18) is reduced and that of 
the less water-soluble component (21) is increased when tbe 
cocrystal is used compared to when a physical mixture is used. 
Idealized solubility curves are shown in Figure 5. Note that 
the preceding example illustrates the broad concept that 
cocrystals can potentially increase or decrease the dissolution 
rate of a molecule of interest. 

The dissolution and pha miac:okinetic behavior of a cocrys­
tal of20 and phenobarbital was studied 71 Theophylline (20) is 
more water-soluble (about 8 mg/mL) than phenobarbital 
(about l mg/mL), and consequently the dissolution rate of 
20 is slower from the cocrystal than from crystalline 20 itself. It 
was found that the powder dissolution profile correlated with 
the graph of' the serum level of 20 plotted against time, 
meaning that ;;idministration of the cocrystal provided peak 
blood levels at longer times than did administration of 20 
alone. The 8Uthors concluded that "Bioavailability may be 
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Perhaps enhanced dissolution rates of sulfa drugs from homo­
sulfamine-comaining cocrystals result~ from weaker intermo­
lecular interactions in the cocrystals compared to those in the 
single-component sulfa drug crystals. In any case. those 
results portend one of the important properties of cocrystals 
under scrutiny today, that of increasing the aqueous dissolu­
tion rate of poorly water-soluble APis. ?i 

H02C 
HO~O 

HO ~OH 
OH 

19 20 

influenced by complexation or interaction of 2 drugs in a 
tablet." In addition to illustrating the ability or cocry~tals to 
affect bioa vaila bility, thats tud y suggests that cocrystals could 
be useful for combination therapies. In foct, a commercial 
product that contains 20 and phenobarbital, as well as ephe­
drine, is known (Tedrol), but the cocrystal was not used 
therein. 

Sulfadimidine (23) readily forms I: I cocrystals with a 
variety of carboxylic acids. The first X-ray structure of such, 
the acid component being salicylic (2-hydroxybenzoic) acid, 
was reported in 1988.74 Subsequently, Caira et al. found 
similar cocrystals containing 2-aminobenzoic acid,75 4-ami­
nobenzoic (anthranilic) acid, 75 4-aminosalicylic acid, 76 acctyl­
sulicylic acid, 76 benzoic acid, 77 4-chlorobenzoic acid,77 and 
ortbo-phthalic acid.77 Those cocrystals could be prepared 
from solution or by giinding equimolar proportions of the 
solid components in a ball mill. 77 Competitive experiments 
were carried out. in which 23 and two acids were ground 
together. \Vhen anthranilic acid was one of the pair ils 
cocrystal always resulted. Also. when the cocrystal containing 
23 and salicylic acid was ground with l equiv of anthranilic 
acid, the major product was the cocrystal containing 23 and 
antbranilic acid. A similar reaction did not take place when 
benzoic acid was used in place of anthranilic acid. Evaluation 
or the crystal structures of the components led Caira to 
hypothesize that the driving force for fomrntion of tbe 
antbranilic acid cocrystal in the competition and substitution 
reactions involves the relative thermodynamic stabili Lies of 
the cocrystals compared to the homomeric crystals. Car­
boxylic acids often exist as hydrogen-bonded acid dimers in 
their crystals. Anthranilic acid is an exception, however, 
having one un-ionized molecule and one zwitterion in the 
asymmetric llnit of the crystal. The lack of stable hydrogen­
bonded dimers was thought to reduce the stability of the 
homomcric anthrnnilic acid crystal to less than that of the 23: 
anthranilic acid cocrystal, providing the driving force for 
formation of the laner. 

The potential utility of cocrystals to solve pham1aceutical 
development problems, such as poor dissolution rate, has 
apparently been broadly recognized only recently. Although 

UM00017000 
NOVARTIS EXHIBIT 1517 

Novartis v. Regents, IPR2023-01347 
Page 3869 of 4460



4218 Cryswl Cirmrth & Design, Vol. 9, 1Vo. JO, 2009 

Time ➔ 

Figure 5. ldealized aqueous solu biliry curves for sulfanilamide (18), 
sulfathiazole (22), and lhe I: l 18:22 cocrystal. The red lines represent 
concentrations attained when starting with a physical mixture (solid is 
18 and dashed is 22). The blue lines represent concentrations attained 
when starting with the cocrystal (solid is 18 and dashed is 22). The 
purple dotted line represents the concentration attained when starting 
with the cocryslal, during the metastable equilibrium phase (where the 
solid remains pure cocrystal). Adapted l1·0111 ref 73. 

presaged by the types of studies discussed above, it was not 
until about 2000 that Lhe idea seemed to take hold. Since then 
the number of publications m the area has grown explosively_ 
The slow acceptance of cocrystals as potential APis is at least 
partid!ly due to the understandably conservative approach 
taken by most drug companies toward meeting regulatory 
requirements. It is hard enough to get a drug approved and on 
the market without offering something perceived to be new to 
regulatory agencies. However, T note in that context that a 
couple ofcocrystals have been approved for human consump­
tion. The nicotinamide · ascorbic acid cocrystal discussed 
above is listed in tbe U.S. Code ofFedera I Regulations section 
172. whid1 is c:ntitkd Pood Additives Permitted for Direct 
Addition to Food for Human Consumption.78 Jt is described 
as " ... the pro<luct of the controlled reaction between ascorbic 
acid and nicotinamide, melting in the range 14 l °C to 145 °C." 
and useful " ... as a source of ascorbic acid and nicotinmnide in 
multivitamin preparations." Although it is administered in 
solution. a cocrystal containing un-ionized caffeine and citric 
acid, first reported in 1926,7'> was approved by the U.S. Food 
and Drug Administration in 1999.~0 The trade name is 
CAFCIT and it is prescribed for the short-term treatment or 
sleep apnea in infants. In any case. the reluctance to risk 
regulatory disapproval has likely been overshadowed by the 
fast-growing cost of drug development as well as the increas­
ing loss of active molecules in development because of their 
poor water solubility or other suboptimal physical properties. 
Cocrystals are another possible crystalline form of an API 
that, if containing pharmaceutically acceptable components, 
should be thought of as salts from a regulatory point of view. 
As such, they can sometimes be used to "rescue" poor 
development candidates. Since this article only covers re­
search reported prior to 2000, the more recent work of those 
studying pharmaceutical applications of cocrystals are not 
covered.81 

Because of tbe considerable attention currently given phar­
maceutical applications of cocrystals, it might be easy to 
overlook the many nonpham1aceutical applications that have 
been reported. Some examples follow. 

Pfeiffer et al. understood that the forces responsible for 
intermolecular binding of molecules into cocrystals were the 
same as those that function in biological construct.ion, such as 

Stahly 

24 25 

Figure 6. Strnctures of the aclenine:thymine (lop left) and guanine: 
cytosine (top right) base pairs in DNA (R 1, R 2 , R,. R 4 °0 attach­
ment to phosphate--deoxyribose backbone), and the I: l cocrystals 
or 9-methyladcninc: 1-methylthymine (24) and 9-cthylguanine: 
1-methylcytosine (25). 

the building of proteins.82 Thus, biological structures have 
inspired small molecule cocrystal research. Tn the structure of 
DNA, first proposed in 1953,8 3 the planar adenine:thymine 
base pair is held together by two hydrogen bonds and the 
planar guanine:cytosine base pair is held together by three. 
Cocrystais of those free nucleotide bases containing alkyl 
groups at positions where tiley arc attached to the pbos­
phate-deoxyribose backbone in DNA were made (Figure 6, 
24 and 25). Cocrystal 24 was obtained by crystallization of an 
equimolar solution of the components from water.!1 4 It is 
noteworthy that the hydrogen bonding patlern between the 
components is different in DNA than it is in the cocrystal. 
Although the adenine amino group hydrogen bonds to a 
thymine carbonyl oxygen atom in both structures, the Lhy­
mine NH group hydrogen bonds to a nitrogen atom in the 6-
membered ring of adenine in DNA but to a nitrogen atom in 
the 5-rnembered ring of adenine in the cocrysLal. On the other 
hand, the hydrogen bonding pattern between the components 
in cocrystal 25, prepared by crystallizc1tion from dimctbylsulf­
oxide solution, is the same as that found in the guanine: 
cytosine base pair of DNA.85 Interestingly, Etter 
et al. reported that 24 can be prepared by grinding the 
components in the solid state, but 25 cannot_% A series of 
similar cocrystals, containing va1iously substituted nucleotide 
bases, were reported. Wilson summarized those found in the 
literature piior to 1988, listing 12 homobasc-pairs and 25 
heterobase pairs.H7 

Nucleotide base cocrystals were used in the study of the 
mechanism of radiation damage to DNA. Ionizing radiation 
leads to free radical~. which can reside on the base pairs. 
Schmidt obtained ckctron spin resonance spectra of gamma­
irradiated 24 and found that ihe resulting free radical is 
more long-lived in that cocrysta! than it is in the crystal of 
l-methylthyrnine alone. 88 Similar work was carried out by 
Kar et al.H9 

Related is the use of cocrystals as protection against ;;un 
exposure damage to the skin. Ultraviolet (UV) radiation 
causes dimerization of adjacent nucleotide bases in DNA, 
but studies showed that the reaction is wavelength-dependent, 
and that dimerization caused by 280--nm radiation can actu­
ally be reversed by 240-nm radiation. Cocryslals composed of 
nucleotides (phosphoric acid esters oCN-glycosides of nueleo­
tide bases) and aminocarbox7i'ic acids were patented as 
topically applied sun screens.9 1 They contain l rnol of the 
nucleotide and 1-4 mo! of the acid. Either component can he 
present in un-ionized form or as a salt. An example is the 
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cocrystal containing 1 mo! of adenosine-51-monophosphoric 
acid and 2 mo! of sodium 4-aminobenzoate. The nucleotide 
portions provide skin compatibility and water solubility, the 
latter allowing incorporation in aqueous skin protective com­
positions. The cocrystals show strong absorption of radiation 
between 320 and 280 nm. but minimum absorption of2·40-nm 
radiation. 

Pfeiffer et al. published reviews of articles describing co­
crystals of amino acids and polypeptides with various types nf 
organic compounds 91 He concluded that, since those mole­
cules are loosely related to more complex molecules such as 
proteins, tannins, and dyes, the processes of tanning and 
dyeing involve cocrystal formation at the surface of solid 
materials. Somewhat related was the use of colored cocrystals 
as hair dyes, such as those containing polyhydric phenols and 
aromatic diamines 92 A specific example is the yellow, 2:1 
cocrystal of 1,3-diaminobenzene and 1,3,5--trihydroxybenzene 
(phloroglucinoi). 

Quehl patented cocrystals useful for finishing operntions in 
the textile industry.9

·' Textile finishing involves trea rment of 
fabric to improve its look, performance, or feel. Quehi found 
that cocrystals of urea and sugars were advantageous in 
finishing, even though they are applied in solution. By mixing 
approximately equimolar amounts of urea and glucose in 
water, a syrup was obtained w'hich " ... normally docs not tend 
to crystallize." Further. "Only when the syrup is left standing 
for some time and subjected to occasional rubbing with a glass 
rod, small needles will separate therefrom, whereupon the 
largest portion of the mass soon solidifies from the center of 
crystallization and forms a crystal-magma." The cocrystal 
obtained in that way melts at 1 17 °C; urea melts at 13 2 "C and 
glucose at 85 °C. The difficulty encountered in finishing 
operations in which the solut.ions of the components were 
used separately or in noncquimolar mixtures was that cryslal­
lization occurred on the fabric. By generating the cocrystal, 
then dissolving it for application, crystallization on the fabric 
was avoided. An interesting use of slow-growing cocrystals to 
prevent crystallization! 

Cocrystals were used to impart stability rn inherently 
unsrable compounds. Fischer et al. reported that inorganic 
and organic acid halides cocrystallize with hydroxyazo corn­
pounds.94 He made more than 30 such cocrystals containing 
ahout fifteen different acid chlorides and bromides. Those 
were prepared in nearly quantitative yield by crystallization 
from solution or simply shaking the components together in 
the absence of solvent. An example is the dark red cocryslal 
containing acetyl chloride and 4-(phenylazo)phenol (26). 
Cocrystal 26, which melts at l Tl °C, was kept in an open 
vessel for days without decomposing. Normally, acid chlor­
ides are readily hydrolyzed when exposed to atmospheric 
conditions. It should be noted that mixing of a hydroxyazo 
compound with an acid chloride might be expected to lead to 
an esterificalion reaction with liberation ofhydrogen halide, If 
that occurred, could the cocrystals described by Fischer 
actually be simply esters, or cocrystals of esters with hydrogen 
halides? Those possibilities seem unlikely, as molecular weight 
determinations showed that the cocrystals dissociate almost 
completely in benzene solution. In addition, alkyl- and acyl­
substituted hydroxyazo compounds fail ro produce the co­
crystals, even though they contain the potentially reactive 
hydroxyl group. Aoki et al. found that some disinfectants 
form cocrystals ,,vith specific phenol derivatives, providing the 
ability to stabilize, reduce the volatility of. and control the 
release rme of the disinfectants.95 An example is the cocrystal 
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containing I mo! of 27, the phenol derivative. and 2 mot or28, 
the disinfectant. Compound 28 is an easily decomposed liquid, 
but the cocrystal renders it a thermally stable powder. 

26 

28 

Purification processes enabled by cocrystals were described. 
Christiani et al. reported the purification of cholesterol via its 
cocrystal with digitonin, which is a glycoside of molecular 
weight 1229.96 Fatly acids were purified by crystallization of 
their cocrystals with acetamide.97 Commercial fatty acids, 
such as stearic, palmitic, myristic, and la uric acids, of about 
90% purity were mixed with an cquirnolar amount of acet­
amide and an organic solvent and warmed to effect solution. 
Cooling gave cocrystals which were separated from the vis­
cous mother liquors by centrifugation. From the recovered 
cocrystals, purified fatty acids, free of homologues, could be 
obtained. Bis-phenols, such as 29, are used as antioxidants. 
They can be recovered in pure fom1 from crude reaction 
product mixtures by treating solutions of the mixtures with 
amines and recovering the cocrystals formed between bis­
phenols and amines. 98 A wide variety of amines were used, 
including hydrazine, alkylamines such as methylamine and 
ethylamine, aromatic amines such as pyridine and 2,6-luti­
dine, and hydroxyamines such as ethanolamine and trietha­
nolamine. Cocrystals ailowed recovery of expensive 
cephalosporins from dilute solutions such as mother liquors 
remaining from direct crystallizations. Cocrystallization of 
cefaclor, cephalexin, cepfradine, or loracarbef with parabens 
(para-hydroxybenzoate esters), followed by pH-mediated 
precipitation, provided the purified cephalosporins as solids 
and left the parabcns in solution.99 

Examples of chiral selectivity during cocryst.allizations 
were reported. Cocrystals of nicotinamide (7) and L-ascor­
bic acid were discussed in earlier sections of this manu­
script. \Venner studied cocrystal formation between 
nicotinic acid (30) and ascorbic acids, with a surprising 
result. 14 L-Ascorbic acid (31) readily cocrystallized with 30, 
but its diastereomer, D-isoascorbic acid (32), did not. Wen­
ner stated "This difference in the formation of a complex 
cannot be explained by differences in acidity between 
L-ascorbic and D-isoascorbic acid, because both show prac­
tically the same pH in solutions. It seems logical to ascribe 
the difference in behavior to the difference in structure of 
both acids. Obviously the stearic arrangement of the parti­
cular ascorbic acid is instrumental in bringing about the 
combination with nicotinic acid." On the basis of melting 
point curves. Fredga discovered an example of enantio­
meric selectivity. 100 The levo isomer of dimercaptoadipic 
acid (33) formed a I: 1 cocrystal with tbe lcvo isomer of 
dithiodilactic acid (34), but not with the dextro isomer of 34. 
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The natural extension of such chiral selectivity is to utilize 
optically pure cocrystal components as resolution agents, 
much the same way that optically pure acids (hases) are used 
to resolve rncernic bases (acids) via diasterernneric salt crystal­
lization. Indeed, resolutions by diastereomeric cocrystal 
crystallizations were reported. Brucine was used to resolve 
racemic resorcylmetbylcarbinol {35). a compound that is not 
acidic enough to form a salt with brucine. 101 Treatment of 
rncemic 35 with brucine in an organic solvent resulted in 
crystallization of a cocrystal containing dextro-35 and bru­
cine. The diastereomeric cocrystal, containing levo-35 and 
brucine, could not be obtained. Successive recrystallizations 
of the cocrystnl and liberation of 35 by extraction or brucine 
into acidic water afforded optically enriched dextro-35. 
However, resolution cea~ed at a specific enrichment level, 
and a cocrystal containing optically pure dextro-35 could not 

OH 
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R 
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Some interesting solid-state reactions which occur in co­
crystals were observed. Elter et al. reported an unexpected 
nuclcophilic aromatic substitution reaction which apparently 
occurs because of molecular orientation in a cocrystal. 105 

Cocrystal 41 was prepared from solution or by grinding 
together 4-cbloro-3.5-dinitrobenzoic acid and 4-aminoben­
wic acid (Figure 7). Analysis of 41 by differential scanning 
calorimetry revealed an irreversible exothermic event which 
occurred at 180 °C. A drop of aqueous silver nitrate solution 
suspended over a sample of 41 during heating developed a 
precipitate of silver chloride, showing that hydrochloric acid 
was being evolved. The prodnct of the exothermic reaction 
was identified as 42, and it could be obtained in quantitative 
yield simply by healing 41. Although a crystal structure of 41 
was not obtained. the suspicion is that a betero acid dimer 
results in alternation of the components in the structure and 
that serendipitous proximity of the amino and C-Cl moieties 
leads to the solid-state reaction. Toda reported that cocrystals 
containing two different alcohols, when treated with para­
toluenesulfonic aciJ in the solid state, afforded unsymmetrical 
ethers. 106 A series of such reactions was studied, the starting 
cocrystals being produced either from solution or by grinding 
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be obtained. fn order to complete the resolution. the Jextro 
isomer from the cocrystal crops and the levo isomer from the 
mother liquors were separated from brucine and each was 
dissolved in solvent. Concentration of eacb solution induced 
crystallization of racemic 35, which exists as a racemic com­
pound. leaving optically pure dextro- and levo-35 in the 
mother liquors. 

A more efficient resolution was carried out of 3-hydroxy­
pyrrolidinines (36) via their cocrystals with the optically active 
diol (37). 102 Two recrystallizations of each initially formed 
cocrystal sufficed to provide optically pure 36. l ,2-Dibrorno­
hexafluoropropane contains no functional groups that allow 
salt formation, but was resolved as a cocrystal with (-)­
sparteine hydro bromide (39). 103 In that case only one recrys­
tallization was required. A case ofrnutual optical resolution of 
components ofa cocrystal was found by Toda et al. 104 When a 
solution of ( +)-bis-/5-naphthol ((+ )-39) and racemic sulfoxide 
40a in benzene was allowed to stand at room temperature for 
12 hours, a l: I cocrystal containing ( + )-39 and ( + )-40a 
separated as colorless prisms. One recrystallization from 
benzene followed by decomposition of the cocrystal afforded 
l 00% optically pure { + )-40a in 77% yield. The reverse 
resolution, of racemic 40a by chiral 39, occurred similarly. 
The success of the resolution procedure depended on appar­
ently minor changes in rhe R group of 40. While ( '.·)-39 
efficiently resolved 40a. it poorly resolved the related 
compounds 40b and 40c, and failed to fnrm a cocrystal 
with 40d. 

39 -¼O 
a) R =m-tolyl 

b) R =phenyl 
c) R = o-tolyl 
d) R=p-tolyl 

tbe solid components. In one example, cocrystal 43 afforded 
ether 44 in 78% yield. When the components of 43 were 
treated with parn-toluenesulfonic acid in solution, both sym­
metrical ethers and the unsymmetrical ether 44 were obtained 
in statbtical ratios. The conclusion was that the components 
of 43 exist as hydrogen-bonded pairs in the crystal, which 
leads to selective formation of unsymmetrical 44 from the 
cocrystal. 

A rather unusual type ofcocrystal wa, discovered by Hirata 
et al. during studies of viscoelastic systems. Addition of 
aromatic compounds to aqueous solutions or cationic surfac­
tants afforded solutions having remarkable viscoe!asticities. 
Examination of such solutions by electron microscopy re­
vealed the presence of large rod-like micelles mixed with a Cew 
single cryslals. 107 A solution of hex.adecyltrimethylarnmo­
niurn bromide and 2-iodophenol that was allowed to stand 
deposited crystals, which were recovered by centrifugation 
and found to be a 1: 1 cocrystal of' the two components. 108 

Approximately 140 similar cocrystals were made, containing 
cationic alkyltrimethylammonium bromides or anionic 
sodium alkyl sulfates along with aromatic components 
encompassing a wide variety of structures. im 'While the 
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Figure 7. Examples of solid-state re,1ctions of cocrystals. 

structures of the cocrystals containing cationic surfactants 
differ from those containing anionic surfactants, in each the 
aromatic molecules reside in contact with the hydrophobic 
portions of the surfactants. A typical structure of a cationic 
surfactant cocrystal is shown in Figure 8. The aromatic 
molecules lie between the hydrophobic tails of the surfactant 
molecules, hut near their ionic ends. The aromatic alcohol 
groups are hydrogen bonded to the bromide ions. Similar 
structures exist for cocrystals containing cationic surfactants 
and aromatic molecules devoid of donor groups. In those. 
the aromatics reside at the ionic end of the surfactants 
even though hydrogen bonding to bromide is not possible. 
Tbe phannaceutical utility of such cocrystals was not lost 
on Hirata. He found tbat aromatic, water-insoluble APls 
cocrystallize with cationic surfactants. Flopropione 
( l -(2,4,6-trihydroxyphenyl)- l-propanone ), an antispasmodic 
marketed in Japan, and 4-chloro-rneta-cresoL which has been 
used as a topical antiseptic, cocrystallize with hexadecyltri­
methylammonium bromide. 110 The flopropione cocrystal was 
found to dissolve considerably faster in water than either a 
physical mixture oftbe components or flopropione itself, and 
the 4-chlorn-meta-cresol cocrystal was found to be more 
thermally stable {less loss from vaporization) compared to 
4-chlorn-meta-cresol it self. 

Numerous cocrystals con(aining heterocyclic nitrogen 
bases and carboxylic acids were reported in the 1990s. A list 
of selected examples, which is not intended to be comprehen­
sive, is shown in Table l. A disproportionally high number 
oCcocrystals of that particular class seem to have been studied, 
leading to the question ··\Vhy is this rela lively narrow struc­
tural class of cocrystals of particular interest?" The answer is 
crystal engineering. That field of study, which emerged in 
the last half of the 20th century, was defined by Desiraju in 
1989 as "the understanding of intermolecular interactions in 
the context of crystal packing and in the utilisation of 
such understanding in the design of new solids with desired 
physical and chemical properties". 111 Such supramolecular 
syntheses have been approached retrosynthetically, where 
common intermolecular interactions observed in crystal 
structures are used Lo devise what arc culled supramolecular 
heterosynthons. Those are noncovalently bound, multicom­
ponent assemblies that can pack lo give long-range structural 
order. 112 

Typically, hydrogen bonds play an important role in bind­
ing functionalized organic molecules into crystals, and are 
relatively easily recognized in crystal structures based on 
shortened contact distances and specific directionalities. Thus, 
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Figure 8. A packing diagram from the crystal structure of the l: l 
cocr;vstal of decytrimethylammo11ium bromide and 2-iodophe­
nol.' 13 Carbon atoms are gray, nitrogen atoms are blue, oxygen 
atoms are red. iodine atoms arc purple, bromine ,Lloms are brown, 
and hydrogen bonds are dotted lines. Hydrogen atoms are omilled 
for clarity. 

searches for hydrogen bonding patterns that could be used to 
build supramolccular helerosynthons leading to new crystal 
structures were undertaken by several research groups. Many 
of the cocrystals in Table I were generated during studies of 
that type. The work of Margaret C. Etter, one of the more 
prolific researcher, o[ the era, led to a set of empirically 
derived rules that correlate functional groups and hydrogen 
bonding pa I terns. 114 By understanding lhe crystal structures 
of individual molecules and applying tbe hydrogen-bonding 
rules, Etter et al. designed cocrystals containing 2-aminopyr­
imidine and carboxylic acids (Table l ). 115 Knowing that 
2-aminopyrimidine and, often. carboxylic acids exist as hy­
drogen-bonded dimers in their homomeric crystal structures, 
she reasoned that they might form heteromeric dimers which 
would be suprarnolccular heterosynthons for new struc­
tures (Figure 9). That proved to be the case, leading to the 
discovery of new, 2-aminopyrimidine-conlaining cocrystals in 
her laboratories 115 as well as by other research groups 
(Table 1 ). 1 IG--, iY Similarly, carboxy[ic acids were fo~nd to 
form supramolecular heterosynthons with other functiona­
lizeu heterocyclic bases such as 2-amino-5-nitropyridine121 

and 2-pyridone. 128 Cocrystals containing other hydrogen 
bonding patterns were constructed by similar analyses of 
homomeric structures, examples being the cqcrysta!s contain­
ing 2-aminopyrimidones and dicarboxylic acids. 120 

It must be mentioned that consideration of one type of 
hydrogen-bonding pattern alone is a rather narrow view into 
the interactions that might lead to rationally designed cocrys­
tals. For example, it was stated above that carboxylic acids 
often exist as hydrogen-bonded dimers in tbe crystalline state. 
Quantitatively, of the over 4000 entries in the 2004 version of 
the Cambridge Structural Database of crystal structures in 
which at least one carboxylic acid moiety is present, about 
29% were found to have that dimer structure. 130 More 
commonly, the acid moieties are associated with other func­
tional groups to form supramolecular heterosynthons. The 
success realized using the relatively simple dimer analysis 
discussed above suggests that once a better understanding of 
factors leading to supramolecular heterosynthons is achieved, 
cocrystal design will be more readily accomplished. 

Some of the cocrystals in Table I are interesting for a 
different reason. For example, consider the 1:1 cocrystal of 
2,4,6-trimethylpyridine and benzoic acid, the structure of 
which was determined at 150 K. 129 The single hydrogen bond 
in the structure is between the carboxylic acid group of 
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Table I. Selected Cocrystals Containing Heterocyclic Nitrogen Bases and Carboxylic Acids 

base con1ponent acid con1ponent reference 

~-amjnopyrin1idine benzoic, 3-bromobenzoic. 4-methylbenzoic, 3-nitrobenLoic, isophthalic, malonic, succinic 
2-aminobenzoic. 3-aminobenzoic, 2-nitrobenzoic, o-phthalic 

l l5 
l 16 
1 l 7 
118 
11 ') 
120 2-mnino-6-ethyl-4(3 H )­

pyrimidonc 
2-amino-6-methyl-4(31-l )­

pyri111ldone 
2-~t111ino-5-ni I ro pyrldine 
2-amino-6-phenyl-4(3 l I)-

pyrirnidone 
3-mnino- l ,2,4-trhizole 
4.41-bipyridine 

2,4,6-Lrinit rohenzoic 
p-phenylenediacetic 
tcrcp h tha!ic 
adipic, succinic 

adipic, glutarlC 

chloroacetic 
a<lipic 

4-nitrobenzoic 
mc1 leic. fm11aric 
adipic, glutaric, nrnlonic 
{~)-tartaric 
2,4,6-tri methylbenzoic 

120 

12l 
120 

( R)-4-( 4-ch lorophenyl)pyrrol-2-one 
3,5-dimethylpyrazole 
3-hydroxypyridine 2~4-d1chloro-5-nuorophcnoxyacetic, 2,4-dichlorophenoxyacctic, 3,5-dlnitrobenzoie:, 

I l 7 
122 
123 
124 
125 
ll7 

phcnazinc 
phenoxyacetic, 2,4,5-trichlorophenoxyacctic 

mt1lonic 126 
127 
128 
123 
l29 

phthalazine phthalic 
2-pyridonc 
2,4,6-tria1ninopyri111idine 
2 .4.6-tri rnelhy I pyrid i, 1e 

aJipic, oxalic, scbacic 1 subcric 1 succinic 
adipic. glutaric, malonic, succinic 
benzoic 

0- -H---0 
R-<( ;)-R 

O-H 0 

figure 9. Hydrogen-bonded dimers in the 2-aminopyrimidine crys­
tal (lei\). carboxylic acid crystals (center), and coerystals (right)_ 

benzoic acid and tbe nitrogen atom of the pyridine, as 
expected since they are the best proton donors and acceptors 
in the system. Note, however, that the pair does not form a 
salt; the proton is not transferred from the acid to the base_ On 
the other hand. the analogous crystals containing l.4,6-tri­
methylpyridme and 2-nitrobenzoic acid or 3,5-dinitrobenzoic 
acid are s:1lts. with tl1e protons residing on the pyridine 
nitrogen atoms. Since the nitro-containing ben;:oic acids are 
more acidic than benzoic acid itself, it is likely that the 
structural differences are due to differences in the pKa separa­
tion between the acid and the base. However, for acids and 
bases having a L'..pKa of abo11t two or less, the crystalline 
environment is critical in determining wl1ethcr a cocrystal or 
salt results. rn That situation. which ha, been called the 
salt---cocrystal continuum, was recently discussed in det.ail. 1

"" 

Cocrystal engineering is especially important in the field or 
nonlinear optics (NLOs). An NLO material is one in which 
certain responses to radiation are not linearly proportional to 
properties of the radiation. For example. certain crystals 
exhibit the property of second harmonic generation. also 
called frequency doubling. One is monopo(assium phosphate. 
\Vhen the output of a Nd:YAG laser, which is near-infrared 
radiation at a wavelength of 1064 nm, is passed through a 
crystal ofmonopotassium phosphate at a specific angle, green 
laser light at a wavelength of 532 nm results. The frequency is 
doubled, halving the wavelength. Such behavior results when 
polarization of the crystal is not linearly proportional to the 
declric field of the impinging radiation. 

Organic materials offer potential advantages over inorganic 
materials in NLO applications, including higher hyperpolar­
izabilities and faster response times. Inherently, molecules 

which contain suitably disposed electron withdrawing and 
electron donating groups are bigl1ly polarizable_ In order for 
thal polarizability to persist in the crystalline state, the 
molecules must pack parallel to each other in a noncentro­
syrnrnetric fashion (having no center of symrnetry)_ Noncen­
trosymmetric packing of organics is infrequent, occurring in 
about only 10% of the crystal structures of achiral. organic 
molecules. The result is that many compounds possessing 
favorable NLO properties at the molecular level do not 
maintain those properties at the crystalline level. Crystal 
engineers sought to overcome that problem using cocrystals, 
wherein expected hydrogen-bonding patterns could be used to 
overcome centrnsymmetric packing of highly polarizablc 
molecules_ 

An example is tbe merocyanine dye 45, which is called 
Brooker's merocyanine. 133 The electronic structure of 45 
depends on the relative contribution of its two resonance 
forms, the quininoid form being favored in nonpolar media 
and the zwitterionic form being favored in polar media. It is 
an outstanding NLO candidate, exhibiting a very high mole­
cular hyperpolarizability as well as good thennal and photo 
stabilities. However, compound 45 packs ccntrosymmetri­
cally in its crystal, and in addition forms poor quality single 
crystals that are unsuitable for NLO applications. By cooling 
methano [ or ethanol solutions containing equimolar amounts 
of 45 and either compound 47 or 48. cocrystals were 
obtained. 134 The packing in each cocrystal differed. but the 
presence of the nitrophenols altered tbe structures in a positive 
way, from an NLO point of view, relative to the structure of 
45 alone. A study or those structures led to development of a 
cocrystal containing compounds 46 and 49. 135 That exhibited 
strong second-barmonic signal generation, suggesting 
nonccntrosymmetric packing of 46. The structure of that 
monohydrated cocrystal is quite interesting (Figure 10). 
A proton is transferred from the weakly acidic 49 to the 
oxygen anion of the zwitterionic form of 46. That generates 
hydrogen bonded, oppositely charged pairs of molecules, a 
cationic 46-H-46 pair and an anionic 49-H-49 pair. Note that 
in lhe46-H-46pair lhe hydrogen bond is between the hydroxyl 
group of the protonated zwitterionic form and the carbonyl 
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Figure 10. The structure of the l: I cocrystal of compound 46 
and 49.,_,6 Carbon atoms ,uc grny, hydrogen alums are 
white, nitrogen atoms are hl11e, oxygen atoms are red. and 
hydrogen bonds are dotted lines. Water molecules are omitted 
for clarity. 

oxygen atom of the quininoid form, rendering the pair non­
centrosymmetric. 

R·-N~O - R-~~ 0 0-

45 (R = CI!3), 46 (R = CII,.CII20!1) 

HO'Q OH CHO 

H2N1i~ HO)) 
. 0 lt I.,;; 

I 
N02 N02 OH 
47 48 49 

A related n pproacb was ta ken with rhe highly polarizable 
4-nitrophenols. Huang et al. reported generation of twenty­
two cocrystals containing phenol-pyridine pairs, including 
two cyanophenols, four nitrophcnols, and five pyridincs. 1·17 

Many of those are salts, apparently depending on the L\.pKa 
between the constituents. However, tbe sails lend to hydrogen 
bond to a third molecule, forming either 2: l cocrystals or 
hydrates. For example, one of the cocrystals is composed 
of one 2-melhoxy-4-nitropbenoxy anion, one 4-(dimethy­
lamino )pyridinium cation, and one un-ionized 2-methoxy-4-
nitrophenol molecule. That cocrystal, and three others like it, 
packed noncenlrosymmetrically and thus exhibited second 
harmonic generation activity. It was postulated that ionic 
cocrystals of that type might have a greater chance of forming 
noncentrosymmctric structures than do achiral organic mo­
lecules in general. 

A few isolated examples of cocrystal uses are worth 
mentioning. Cocrystals containing nitrovin hydrochloride 
(50) and amines such as 2-hydroxy-4,6-dimethylpyrimidinc 
(51) were patented as animal feed additives. ;38 A Romanian 
patent was issued for cocrystals containing acenaphthene 
(52) and the fungicides di nobuton (53), binapacryl (54), and 
chloranil (55). u 9 The known bis-phenol:amine cocrystals98 

were used as components of heat responsive marking 
sheets, wherein beating of areas containing rbe cocrysrals 
releases the contained amines to react with other sheet 
components, creating colored compounds. 14° CocrysLals 
of fluorinated bis-phenols and quaternary phosphonium 
chlorides are useful as l1uoroelastomer vulcanization pro­
rnoters.141 Hydroquinones, used as auxiliary developers in 
self-developing photographic film, make film production 
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difficult because of their poor water dispersibility, and tend 
to migrate in the film layers to undesirable locations. Both 
of those problems can be overcome by the use of cocrystals 
containing the hydroquinones and tetrasubstituted para­
diamides such as N,N,N' ,N'-tetraalkyltcrcphthalamidcs. 142 

Etter et al. found that triphenylphosphine oxide forms 
cocrystals with aromatic compounds containing hydrogen 
bond donor groups, providing large, blocky crystals of 
higher LFmlity than crystals of the aromatic compounds 
alone. 14·' 

r 
C 

0 
)( 

⇒CH3 
0 ~ 02 

N02 

s::; R = OCH(CH,h 
54 R = C=C( CI-I,), 

OH 

N/4M 
H3 c)!~c Ho 

51 

55 

52 

The survey presented above represents an extensive body of 
work on cocrystals. There are, however, other types of 
cocrystals that were not discussed. I will mention two of those 
types briefly. The first are cocrystals that contain a carboxylic 
acid cocrystallized with an organic or inorganic salt of the 
same acid. The second are cocrystals that contain an organic 
molecule and a simple alkali metal or ammonium, inorganic 
salt. 

Cocrystals Containing Carhoxy!ic Acids and Their Salts 

Examination of crystal structures reveals that certain 
functional groups favor specific hydrogen-bonding pat­
terns. That is true for carboxylic acids, which. as menLioned 
above, often exist us hydrogen-bonded dimers when in the 
crystalline stc-ite (Figure 9). Those dimers cannot, of course, 
be formed between carboxylic salt molecules. So, is there 
some arrangement oft.be carboxylale groups thar will occur 
repeatedly in crystalline carboxylatc salts? The answer is a 
qualified yes_ Salts crystallize in a number of ways, one of 
\Vhich creates a cocrystal that contains 1 mo! of car boxy late 
salt and 1 mol of un-ionized carboxylic acid. The q ualifica­
tion is how one would define repeatedly. Although there arc 
quite a few structures of that type reported, not all salts 
form them. and the frequency of their existence seems to be 
less that the frequency of free acids forming hydrogen­
bonded dimers. 

Examples or such cocrystals were reported in the mid 
1800s, although their structures were not immediately 
understood. An example is potassium hydrogen benzoate 
(56), which was first isolated in 1852 from the residue left 
after distillation of a mixture of potassium acetate and 
benzovl chloride. 14

'
1 Farmer later made it. and a series of 

sirnila~- cocrystals, by crystallization from ethanol solutions 
containing the theoretical amounts of acid and base (2 equiv 
of benzoic acid and l equiv of' potassium hydroxide to give 
56). 144 At that time, interactions between the components 
of such cocrystals were investigated in solution, where it 
was found that tbe species were largely uncomplexed. The 
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nature of the interaction was a matter for specuh.llion only, 
one theory being that oxygen was quad rivalent (57). 144 

56 

RC02'-s /K 

/0'"-. 
RC02 H 

57 

Over tbe years, cocrystals containing an acid and acid salt in 
a l: l ratio were found for a wide variety of acids and salts. A 
representative !isl of some oft hose reported for common ,icids 
and their salts is in Table 2. Note the structural variety ofac1ds 
included. More complex acid salts are also known to fonn 
cocrystals containing a mole of the parent acid; the sodium 
salt of the pharmaceutically important zofenopril (58) is an 
example, 145 Even some noncarboxylic acid salts exist as l: l 
acid:acid salt cocrystals, as does the proton sponge salt of an 
acidic quinolinol (59). 146 

59 

Not all known acid:acid salt cocrystals have a simple l: l 
r11 tio oC components. For example, oxalic acid and pyridine 
form a cocrystal containing l n,ol oft be mono salt and 1 rnol or 
the free acid (Table 2), 178 as well as a cocrystal containing 2 mol 
of the mono salt and l mo! of the free acid. 201 In fact, organic 
acid salts can exist as solids having a variety of component 
ratios. Barry et al. studied alkylarnmonium salts or simple 
dicarboxylic acids and classified their structures as "normal" 
or ··anomalous''. 184 For a dicarboxylic acid AH2 and a mono­
basic amine B. they called salts having stoichiornetries AHB 
and Al32 normal and those having stoichiometries A 2H.,l3 and 
A0H4B2 anomalous. Their anomalous salts are cocrystals by 
the definition given at the beginning of this review. A solid of 
stoichiometry A2 H 3B contains one mono salt (AHB) and one 
free acid (AH 2), while a solid of stoichiometry A,H4B2 con­
tains either one free acid (AH2) and two mono salts (AHB) or 
two free acids (AH2) and one di salt (AB2). 

As with all crystal forms. formation of the various salt types 
is unprediclable. Barry et al. found that reaction of maleic acid 
with one equivalent oftctramcthylammoniurn hydroxide gave 
the mono salt (AHB) and with one-half equivalent gave the 
l · I cocrystal (A2H 3B). 184 On the other hand, reaction of 
fumaric acid with either one, one-half, or two-thirds equiva­
lent oftetrnmethylammonium hydroxide gave only the l: l salt 
(AHB). Reaclion of fumaric acid with one-half or one-third 
equivalent of tetraethylammonium hydroxide (note ethyl 
instead of methyl) gave the cocrystal of type A 3H 4B2. That 
cocrystal could be recrys1:-1llized from metlmnol-elher mix­
tures without change, but when recrystallized from 2-propa-­
nol afforded the mono salt (AHB). 

Tbc structural feature that favors formation of cocrystals as 
opposed to simple salts seems to be hydrogen bonding between 
the COOH group of a free acid molecule and the coo--· group 
of a carboxylate salt molecule, As usual, however, overall 
packing and other molecular interactions dictate the actual 
hydrogen bonding network and whether cocrystals will form 

Stahly 

at all. Speakman determ.ined the structures of a number of 
acid:acid salt cocrystals and classified them as either contain­
ing crystallographically distinct acid and acid salt groups, or, 
more commonly, containing cryslallogrnphically indistinct, 
symmetrically related acid molecules. 191 In phenolic acid:acid 
salt cocrystals a related hydrogen bond is present between tbe 
un-ionized OH group and the ionized o~ group.202 

There appears lo be little in tbe literature concerning utility 
of acid:acid salt cocrystals. It is noteworthy that one of the 
oldest examples, sodium hydrogen diacetate, is listed in the 
U.S. Code or f'ederal Regulations as a substance that can be 
directly added to Cood.203 Its use in foods bas been as an 
antimicrobial, flavoring, or pH control agent. 

Cocrystals Containing an Organic Component and a Simple 
Alkali :V1etal or Ammonium Salt 

There are many cocrystals described that contc1in an or­
g:mic and an inorganic component. The section in Pfeiffer's 
book Organische A10/ek:ulverbi11d1111ge11 covering cocrystals 
containing a mixture of inorganic and organic components 
is longer than !he section covering cocrystals containing a!! 
organic components. 30 Alkali and alkaline earth salts, as well 
as mineral acids. halogens, and many other types of inorganic 
compounds, can cocrysta!Iize with organic molecules. Rather 
than attempting to cover all types of organic:inorganic co­
crystals in this manuscript, a few examples will be presented of 
cocrystals containing organic components and simple alkali 
metal or ammonium inorganic salts. The examples should be 
viewed as the tip of the iceberg oCorganic:inorganic cocrystals. 
but are particularly inleresling, in my view, because or the 
potential for changing the physical properties of organic 
molecules using innocuous, inexpensive salts. 

Sodium chloride will cocryst,illi1e with some organic mo­
lecules, particularly those bearing multiple hydroxyl groups. 
Gill published a paper in 1871 in which he described prepara­
tion of a cane sugar/salt (sucrose· NaCl) cocrystaL204 He 
began his work to sort out a controversy in the literature over 
the reality of such compounds. French chemists bad reported 
producing a crystalline compound containing a 1: l ratio of 
sucrose and sodium chloride, but other chemists, both French 
and German, were unable to obtain it. Gill produced a 
cocrystal having that ralio or components as well as two 
waters of crystallization (C 12 H 220 11 ·NaCl· 2H20, 60), but 
did so only once. As part of a series of crystallizations from 
aqueous solutions containing various ratios of sucrose and 
NaCl, he obtained crystalline sucrose by concentrating a 
solution in which sucrose and NaCl were present in cquimolar 
amounts. On further concentration of the mother liquor, 
cocrystal 60 was deposited. Recrystallization of 60 from 
aqueous alcohol led to crystals containing varying ratios of 
sucrose and NaCl. and recrystallization of those products of 
indefinite compositions led to crystalline sucrose. However, 
addition of ether to an aqueous alcohol solution of 60 
deposited an oily layer, in which 60 appeared again after a 
period of 8 or 10 months. Gill was unable to find conditions 
allowing production of 60 at will, noting "I have only once 
succeeded in prepaiing that compound since the first lot of 
accidentally formed crystals, and on this solitary occasion 
there had been a continuance of very cold weather during the 
whole period of crystallisation." As part of that same study, 
Gill found a 2:3 sucrose:NaCI cocrystal, another slow-grow­
ing substance that required several months to appear. He a!:,o 
found a cocrystal of sucrose with Nal, but could not isolate 
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Table 2. Cocrystals Containing Carboxylic Acid Salts and Carboxylic Acids in a 1:1 Ratio 

acid 

formic 
acetic 
glycolic 
chloroacetic 
dichloroacetic 
trichloroacetic 
dibromoacetic 
trifluoroucetic 
phenyiacelic 
1 S)-mandelic 
propionic 
hutanoic 
crotonic 
valeric 
caproic 
caprylic 
undecylic 
!auric 
myrist1c 
pairnitic 
stcaric 
uleic 
erucatic 
trkosanoic 
cinnan1ic 
oxalic 
malonic 
sucC1nic 
gluraric 
111aleic 
fun1anc 
tartaric 
benzoic 
3-loluic 
4-rnluic 
:'.-bron1obenzolc 
.3-brornobcnzolC 
4-bron1obenzoic 
2-nitrobenzoic 
3-nitrobcnzoic 
4-nitrobenzoic 
salicylic 
~,cetyisnlicylic 
4-h yd roxybenzo ic 
4-n1ethoxyhenzoic 
1A-dinltrobenzoic 
3.5-dinitro benzoic 
2··chloro-5--nitrobenzoic 
Dhthalic acid 
11on1oph Lhalic 
isophllnlic 

crystals having definite proportions of components using the 
salts LiCl, LiBr, Lil, NaBr, NaOAc, NaNO2 , NaIO3, KC!, 
KBr, KL NR1Cl, Nll 4 Br, or NH4I. fn some cases crystal­
lization did not occur at all, and in others crystals containing 
variable amounts of salts were formed. For example. crystals 
obtained from solutions of sucrose and NH4Cl contained 
anywhere from 0.78% to 7.2% NH4Cl. It is interesting to 
note, however, that those crystals, while indistinguishable in 
ha bit from sucrose itself, were described as follows. "That the 
crystals are not simply sugar with adhering ammonic chloride 
is, I think, shown by their individual perfection. and by the fact 
that they arc deliquescent, whereas neither constituent is so.'' 
Perhaps a solid solution had been found. I was unable to locate 
references to any other studies of sucrose · NH4C[ crystals in 
the literature, other than a Japanese patent that claims addi­
tion of sucrose to aqueous NH 4Cl solutions allows producLion 
of N H4Cl cry;;tals that are 4- 5 times normal size."05 

Crystal structures were ultimately determined Cor two of the 
cocrystalsreported by Gill, (C 12H 22O 11 • NaCl· 2H2O, 60)2°6 and 

cations 

Li,147:',/a,"7 K,l•l7-·1·19 Rb,""c,."o Ba"' 
~a, 1·1 '. K, 1'i 1 Cs. 1·,q. NlI 4

15s 
K,1s6 Rb157 

NH4 , 15
}l adeninilnn 15

1J 
KlW 

?\TH~ !6l 

Ki62 
K, 1cl:U6·i Rb, 16'1- Cs1M 

Na, K, 166 Rb 1M) 

1S)- l-phenylelhylammonium 167 

K'''9 
K:4'-J.lM, 

K"'" 
Kl•N 

K!,N 

K_ l-19 

K_J4(.J 

K, 149 4-hydroxy-2.2,6,6-tetrmnethylpiperllHniurn 169 

K 1..i.?.110 

Na.171 K149 

Na.in K1,.i9 

K14? 

Kl4') 

Kl72 

K,'n N!l4173 
J{ 1 

17➔ Rb, 17 ~ Cs, 176 Ba, 177 1;yridiniun1 J ?H 

Na. 179 K, 1K0 pryidi,!irnn 17 K 
K, 181 pyrldinimn, 17~ D.L-lvsinit1m. i 82 L-Jysiniurn, 1~2 L-argininiun1 183 

tri-n-_propylam111onium 18·,r 

U.'"' tetrnmethylammonium, 1
"

4 

K, 186 pyridinl1m1, 17s 2~;irninopyridin i1m1, 1~7 tetrarncthylan1n1oniun1, !X4 

.'<-hydroxyq uin ucl idine 1
"' 

K, 144 N H 4 , 
144

-
1 

t:
9 tri111ethoprin1 190 

K'" . 
K,l ➔..J.NH4H4 

K,l44NH4144 
K, i..;.-; NH./44 
K,'·'·' NH4''"' 
K~ 144 Rb, 191 pyridiniun1 178 

K, 144 NH4,144 pyridinium 178 

K, 144-191 NI-Li. l·M pvrid:iniu~11, l 7fu 92 2-vinylpyridiniun1 192 

Li. 101 Na, px; K. itL.!44 Rb, 194 NH4 , 194 pyridiniurn
1 

l7R 8-hydroxyquinolinitn11 195 

K.1:)-6 Rbl\17 

K _ 1.1.1.1%: R~), i4ct -N-H1, 144 pyridiniun1178 
K J\H) Rhl99 

p;ridiniun1 ux 
pyridinim11. 17

g 2-vinylpyrld1niun1 192 

pyridiniun1 178 

pyridinium, 1 n tctnnnethylan1moniun1, HA tetraethy[u.nu11oniu111 184 
K_200 

pyridinium 178 

(2C 12H 22O 11 • 3Nal · 3H2O).207 Although Gill was unable to 
synthesize it, a !'.l!Crose · N,1 Br cocrystal was later obtained 
and its crystal structure was delerrnined. 208 A couple other sugars 
were found to cocrystallize witb alkali metal salts, including 2,5-
O-methylene-D-mannitol with NaCl209 and a.-n-glucose with 
NaC!,210 NaBr,211 and ;\laI. 211 A paper by Fenton describing 
cocrystals of 2-(hydroxymethyl)-5-phcnacyloxy-4H-pyran-4-
one(see below) mentioned, during a discussion of the application 
of infrared spectroscopy to characterization of the cocrystals, an 
interesting observation.212 Apparently, sodium present in tbe 
KBr discs commonly used lo hold samples for infrared analysis 
causes "alterations" in the spectrum or D-glucose, and that was 
att1ibuted to the formation ofa glucose· Na Br cocrystal. 

Note that a few cocrystals of sugars with alkaline earth 
metal salts have been reported. Examples are sucro­
se·CaCh,"13 galactose·CaBr2,

214 and fructose·CaCl2 .
215 

The last cocrystal was used to purify fructose. 
Aside from sugars, organic molecules containing various 

types of hydrogen bond donor groups can cocrystallize with 
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alkali metal salts. Examples include dihydroxyacetonc· !/ 
2NaC!,216 4,4'-diaminodiphenylmethane• NaCl,217 4,4'-diami­
no-2.3-diphenylbut1:1ne· NaCl,218 ethylenedimnine • LiCl. 219 

tert-butoxycarbonyl-pbenylalanyl-proline (61) · NaC].220 succi­
nic acid· KF,"21 succinicacid·CsF,222 and malonicacid· KF. 223 

Particularly interesting is the cocrystal containing the high­
energy compound cyclotetramethylenetetranitramine (HMX, 
62) and ammonium perchlorate (NH4ClO4 ).

224 Ammonium 
perchlorate is widely used as an oxidant in solid rocket 
propellant systems, usually as a dispersion in the finely divided 
metallic fuel. However, its high degree of water solubility 
results in degradation to perchloric acid in the presence of 
ambient moisture. That necessitates the use of desiccants and 
hermetic motor seals. Tbe cocrystal, on the other hand, is 
insoluble in water, and is stable wbcn dispersed in solid fuel 
without protection from ambient moisture. 

H 9 COzH 

(H
3C)J"-./OlNtLj 

'/ ~ 
~ 

61 62 

2-(Hydroxymethyl)-5-phenacyloxy-4H-pyran-4-one (63), a 
derivative of the antibiotic kojic acid, cocrysta!lizes with a 
surprisingly wide variety of salts. 212 Cocrystals of I 11 (63:sal() 
stoichiometry were found containing CsBr, NH4Br, Rbl, CsI, 
Nll 4 L NaNCS. KNCS. RbNCS, and C,-,NCS. Cocrystals of 
2: I (63:salt) stoichiometry wei-e found containing NaCl, KCl, 
RbCI, CsCJ, NH4Ci, NaBr, KBr. RbBr. NaI, and KL The 
structures of 63· NaCI,225 63• Nal • H 20, 226 and 63 · KI227 were 
detennined by X-ray analysis. Important intermolecular inter­
actions consist of multiple donations of oxygen atom lone pairs 
lo the sail caLions (chelation). as well as hydrogen bonding 
between the hydroxyl group and the salt anions. \Vhile in some 
systems the ability of an organic molecule to form cocryslals 
with salts seems to depend on the lattice energy of the salt itself 
or the rndii of the salt atoms, those factors do nol correlate IVith 
the cocrystals obtained from 63. As usual, a complex interplay 
of intermolecular interactions, which is difficult 1.o predict, 
leads to stable cocrystals of 63 and inorganic salts. 

63 

Even molecules that appear to contain little functionality 
that would be expected to interact with an inorganic molecule 
can form cocrystals with simple salts. For example, the drug 
carbamazepine (64) cocrystallizcs in a I :1 ratio with either 
ammonium chloride or ammonium bromide.228 Those co­
crystal structures are interesting. Carbamazepine exists 
as hydrogen-bonded dimers, which are linked by pairs 
of ammonium halide molecules into a three-dimensional 
organic:inorganic network (Figure l l). 

Conclusion 

An explosion of interest in the pharmaceutical use of 
cocrystals took place in the past decade. However, it is 

Stahly 

Figure I I. The structure of the [: l cocrystal of carbamazcpinc (64) 
and ammonium chloride.229 Carbon a toms are gray, nitrogen atoms 
,ire blue, oxygen aton1s are red 1 chlorine aton1s are green~ and 
hydrogen bonds arc dotted lines. Hydrogen atoms Rre omitted for 
clarity. 

important to understand that cocrystals have been the subject 
of research for the past l 65 years. They have been used in 
rnany industries, including pharrnacemirnL textile, paper, 
chemical processing, photographic, propellant, and electro­
nic. A wide variety of organic molecules have been reported to 
cocrystallize, both with other organic molecules and with 
inorganic compounds. 

Even though cocrystals have been around for a long time, 
there is still a lot to be discovered. The current focus on 
pharmaceuticals has shown that empirically searching for 
cocrystals of AP!s, even using a limited set of coformers .. will 
yield them about 60% of the time. 1 The variety of known types 
suggests that there are likely many commercially important 
molecules that will cocrystallize; one just has to select a 
relevant set of coformers and start looking. 
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On the Polyn1orphism of Aspirin** 
Andrew D. Bond, Roland Boese,* and Gautam R. Desiraju* 

A second polymorph of aspirin, o-acetylsalicylic acid, 
(form II), was recently reported by Peterson, Zaworotko, 
and co-workers (hereafter referred to as PZ).[1J This new form 
was obtained by crystallization of pure aspirin in the presence 
of either levetiracetam or acetamide from MeCN, and it was 
characterized by single-crystal X-ray diffraction. Form II was 
"also characterized by melting point, IR, DSC, and HPLC". It 
was stated that "there are clear ditferences between the unit­
cell parameters" of form I and form II, and also that "the 
molecular geometry of aspirin molecules in form 11 is slightly 
different in terms nf the tnrsinn angle defined hy the carhnxylic 
acid and acetyl groups, although the centrosymmetric carbox­
ylic acid dimer remains intact". The crystal packing of the new 
polymorph proposed by PZ is different from that of form I. 
Notably, "methyl groups form catemeric C-H···O hydrogen 
bonds with the carbonyl oxygen of the acetyl group versus 
centrosymmetric dimers in form I". 

While new polymorphs of older compounds are constantly 
being discoveredl2l and there is much interest in this 
phenomenon in the pharmaceutical industry because of the 
legal implications of finding new polymorphs and pseudo­
polymorphs of active pharmaceutical ingredients (APis)Pl we 
wish to clarify in this communication that the form II of 
aspirin as reported by PZ may just as easily be derived, to the 
accuracy and precision reported by these workers, from 
experimental diffraction data collected from what is undoubt­
edly a single crystal of the well-known form l. While the 
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~~ Supporting information for this article is available on the WWW 
under http://www.angewandte.org or from the author. These 
include: a detailed comparison of the form I and form II structures, 
a description of the transformation between the two structures/ 
lattices in real and reciprocal space, full details of the procedure for 
producing the form II structure from simulated data and from our 
experimental data, and electronic files (Cl F, H l<L. RES) to 
accompany the discussion. 

reasons for this unusual occurrence are still being explored by 
us, we have deemed our initial result to be of sufficient 
importance to warrant a preliminary communication, not 
least because of the peculiar chemico-legal significance of 
polymorphism in the pharmaceutical industry today, and the 
ubiquitous nature of the molecule in question. 

The first crystal structure determination of aspirin 
(form I) was performed by Wheatley,[41 who stated in his 
1964 paper that "a number of attempts" had been made prior 
to his work. The space group is P2ifc, and the conventional R­
faclor was 0.108. Somewhat high R-faclors such as these were 
not uncommon in those times. In 1984, Kim et al. reported the 
same structure with an R-factor of 0.046.l5l In 2002, Wilson 
redetermined the same crystal structure from neutron dif­
fraction data collected at seven temperatures between 20 K 
and 300 K,l6l and the R-factors (on F) in these determinations 
are in the range 0.080 to 0.090. We felt these R-factors to be 
definitely high and accordingly redetermined the crystal 
structure. Por this purpose we selected a well-formed crystal 
from a commercial sample (Merck Art. 85, DAB 7). The unit 
cell [a=ll.2776(2), b=6.5517(1), c=l1.2741(2)A., /3= 
95.837(1) 0

, V-828.70(2) A.3] corresponds to that reported 
by Wheatley,r4J Kim,[5J and Wilson_[6l The refinement on data 
to 28=56° (MoKa radiation) is acceptable (R1[l>2u(J)] = 
0.033); indeed, this is the best structure determination on 
aspirin form I to date,f71 and we use it as a benchmark in this 
paper. 

At the outset, we noted several anomalous indicators in 
the PZ structure: 1) The data are truncated to 20 = 40° 
(MoKa); 2) The R-faclors are unacceplahly large (R1-
[ 1>2a(I)] = 0.162, wR2(all data)= 0.308; 3) All atoms are 
refined isotropically, implying that anisotropic refinement 
was not possible; 4) Several of the refined Uiso values are zero 
or disturbingly close to zero. Most revealingly, we noted that 
the unit cell reported by PZ [a=l2.095(7), b=6.491(4), c= 
11.323(6) A, f3 = 111.509(9) 0

, V = 827.1(8) A.3
] can be trans­

formed to the cell obtained by us for form I with the metric 
transformation [1 0 ½ 0 -1 0 0 0 -1]. Likewise, our 
experimental form I cell can be transformed to a cell having 
a= 12.084, b = 6.552, c= 11.274 A, /3 = 111.81 °, V = 828.7 A.3. 
This is depicted schematically in Figure 1. 

We next returned to our experimental diffraction data and 
applied this relationship so that our data were indexed on the 
basis of the PZ unit cell.l8l Subsequent integration and data 
reduction was followed by a straightforward structure solu­
tion with direct methods,[9l using default settings in the space 
group P2/c obtained automatically by the software. The 
result (Figure 1) was completely superimposable on the PZ 
structure! Isotropic refinement on data to 26 = 50° proceeded 
to Rl = 0.081 with reasonable molecular and intermolecular 
geometrics and Uiso values in the range 0.019(1)--0.027(1) A2

• 

However, anisotropic refinement failed completely. In short, 

;,1;:<,,_,,;,1,i.:;y 
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Figure 1. Superposition of the form I structure (red) and the PZ 
structure (blue), showing the metric relationship between the unit 
cells. For the form I cell, the b direction points into the page. For the 
PZ cell, the b direction points out of the page. 

the same single-crystal data set may be reduced on the basis of 
two different unit cells, and both can be solved to obtain 
crystal structures that are ostensibly different yet chemically 
reasonable. However, while one of the structures (form I) 
refines satisfactorily, the other structure (form II) resists 
complete refinement. It is obvious that the first structure is 
correct. Is the second structure incorrect? 

[t is instructive to consider how and why this situation 
could have arisen. Since our refinement has an R-factor of 
0.033, we clearly examined a crystal of form I. It is not evident 
at the present time and with the data given by PZ in their 
paperl1J whether 1) they examined a crystal of form H and 
could not proceed with the refinement beyond a reasonable 
point because of reasons not yet known or 2) they examined a 
crystal of form I, from the data of which the form U structure 
emerged, as we have shown is possible. In any case, it is 
difficult for us now to be sure of the indexing procedure 
employed hy PZ and lo undersland how they obtained their 
particular unit cell. Incorrect unit cells usually get eliminated 
either because they do not lead to a sensible space group, the 
structure does not solve, or if it does solve, the refinement 
leads to absurd molecular and/or intermolecular geomelries. 
None of these situations occurred for the PZ crystal. 

Inspection of Figure 1 shows thal the consequences of 
proceeding with lhe PZ unit cell on a form crystal are 
subtle_[10J The principal distinction between the form I and 
form II structures is the positioning of the symmetry elements 
with respect to the molecules. In each unit cell, two distinct 
sets of inversion centers can be envisaged, one set lying in the 
(100) planes, and one set lying in lhe (200) planes (Figure 2). 
If the origin is chosen in both structures so that the carboxylic 
acid dimers are formed about the (200) inversion centers, the 
(100) inversion centers in the form I structure arc consistent 
with C-H···O dimers. For the form 11 structure, however, the 
unit cell is skewed along the [001] direction, shifting the ( 100) 
inversion centers with respect to the molecules. Now, 21 screw 
axes that lie half-way between the inversion centers in space 
group P21/c generate C-H···O catemers in the b direction. 
Ordinarily, such a situation would produce physically unrea­
sonable intermolecular contacts. In this case, however, the 

C--H -0 
tllrners 

inversion 
:centers 

C-H- 0 
cate-mers 
about 2: 
screw axec:: 

Figure 2. Positions of the symmetry elements in the form I (a, red) 
and form II (b, blue) crystal structures of aspirin. In both cases, 
centrosymmetric O-H---0 dimers are formed about inversion centers 
in the (200) plane oflhe unit cell. In rorrn I (a), centrosymmetric C­
H---0 dimers are formed about inversion centers in the (l 00) planes. 
In form II (b), the symmetry elements in the (100) planes are 
translated by 7/.c, such that C-H---0 catemers are formed about 27 

screw axes running along b. 

metric features have conspired to ensure that the new 
positions for the symmetry elements are suitable to generate 
seemingly normal catemers. In summary, we have here an 
apparently bizarre occurrence,f11l wherein an "incorrect'' 
crystal structure does not suffer from unacceptable intermo­
lecular contacts. Indeed, PZ have described the packing of 
form II in terms of perfectly acceptable current paradigms of 
weak hydrogen bonding/121 and the lattice energies of the two 
forms, one certainly real and the other not identified 
satisfactorily, are within 0.45 kJ mo1-1 of each other; accord­
ing to Dreiding force field calculations form II is the more 
slable form. 

Numerous sources of polential error exisl in crystal 
struclure delerminations. These can arise, for example, from 
poor crystallinity, solvent loss, presence of impurilies, disor­
der, and subtle twinning. Our principal point is that there can 
be no substitute for a fully acceptable and properly rigorous 
X-ray slruclnral analysis accompanied by a correct modeling 
of lhe structure in difficult and ambiguous cases. This is 
painfully true in the present situation where so much slore is 
set by the discovery of a new polymorph of an APL The 
present example sounds a cautionary note, and we wish to 
make the plea that structural chemists apply proper evalua­
tion to the crystallographic results that are obtained with 
increasingly automated methodsJ111 Too often, the crystallo­
graphic analyses that underpin structural studies are taken 
lightly and deemed to be a more or less routine exercise. At 
the present time, what is sure is that data collected on an 
authentic sample of form I of aspirin can be treated to 
produce the form II structure reported by PZ to their level of 
accuracy and precision. Since the main experimental evidence 
that they provided for the existence of form II of aspirin was 
their single-crystal X-ray structure determination, all of their 
claims must be reevaluated with appropriate and additional 

www.angewandte.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 615-617 
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experimental evidence before one is able to conclude that a 

new polymorph of aspirin has indeed been discovered. In the 

end, it is not clear if their form II structure is an artifact of 

improper handling of data or a poor crystallographic result on 
a suboptimal crystal. Nothing in their paperr11 helps one to 

select between these possibilities. 

We are aware of two possible caveats in the argument in 

this paper: 1) We have chosen to measure and analyze data 

collected from a commercial sample rather than from one 

crystallized in the presence of levetiracetam or acetamide and 

acetonitrile, that is, under the conditions chosen by PZ. 

\Vhether this is an important issue can only be revealed by 

experimentation. 2) Our calculations do not simulate entirely 

the data interpretation of PZ in that our simulation is based 

on 437 retlections, all with / even, none with l odd. PZ used 

748 reflections, with the same maximal 20 value of 40°; among 

their 648 reflections with I> 2a(I), there must be some with l 
odd_[rnJ We are currently investigating hoth these issues. 

In conclusion, we wish to state that at the present time, 
and with the information given by PZ in their paper, [tJ it is not 

possible to determine if there is a second form of aspirin in the 

samples obtained by PZ, or whether levetiracetam or 

acetamide would be needed to produce any such form. We 

would not like to express any opinion as to whether co­

crystallization of a compound with another compound is 

likely to increase the chances of obtaining polymorphs. These 
are matters that need to be resolved with further experimen­

tation and/or modeling. We are currently examining these 

issues with the aim of obtaining a larger and more complete 
''structural landscape" of the aspirin system. 
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[5] Y. Kim, K. Machida, T. Taga, K. Osaki, Chem. Pharrn. Bull. 1985, 

33, 2641. 
[6] C. C. Wilson, New J. Chem. 2002, 26, 1733. 
[7J Crystal data on form I of aspirin: CyH80 4 , 1vl,= 180.15, mono­

clinic, space group P21/c, a= 11.2776(2), b = 6.5517(1), c = 

11.2741(2) A, f:i = 95.837(1) 0
, V = 828.70(2) A3 T= 123(2) K, µ­

(MoKa) =0.115 mm--', 24706 reflections measured, 2043 unique 
reflections ( R,nt = 0.0255 ), 1756 observed reflections, Rl­
[l>2a(I)] = (J.0330, wR2(all data)= 0.0925, S = 1.08. CCDC 
610952 contains the supplementary crystallographic data for 
this paper. TI1ese data can be obtained free of charge from TI1e 
Cambridge Crystallographic Data Centre via www.ccdc.cam.a­
c.uk/ data_req uest/cif. 

[8] Full details of our experimental procedures are available in the 
Supporting Information. To put aside any question of exper­
imental issues, crystal quality, etc. we note that the PZ result can 
be obtained purely by manipulation of data simulated from the 
form T structure. Tf the simulated single-crystal darn set is 
subjected lo the transformation fl O ½ 0 1 0 0 0 1], the 
form II structure can be refined against the transformed data to 
emulate the PZ result. 

[9] G. M. Sheldrick, SHELXS-97. University of Giittingen. Ger­
many, 1997. 

[10] Comprehensive details of the relationship between the struc­
tures are available in the Supporting Information. The appear­
ance of the form II structure from the form I data set is not a case 
of a false solution from direct methods. Tt is the wrong choice of 
unit cell ( and indeed the wrong crystal lattice) that results in a 
false arrangement of symmetry elements. We further add that 
since the transformation [10 1

/ 2 0 -100 0 -1] is not a genuine 
crystallographic one, the resulting form II unit cell does not 
account for all reflections in the form I diffraction pattern. 
Specifically, all reflections hie! with odd ! are omitted and 
therefore the simulated transformed data set is only 50% 
complete. For the experimental data, all reflections with odd l 
appear unobserved. Remarkably, even this does not prohibit 
stable (isotropic) refinement of the form Tl structure: standard 
F2 refinement against all data produces a model with reasonable 
geometry and Urn 0 values. Of course, the R-factors are high. 
Acceptable R-factors can be obtained by application of a 2a(l) 
cut-off. 'D1e fact that PZ did not report this issue suggests that 
some of their odd l reflections were non-zero at the 2a(/) level. 

[11] It is very difficult to assess just how unusual this is. We note only 
that in our combined experience of many c1ystal-structure 
analyses, this is the first such example that we have identified. 

[12] G. R. Desiraju, Chem. Commun. 2005, 2995. 
[13] The problems in the PZ structure are manifested in the high R­

factors, the erratic u,,
0 

values, and the ( supposed) necessity for 
an unacceptable 20 cutoff. All these indicators arc flagged as 
suspicious within an automated checking system such as 
checkCIF/PLATON. 
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On the Polyn1orphism of Aspirin: Crystalline Aspirin as lntergrowths 
of Two "Polymorphic" Domains** 
Andrew D. Bond,* Roland Boese,* and Gautam R. Desiraju* 

In the preceding paper, we highlighted the ambiguity that 
exists in the literature concerning the nature of crystalline 
aspirinJ11 In 2004, Ouvrard and Price demonstrated computa­
tionally that the long-established aspirin crystal structure'241 

was amongst those predicted to be most stable, but they 
identified a slightly more stable structure as the thermody 
namic minimumJ5l At the time, it was unclear whether the 
predicted minimum-energy structure was a remnant of 
inadequate energy assessment,r6l or whether il was a plausible 
structure that awaited discovery. This issue appeared to be 
resolved in 2005, when Peterson, Zaworotko, and co-workers 
(hereafter referred to as PZ) claimed to have obtained the 
predicted second polymorph,[71 following X-ray analysis of 
aspirin crystals obtained from hot acetonitrile solution in the 
presence of either levetiracetam or acetamide. The proposed 
new polymorph was labelled aspirin "form [I'', and the long­
established aspirin crystal structure was thereby designated 
"form I". 

The distinction between the proposed aspirin polyrnorphs 
is subtle. They contain identical arrangements of O-H···O 
hydrogen-bonded dimers lying in layers, but these layers are 
arranged differently with respect to each other in the two 
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forms (Figure 1). In form I, the layers are arranged so that C­
H···O interactions form centrosymmetric dimers (arrange­
ment A, Figure 1). In the proposed form II, adjacent layers 

0-H···O 
layer 

0--HO 
isyer 

O-H---0 
layer 

a 
C-H.,Q 
catemers 

·····A 
C-H --0 
dimers 

Figure 1. Illustration of the two interlayer arrangements within a 
representative aspirin crystal. Arrangement A, comprising centrosym­
metric C···H···O dimers, exists between the layers that are colored red. 
Arrangement B, comprising C-H···O catemers extending along 27 

screw axes, exists between the layers that are colored blue. The change 
in color within the central layer is for illustration only; all O···H···O 
hydrogen-bonded layers are identical. 

are arranged so that C---H-··O interactions generate catemers 
(arrangement R, Figure 1 ). Roth interlayer arrangements are 
reasonable and acceptable in terms of the C H···O inter­
actions. Taken with the accord between the experimental and 
computational findings,[5J the PZ description of aspirin 
polymorphism appeared superficially to be plausibleJ7l How­
ever, there are serious problems with their structure refine­
ment. For the proposed form II, their crystallographic R­
factors are unacceptable (Rl = 0.162, wR2 = 0.327), and 
several refined displacement parameters are close to or 
equal to zero, with anisotropic refinement being impossible. 
Combined with very close metric similarity between the unit 
cells of the form I and form II structures, this caused us to 
raise the question of whether the proposed form II might 
actually be an experimental artifact originating from erro­
neous handling of diffraction data collected from a form I 
crystalY1 Indeed, we showed that form II of aspirin as 
reported by PZ may be derived, to the accuracy and precision 
reported by those workers, from experimental diffraction data 
collected on an aspirin crystal that was most certainly form I. 
Thus, we stressed that the PZ report did not establish the 
existence of aspirin form II to any acceptable level of 
scientific rigorY1 In this report, we arc able to resolve the 
issue fully. Aspirin exhibits a tendency to crystallize with an 
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intergrowth structure, in which layers of 0-H···O hydrogen­
bonded dimers form domains with arrangement A and 
domains with arrangement B, within the same single crystal. 
The distribution and total ratio of the domains is variable but 
appears to be limited. Aspirin form I, which comprises 100 % 

arrangement A, is commonplace, but pure form II, which 
would comprise 100 % arrangement B, has not been realized. 

The crucial experimental result was first obtained after we 
freshly synthesized aspirin from salicylic acid (see the 
Supporting Information) and prepared single crystals by 
rapidly cooling a solution in hot acetonitrile (Table l). Single­
crystal X-ray diffraction analysis of these crystals (denoted 
la, laths of typical dimension 0.20 x 0.10 x 0.05 nun) pro­
ceeded apparently routinely to provide the form II structure, 
with Rl=0.071 and wR2=0.197, against data measured to 
20 = 50° (MoKa)_[sJ Unlike the PZ report, our refinement was 
anisotropic and entirely satisfactory, although we noted that 
our R-faclors were a lillle higher lhan expected. These 
crystals were obtained without addition of levetiracetam or 
acetamidc, demonstrating that the additive is not a significant 
factor. We obtained similar results by slow evaporation of an 
acetonitrile solution, indicating that the rapid cooling proce­
dure also is not important. Powder X-ray diffraction seemed 
to confirm that the single crystal la was representative of the 
bulk sample,l9J and the polymorphism of aspirin might there­
fore appear to be clear-cut. I Iowever, reconstruction of 
precession photographs in the a*c* planes of our experimen­
tal data (Figure 2 a) revealed numerous additional reflections 
lying halfway between those of the principal form II lattice in 
the odd/ rows, together with diffuse streaks along a* between 
the Bragg reflections. In physical terms, the diffraction 
pattern demonstrates that aspirin crystals contain layers of 
0 H···O hydrogen-bonded dimers that are consistent 
(Figure 1 ), but that these layers form domains in which they 
adopt arrangement A (form I) and domains in which they 
adopt arrangement B (form II). The existence of the form I 
and form TT domains is shown hy the lwo sets of Bragg 

Figure 2. Reconstructed (h --- l I) precession photographs for crystals 
la and 2. a) Crystal la exhibits sharp Bragg reflections corresponding 
to the form 11 lattice (reciprocal lattice vectors shown), broader 
maxima halfway between these reflections in the odd I rows, and 
diffuse streaks along a''· This indicates extended form 11 domains, 
smaller domains of form I, and regions in which there is a disordered 
distribution. b) For crystal 2, the most intense Bragg reflections 
correspond to the form I lattice (reciprocal lattice vectors shown), and 
Bragg reflections of comparable profile exist for the form 11 lattice. This 
indicates a relatively more ordered structure than in 1 a (a) with 
extended form I and form 11 domains. 

reflections, while the streaks indicate smne degree of stacking 
disorder. 

From analyses of numerous crystals obtained under 
various experimental conditions, including crystallization in 
the presence of acetamidel10l (Table l ), we find that both the 
relative intensities of the two sets of Bragg reflections and the 
extent of the streaking are variable. ]n crystal 2 (Figure 2b), 
for example, all Bragg reflections are relatively sharp, and 
there are no obvious streaks, consistent with extended well­
ordered domains of form I and form JI. In crystals 1 a and 1 b, 
sharp Bragg reflections for the form JI lattice indicate 
extended form II domains, while the broader Bragg reflec­
tions between these lattice points indicate smaller domains of 
form L The diffuse streaks also indicate regions with a less 
ordered pattern of interlayer arrangements A and B. Thus, 
both the sizes and distribution of the form L and form H 
domains are variable. 

The interpretation of one-dimensionally diffuse diffrac­
t.ion data has a long hisloryflll and has been summarized 

Table 1: Summary of crystallization conditions and single-crystal refinements_ 

Crystallization conditions No. Conventional refinement 
of single-crystal data161 

form Rl wR2 

Single-crystal refinement 
with batch scaling factors 

form Rl wR2 

Refined batch 
scaling factorslcJ 

,un-u,,nuun,n,,,n,,u,,n,,un,u,,nuun,,uun,nn•n••un,u,,nunn••unn•nn•n••unn•••n••nn••unn•nn•n••unn•••n••nn••unn•nn•n••unn•••n••nnnunn•nn•n••unn•••n••nnnunn•nn•n••unn••" 

rapid cooling of solution in hot MeCN l afaJ 0.344 0.658 0.075 0.202 0.132(1) 
II 0.071 0.197 II 0.054 0.132 0.747(2) 

l 61' 1 0.544 0.846 0.076 0.220 0.038(1) 
II 0.041 0.116 II 0.034 0.080 0.858(2) 

rapid cooling of solution in hot MeCN 2 I 0.059 0.175 I 0.056 0.140 0.803(3) 
in the presence of l equiv acetamide II 0.305 0.631 II 0.076 0.288 0.146(1) 

as synthesized 3[d] 0.033 0.089 0.033 0.089 0.982(4) 
(see the Supporting Information) II unstable II 0.076 0.141 0.003(1) 

[a] Crystals la and lb are different single crystals from the same crystallization batch. [b] Based on data sets obtained from two separate standard 
integrations of the CCD frames, considering only Bragg peaks. Refinements are performed against all F' data to 20ceax=50° (MoKu)- Rl is quoted for 
data with I> 2a(I), wR2 is quoted for all data. [c] The high precision refers to that obtained from the least-squares refinement. See the text for 
discussion of the approximations and limitations of the approach. [d] A pure form I crystal. For form I refinement, the batch scale factor refines to be 
essentially unity. Conventional form II refinement against all F2 data is unstable. For batch refinement, the scale factor refines to zero, effectively 
omitting all odd I reflections, thereby emulating a data set that contains only the even I reflections. This is exactly the situation that we noted in our 
previous manuscript.I'! 

Angew. Chern. Int. Ed. 2.007, 46, 618-622 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www_angewandte.org 

UM00017023 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3892 of 4460



E'"lmmunications 

620 

recently for molecular crystals. [121 The literature includes 
examples in which layered structures exhibit only one kind of 
interlayer arrangement, that is, structures for which there are 
alternative positions of adjacent layers that have exactly 
equivalent interatomic/intermolecular contacts (as for the 
close packing of spheres, for example )Jnl The aspirin case is 
apparently the first of its kind in that it exhibits two distinctly 
different interlayer arrangements (A and B), both of which 
are physically and chemically reasonable. The accidental 
energetic degeneracy of the two possibilities,[5

-
61 combined 

with the specific metric relation between the form I and 
form II lattices, is the reason for the unusual crystallographic 
observations, since it allows aspirin diffraction patterns to be 
processed in two different ways to provide two different 
structures, both of which are physically reasonable. The 
metric transformation [1 0 ½ 0 1 0 0 0 1] that relates the 
form I and form II unit cells causes all Bragg reflections hkl 
with even l to overlay hut places the odd l reflections of 
form II halfway between those of form 1.t14J Thus, the Bragg 
reflections arising from the two types of domain appear to a 
first approximation as a weighted overlay of the form I and 
form II diffraction patterns, with the distribution dependent 
on the relative domain ratio. If such a diffraction pattern is 
indexed in the usual way to one or other of the form I or 
form n unit cells, standard integration (that is, considering 
only Bragg reflections, and discounting any other features),l15J 

will provide a data set in which the even l reflections are of the 
correct intensity, but the odd l reflections are systematically 
weak. This is the path that was followed by pz_f71 The extent 
to which the odd/ reflections are in error reflects the ratio of 
the form ] and form H domains. 

On the basis of our description, a practical procedure to 
obtain an estimate of the total domain ratio is to introduce a 
batch scale factor into the crystallographic 
refinements, applied only to reflections with 
odd !. The refined value of this scale factor 

same crystal. While standard treatment of the form I structure 
gives Rl = 0.344, wR2 = 0.658 and does not permit anisotropic 
refinement, introduction of the batch scale factor allows 
routine refinement with all non-H atoms anisotropic to give 
R1 = 0.075, wR2 = 0.202. In this instance, the refined batch 
scale factor indicates approximately 15 % form I domains. 
The discrepancy between the two indications of the crystal 
composition (in other words, that they do not sum to 100 % ) 
reflects principally the failure to account for the diffuse 
features of the diffraction patternY71 With this procedure, the 
refined crystal structure will be either pure form I (100 % 

arrangement A) or pure form II ( 100 % arrangement B) if the 
batch scale factor should refine to unity. This is the case for 
crystal 3 (Table 1), which is pure form I. In all other cases, the 
intergrowth structure is present, and a more complex analysis 
of the entire diffraction pattern, including diffuse features, is 
necessary to extract further information regarding domain 
size and dislrihulion_[12J 

Using our straightforward approach, a general correlation 
can be derived between approximate domain ratio and the 
expected crystallographic R-values for a conventional treat­
ment of the X-ray data.f181 Figure 3 provides a guide for 
assessment of the total domain ratio in any aspirin crystal 
using the R-values obtained from F 2 refinement on the basis 
of either the pure form I or the (hypothetical) pure form II 
structure if standard data reduction and refinement proce­
dures should be followed. Using the correlation shown in 
Figure 3, the R-factors reported by pzl7J show that their 
crystal actually comprised approximately equal proportions 
of domains with interlayer arrangement A and domains with 
interlayer arrangement B. 

Chemically speaking, it is reasonable (albeit realized in 
hindsight) that aspirin crystals should provide intergrowth 

r0.7 
x ~n.s 

1b ~rN I: . , ...... t 
....... -1- (}.~:,. 

.. .::· f,.·l:•'l-
_..~·'i~:f.:_v•r,,) 

gives lhe relative weights of the form T and 
form II reciprocal lattices and therefore a direct 
estimate of the crystal composition. This esti­
mate will be good for crystals that exhibit only 
sharp Bragg peaks and no diffuse streaks, while it 
will be more approximate when the streaking is 
more significant. Thus, the approach would he 
exact for two perfectly ordered domains with a 
single domain boundary, but it becomes pro­
gressively more approximate for real aspirin 
crystals as the extent of the domain disorder 
increases. The procedure gives a total composi­
tion estimate but no direct information concern­
ing the sizes of the form I and form II domains or 
their distribution. Por crystal la, such a refine­
ment against the form II data sctr161 gives Rl = 
0.054 and wR2 = 0.132, a significant improve 
ment on the standard refinement, and the 
refined batch scale factor indicates that roughly 
75 % of the crystal comprises form II domains. 
The practical effectiveness of the process is 
illustrated more dramatically by batch refine­
ment of the form l data set obtained from the 

i :--crM;·~... ·· ""' 
(, 's >-••--...-·-~·, ~, '->, x, x------❖--· .•·•·/ i·C, J 
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Figure 3. Correlation between total domain ratio and expected crystallographic Rl 
value, obtained for· conventional refinement against all F 2 data. The correlation is 
derived from experimental data for crystal 3 (see the Supporting Information for full 
details). The red and blue curves refer lo standard data reduction and refinement on 
the basis of the form I and form 11 structures, respectively, for an aspirin crystal with 
domain ratio indicated by the horizontal axis. The experimental points correspond to 
the R values obtained for the crystals listed in Table I. For these, the composition 
estimate is taken from the batch scale factor refinement, with error bars indicating 
± 5 % composition. For example, conventional refinement of crystal la as form 11 
gives Rl =0.071. The separate batch scale factor refinement indicates 75% form II 
domains. The same crystal la refined conventionally as form I gives Rl =0.344, with 
the separate batch scale factor refinement indicating 15% form I domains. 
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structures in this way. The strongest interactions (0-H···O, 
herringbone) occur within the layers parallel to the (100) 
planes, which constitute the persistent building blocks within 
aspirin crystals. These are presumably the most robust growth 
units[19J in the system. Shearing of these layers relative to each 
other along [001], which is in effect the movement that 
transforms arrangement A into arrangement B, involves 
rupture and creation of weak C-H···O interactions. The 
energy difference between the A and B arrangements is 
clearly very sma11,r5

,GJ and together with the consistent layer 
surface at (100), this permits facile turnover between the two 
possibilities in the composite crystal. If the energy difference 
were significantly greater, individual crystals of one pure 
polymorph ( either form I or form II) would be accordingly 
more stable. Ouvrard and Price[5l noted that form 11 should 
have "a low shear elastic constant, implying that it is so 
readily deformed that there may be problems in its growth''. 
In lhe course of our presenl study, we have frequently 
observed crystals of pure form I (at least to the limits of 
detection possible for single-crystal and powder X-ray 
diffraction[20l), but the maximum proportion of form II 
domains that we have observed is approximately 85 % . 
Thus, aspirin form II has not been documented in a pure 
form so far. Whether this means that arrangement A is 
inherently more stable than arrangement B, contrary to the 
calculations,l5l is a matter that remains to be firmly estab­
lished. If it were, form II might be a metastable kinetic 
product[21l which could still potentially be observed, but which 
might transform to the more stable form I. However, we have 
not observed any such transformation, at least for single 
crystals standing in air over a period of two months.l22J It is 
also possible that arrangement B is indeed more stable than 
arrangement A/51 but that the growth problems associated 
with arrangement B prevent the isolation of a pure aspirin 
form II. In this case, approximately 85 % arrangement B may 
be the most that we can expect. Clearly, much future work 
remains lo clarify completely lhe thermodynamic and kinetic 
aspects of crystalline aspirin. 

Finally, the case of aspirin raises issues with regard to 
nomenclature. As for any evolving scientific area, crystal 
engineering is presently subject to lively and ongoing debate 
pertaining to the naming of concepts and phenomena. Terms 
such as ''co-crystal" and "pseudopolymorph" have heen 
discussed recently in this context.l21J The term "polymorph" 
has so far stayed above such controversies and is used to 
signify a situation where the same substance exhibits different 
crystal packing arrangements.r241 For crystallographers, this 
definition might be considered to encompass only crystals for 
which long-range translational order is dominant; in other 
words, it is appropriate only at one end of a continuum that 
ranges from perfect crystals to systems without long-range 
translational order. To chemists, the accepted distinction is 
rather more clear. Polymorphism implies that a molecule may 
adopt one or other type of packing arrangement in the 
crystalline stale, and different polymorphs are distinct entities 
that display different physical and chemical properties. A 
single crystal of a given chemical substance is either one 
polymorph or another. In this context, one might ask how 
many polymorphs of aspirin actually exist. The domains with 

interlayer arrangements A (form I) and B (form II) certainly 
represent two different crystal structures that serve as 
reference points. However, considering that aspirin crystals 
display both arrangements within a single crystal, should 
aspirin really be described as polymorphic? What is certain is 
that the PZ description of their crystal as a polymorph distinct 
from form I is not justifiable. The PZ crystal, like several 
other aspirin crystals described in this paper, is an intergrowth 
of two '"polymorphic" domains. We emphasize that the 
intergrowth crystals are exactly that: they are not simply 
mixtures of form I and form II, and they are not twins. Each 
aspirin crystal is an integral whole in which the domains are 
intimately connected with each other, with possibly many 
turnovers of domain within a single c1ystal. Further, it seems 
that the ratio of the domains in aspirin crystals is likely to be 
constant in any particular batch prepared under the same 
conditions. 

This issue has implications heyond nomenclature. Should 
individual form I/form II corn_positions qualify for separate 
patent protection? Should patents be granted only for ranges 
of form I and form II domain ratios and not for specific 
compositions 7l25J ls (pure) form II entitled to patent protec­
tion considering that it has not been realized as yet? Could 
this problem he solved by calling these crystals "polytypes", 
considering the voluminous literature on this topic in 
inorganic solid-state chemistry?l26l If so, would different 
polytypes then be entitled to patent protection? These and 
other issues suggest that one keeps an open mind with regard 
to definitions in crystal engineering, including that of the term 
"polymorph" _[27

] In an evolving subject, no definition should 
be carved in stone. 

The Supporting Information includes details of the syn­
thesis and crystallization procedures, powder X-ray diffrac­
tion data, reconstructed precession photographs for single 
crystals la, lb, 2, and 3, a description of the geometry and 
intensities of the Bragg reflections in aspirin diffraction 
pallems, :rnd details regarding lhe correlation helween R­
factors and the total domain ratio. The results of all refine­
ments referred to in Table 1 are available in CIF format, with 
the corresponding hid data available in SHELXL HKLF-4 
format. All CCD frames (Bruker APEX2 format) can he 
obtained from the authors on request. 
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[8] The highest form II domain ratio observed from 15 single-crystal 
data collectiotls is in crystal 1 b. For this crystal. conventional 
refinement of the form IT structure gives: C 9H 8O 4, M,= 180.15. 
monoclinic, space group P21/c, a= 12.1515(10). b = 6.5064(5). 
c = 11.3677(9) A, /3= 111.574(3) 0

, V = 835.79(12) A.3
, T = 

180(2) K. _u(MoK 0 ) = 0.114 mm- 1
• 20max = 50°, 9778 reflections 

measured, 1474 unique reflections (Rm,= 0.029), ll49 observed 
reflections, Rl(1>2a(I)) -0.041, wR2(all data) - 0.116, S - 1.02. 
CCDC-617840 contains the supplementary crystallographic data 
for this paper. TI1csc data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.ca­
m. ac. uk/data_request/cif. 

[9] Cnmpared to the powder X-ray diffraction pattern of pure 
form I. the principal features that reveal the presence of form II 
domains are peaks at 20 c,j 20.9 and 26.0° (at 295 K, see the 
Supporting Information). 

[10] \Vilh exlremely rapid cooling of a hol ey_uimolar solulion of 
aspirin and acetamide in acetonitrile (that is., by plunging the 
flask directly into liquid N 2 or dry ice/2-propanol), we obtained a 
1:1 molecular complex of aspirin and acetamide, which contains 
the expected acid-amide heterosynthon. TI1is would argue in 
favor of acetamide acting as a growth inhibitor at the (200) faces 
of aspirin, leading to platelike crystals that cannot grow easily 
along [100]. It is likely that levetiracetam would behave in a 
similar way, and this is the morphology reported by PZ for their 
aspirin crystal. Crystal data for the aspirin/acetamide (1:1) co­
crystal: (C9H 8O 4)(C,I-I,NO), 1vf, -239.22, orthorhombic, space 
group Pbca, a= 9.5268(4), b = 8.7495(3), c = 28.4520(11) A, V = 

2371.61(16) A3, T = 203(2) K, _u(]\foKa) = 0.107 mm-1, 68487 
reflections measured, 3074 unique reflections ( R,n, = 0.059), 
2586 observed reflections, R1(1>2a(I)) = 0.042, wR2(all 
data)= 0.119, S = 1.04. CCDC-618012 contains the supplemen­
tary crystallographic data for this paper. These data can be 
obtained free of charge from Tne Cambridge Cryslallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request!cif. 

[11] a) H. Jagodzinski, Acta Crysiallugr. 1949, 2, 201; b) H . .Jagod­
zinski, Acta Crystallogr. 1949. 2. 208; c) "Disorder Diffuse 
Scattering of X-rays and Neutrons"': H . .Jagodzinski, F. Frey in 
international Tables for Crystallography, Vol. B (Ed.: U. 
Shmueli), International Union of Crystallography and Kluwer 
Academic Publishers, Dordrecht, 2001. 

[121 H.-B. Biirgi, M. Hostettler, H. Birkedal, D. Schwarzenbach, Z. 
Kristallogr. 2005, 220, 1066. 

[13 I a) K. Dornbcrgcr-Schiff, H. Grell-Niemann, Acta Crystallog1: 
1961, 14, 167; b) K. Dornberger-Schiff, J. D. Dunitz, Acta 
Crystallogr. 1965, 19, 471; c) K. Dornberger-Schiff, Acta Crys­
tal!ogr. Sect. A 1982, 38, 483; d) D. Schwarzenbach, K. Kirsch­
baum, A. A. Pinkerton, Acta Crystallogr. Sect. B 2006, 62, 944. 

[14] In crystallographic parlance, the Bragg reflections with even l 
are referred to as '·family reflections" and are common to both 
the form I and form II slruclures. The family refleclions alone 
define a '·superposition structure'', which in the case of aspirin 
comprises two O-H···O dimers overlaid in a unit cell with c 
dimension half that of the true c dimension. The distribution of 
the intensities along the odd l rows contains the information to 
decompose the superposition structure into chemically reason-

able arrangements, that is, the information regarding the 
particular sequence of the O-H···O layers. See Ref. [ 12]. 

[15] Neglecting any diffuse scattering is clearly a simplification. 
However, the procedures that we describe have the advantage 
that they are standard ( that is, they are based only on procedures 
used for rouline cryslallographic analyses), rey_uire no specialisl 
knowledge, and can be applied in any crystallographic labora­
tory. 

[16] -n1e term "form 11 data set'' refers to the list of intensities (the 
hkl file) that is obtained when the diffraction data are indexed on 
the basis of the form II unit cell and integrated using standard 
procedures. TI1e additional Bragg reflections that could be 
described on the basis of the form I unit cell and any diffuse 
features are ignored. The term "form I data set" refers to the 
opposite situation. 

[17] In particular, there may be problems associated with assessment 
of the background intensity in the presence of diffuse streaks in 
the vicinity of the Bragg reflections. 

[18] The correlation is derived from the experimental form T data set 
( crystal 3), with a suitable fractional scale factor applied to the 
odd l reflections (see the Supporting Information for full 
details). The batch refinement must be based on all F 2 data. 
The Figure provides an immediale approximate guide, based on 
standard refinement procedures. Application of the batch 
refinement procedure will provide an improved estimate. 

[19] R. J. Davey, K. Allen, N. Hlagden, W. l. Cross, H . .E Lieberman. 
M. J. Quayle, S. Righini, L. Seton. G. J. T. Tiddy, Crys!EngComm 
2002, .J, 257. 

[20] Since interlayer arrangements A and B are structurally and 
energetically so finely balanced, disorder is thermodynamically 
inherent in the aspirin system. All aspirin crystals should contain 
some of arrangements A and B at real temperatures. They are 
detectable by X-ray diffraction only when their number becomes 
significant. 

[21] In general, for any system of hydrogen bonds (O---H···O or C--­
H···O) wherein the dimer and catemer alternatives are well 
matched, there is a consensus that the catemer is kinetically 
favored since it is a higher dimensional pattern than the dimer. 
See: D. Das, G. R. Desiraju. Chem. Asian J. 2006, 1, 231. 

[22] PZ have reported lhal "form 11" lransforms inlo form I al 100 K. 
Our assessment of the stability of the form TT domains is based 
on re-collection of single-crystal data for 1 b after the crystal had 
stood in air for two months. 

[23] Co-crystal: a) G. R. Desiraju, CrystEngComm 2003, 5, 466; 
b) J. D. Dunitz, Crystlfr,gComm 2003, 5,468. Pseudopolymorph: 
c) K. R. Seddon, Cryst. Growth Des. 2004, 4, 1088; d) G. R. 
Desiraju, Cryst. Growth Des. 2004, .J, 1089; e) J. Bernstein, Cryst. 
Growth Des. 2005, 5, 1661; f) A. Nangia, Cryst. Growth Des. 
2006, 6, 1. 

[24] However, one of us has argued (in Ref. [23d]) that difficulties in 
the use of the word "pseudopolymorph" might have arisen 
because the definition of the term "polymorph" is too rigid with 
respect to identity of chemical composition among substances 
that are deemed to qualify for the polymorph epithet. 

[25] To some extent, this situation parallels that of isomorphous 
crystalline solvates, for which patents have been granted for 
ranges of solvenl conlenl. However, while variable solvenl 
content is a common occurrence. it is not clear how common the 
aspirin situation will be. 

[26] A. R. Verma, P. Krishna, Polymorphism and Polytypism in 
Crystals, Wiley, New York, 1966. 

[27] G. Coquerel Cnem. Eng. Proc. 2006, 45, 857 
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LETTERS TO THE EDITOR 

The polymorphism of aspirin 

Mitchell & Savilk (1967) demonstrn.tecl that v2.rio~s samples of commercial a.spmu 
have different ratC',s of dissolution. Subsequently, Tawashi (1968, T969) has reported 
the existence of aspirin in two polymorphic forms (designated Forms I and II), 
Du.ring the course of present work concerned with the tablctting characteristics of 
various polymorphic forms of drngs, we have been able to identify several aspirin 
polymorphs in addition to those already reported. Table 1 shows the conditions 
under which the polym.orphs were obtained, 

Confirmatory evidence that all the samples examined were aspirin and differed 
on.Iv in crystalline form is afforded by the fact th.at no differences could be detected 
in their ultraviolet spectra when dissolved in ethanol (determined using a Unlearn 
SPSOO recording spectrophotornetc:r), 

A Perkin-Elmer Differential Scanning Calorimeter DSC-1 equipped with an effluent 
analyser was used for the thermal analysis of the polymorphs. Samples weighing 
between 2 and JO mg were analysed using a scanning rate of 8° min-1 • No traces 
of solvent of crystallization were detected by the effluent analyser when any of the 
aspirin samples were fused. This therefore excludes the possibility that the samples 
were solvated forms of aspir.in, The DSC traces for the six polymorphs are shown 
in Fig, L 

A Kofler hot stage microscope was used to confirm the melting points of the 
polymorphs. The results are shown in Table ! . The instrnment was also used to 
observe solution phase transformations of pairs of polyrnorphs. The solvent for 
this work was n-pentanol saturated with one component of the p,uticular polymorph 
pair under study. Some of the _phase transformations are summarized in Table 2. 

Since different polymorphs have different crystal packing conditions, it is to be 
expected that thr:y will have different true densities. Density determinations were 
made at 20° using a specific gravity bottle with a displacement medium of light 
liquid paraffin. Table I contains the results of this work. 

·5 n 
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" " " 
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Table 1. 1vfethods of preparation and physical characteristz'cs of aspirin polymorp!VJ 

Form 
Method of prcparati.on nomenclat urc 

Slow recrystaUi:zation from 
96½ ethanol at 20° 

Form I 

Slow recrystalli1,ation from Form JI 
n-hexane at 0" 

Slow recr:rstallization from Form 1f 
n•hexane at 20" & 

Form UT 
Slow recrystallization from Form lV 

n-octane at 20° · 
Slow recrystallization from FNm iV 

n-octane at 0° & 
Form V 

Sublimation of r.spirin vapour Form vr 
under vacuum 

Melting point (°C) 
Hot stage 

DSC microscope 

135 1.33 

129 128 

123 124 
& & 

114 115 
123 121 

!!9 ll 8 
& & 

100 100 
:08 110 

Density a: 
2.0" C 

(g mJ-l) 

1 ·40 

1·50 

l ·36 

1'29 

• Not po,~ible to isolate polymorphs and make density determinations. 
The melting point~ of polymorphs prepared by Tawashi (1968) were Form I 143' and Form 

II 125'. 

Table 2. 5'ofotion phase transformariolls of polymorph pairs at 20° C in n-pentanol 

Pair of polyrnorphs examined 

Form 1 Form II 
Form Jl + Form HI 
Form [ .. 1- Form IV 
Form n •+ Form IV 

Transformation observed 

Form II -+ Form I 
'No transformation 

Form IV.~,. Form r 
Form II •- Form IV 

X-ray powder diffraction (PhiHips PW 1009/30) using nickel-filtered copper 
radiation was also performed on the polymorphs. However, only minor differences 
in the 1rnmber and intensity of the linc:s in the diffraction patterns were observed. 

The aspirin polyrnorphs were stable in the presence of moisture and upon storage. 
Grinding of the polymorphs in a Gl.en Creston micro-ball mill had no effect with 
the exception of Form HI that was transformed to Form II. 

Further work is contlnuing on the characterization of the polyrn.orphs using 
dissolution techniques. 

The authors would like to thank Dr. J. D. Donaldson for helpful discussions 
concerning the X-ray po1.vder diffraction studies. 

One of us (M.P.S.) wotild like to thank the Science Research Council for the 
award of a Research Studentship. 
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April 27, 1970 
RBFERENCES 

M. P. SFMMERS 
J. E. CARLESS 

R. P. EN'EVER 

Mm;;Hl,U., A. G. & SAvlLLTI, D. J. (1967). J. P/wrm. Pharmac., 19, 729-734. 
TAWASHl, R. (1968). Sdewe, N.Y., 160, 76. 
1',wvMHI, R. (!969). J. Pharm. Plim-mac,, 21, 701-702. 

Treatmet 
The discovery 
additional ap 
Besides such n 
responsible f'o 
of the deiay P1 

We now pr 
of some a11til 
Both the ind' 
Pdcwrska ( l: 

To estimat1 
seven groups 
injected with 
animals w2,, 
Carvalho & 

Tl1e follov 
tiou ohas,: c 
anirn'.i.ls in 1 
period of '.\1 
Group Vf: 
results for r 

To test th 
activity, ad 
indomcttrnc 
(3 mg/kg, i 
one d,1y b, 
Fig. JB. 

Antibrn, 
The in 

been preti 
ex.perimer 

:'.J 1 oJ '<' 
:, ,., 
0 

t1 t) 
C 

~ 

ftG, iA 
(-.&,-·; 
rnanifcsi 
mean in 
bt·adyki 

n. Inr 
Phenyl I 

UM00017028 
NOVARTIS EXHIBIT 1517 

Novartis v. Regents, IPR2023-01347 
Page 3897 of 4460



6036 Wheatley: The Crystal and 

1163. The Crystal and Molecular Structure of Aspirin. 

By P. J. WHEATLEY. 

The crystal structure of aspirin (acetylsalicylic acid) has been determined 
by three-dimensional X-ray diffraction methods. The crystals are monoclinic, 
space group P21/c, with a= ll·446, b = 6·596, c = 11·388 A, ~ = 95° 33'. The 
final parameters were obtained by a least-squares refinement of 2055 intensities 
collected with a Hilger-Watts linear diffractometer. The eight hydrogen atoms 
were located from a three-dimensional difference synthesis and included in the 
refinement. ThefinalR factor, including 267 planes of zero intensity, was I 0·8%. 

Vk,v Online 

THE crystal structure of aspirin (I) has not previously been determined, although it is known 
that a number of attempts have been made.1 This investigation was undertaken to provide 

C02H OOAc 
(I) 

adequate structural knowledge which might form a basis for an interpretation of the mode 
of operation of this remarkable drug. 

Experimental.-C9Hs04. M = 180·2. Monoclinic. a= 11·446 ± 0·013, b = 6·596 ± 0·006, 
c = 11·388 ± 0·009 A,~= 95" 33' ± 2'. U = 855·7 As. Dm = 1·40. Z = 4. De= 1·398. F(000) = 
376. Space group P21/c (C2,.5, No. 14). 

Excellent crystals (m. p. 143°) can be obtained from many common organic solvents with [b] 
as the axis of elongation. Those used in the present analysis were grown from benzene. The cell 
dimensions, obtained from oscillation photographs (Cu-Ka, A= 1·5418 A), yield the axial ratio: 
a;b;c;: 1·7533: 1: 1·7265, ~ = 95° 33'. They may be compared with the optical results of Niini: 2 

a: b: c:: 1·7322: 1: 1·7322, f3 = 95° 42·5', and with those of Nitta and Watanabe obtained by 
X-rays: 3 a= ll·37, b = 6·54, c = 11·37 kX, a:b:c:: 1·7385: l: 1·7385, ~ = 95° 27'. 

The intensities were collected round [b] with Mo-Ka radiation on a Hilger-"\Vatts linear diffracto-

1 Private communication from Dr. J. H. Robertson. 
2 R. Niini, Z. Krist., 1931, ?9, 532. 
3 I. Nitta and T. 'Watanabe, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 1937, 31, 125. 
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[1964] Molecular Structure of Aspirin. 6037 

meter equipped with SrO-ZrO2 balanced fi.lters. 4 On the h0l-h2l layers, each reflexion was 
measured three times, and on h3l-h9l five times, with each :filter. The h0l-h5l intensities were 
collected with a 3°, and the k6l-h9l with a 4° oscillation angle. About thirty reflexions had to be 
hand-measured. For these, a 4° oscillation was used. The maximum recording angle was 0 = 30°. 
A half-minute motor was used. The scale of the intensities so obtained was such that, when 
corrected for Lorentz and polarization factors, the resulting observed structure factors were on a 
scale slightly greater than absolute. In these circumstances it was felt justified to include all 
planes with the actual corrected count obtained, except when such a count was negative, in which 
case the reflexion was allotted zero intensity. In this manner 2055 independent reflexions (ex­
cluding 0k0} were obtained, of which 267 (13%) were zero. The analysis is based on these 2055 
planes, and all values of R and R' include the zero reflexions. 

The structure was solved from a sharpeued three-dimensional Patterson synthesis. The 

TABLE l. 

Final atomic co-ordinates in A. Standard deviations are given as units in the last place. 

Atom 
0(1) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
C{3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(S) 
C(9) 
H(l) 
H(3) 
H{4) 
H(5) 
II(6) 
H(7) 
H{8) 
H(9) 

X 
0·1209 (27) 
1·3764 (26) 
3·2639 (23) 
4·6127 (29) 
1·7513 {31) 
2·8180 (33) 
3·4249 (36) 
2·9845 (39) 
1·9428 (39} 
1·3357 (34) 
1·0279 (32) 
4·1795 (33) 
4·5424 (45) 
0·8160 {690} 
4· 1336 ( 446) 
3·4349 (446) 
1·6477 (446) 
0·6357 {444) 
3•5432 {572} 
4·9306 (572) 
4·9193 (566) 

y 

1·2377 (28) 
0·9148 (28) 
2·7176 (26) 
1-4508 (33) 
2·8796 (34) 
3·3762 (34) 
4·5825 (39) 
5-3062 (40) 
4·8260 (40) 
3·6315 (37) 
1-5944 (34) 
1·7226 (39) 
1·0675 (52) 

- 0·0133 (794) 
4-8674 (491) 
6·1985 (501) 
5·3156 (498) 
!HJ448 (494) 
0·7956 (657) 
0·2440 {646) 
1·5189 (643) 

TABLE 2. 

z 
1·1004 (28) 

- 0·5786 (27) 
-l·00iO {23) 

0·3906 (27) 
0·7679 (33) 
0·1047 {33} 
0·4774 (40) 
1·5338 (43) 
2·2077 (40} 
1·8242 {36) 
0·4241 (33) 

- 0·7189 {36} 
-1·9791 (42) 
- 0·9209 {687) 

0·0158 (447) 
1·8538 (446) 
2·9276 (446) 
2·2671 (443} 

- 2·6885 (574} 
-1·9332 (573) 
- 2·4623 (573) 

Thermal parameters in A2• Standard deviations are given as units in the last place. 

Atom Uu U22 Uaa 2U12 2U2a 2Un 
0(1) 0·0501 (15) 0·0458 (15) 0·0562 {16) - 0·0372 (25) -0·0190 (26) 0·0416 (25) 
0(2) 0·0465 (14) 0·0480 (15) 0·0518 {15) - 0·0169 (25} - 0·0285 (26) 0·0253 (24) 
0(3) 0·0392 (12) 0·0416 (13) 0·0359 (12) 0·0016 (21) 0·0094 (21) 0·0136 (19) 
0(4) 0·0589 (17) 0·0729 (21) 0·0413 {14) 0·0562 (32) 0·0125 (29) 0·0040 (25) 
C(l) 0·0292 (15) 0·0332 (16) 0·0384 (16) 0·0005 (25) 0·0082 (27) 0·0032 (25) 
C(2) 0·0366 (16) 0·0322 (16) 0·0375 (17} 0·0127 (27) 0·0084 (27) 0·0020 {26) 
C(3) 0-0398 (18) 0·0394 (19) 0·0547 (22) -0·0131 (31} 0·0127 {34) 0·0119 {32} 
C(4) 0-0471 (20) 0·0380 (19) 0·0609 (24) - 0·0040 (33) -0·0036 (36) 0·0058 (35) 
C(5) 0·0483 (21) 0·0403 (19) 0·0510 {21) 0·0080 (33) -0·0164 (34) 0·0124 {33) 
C(6) 0·0341 (16) 0·0396 (18) 0·0436 (18) - 0·0022 (29} - 0·0030 (30) 0·0128 (28) 
C(7) 0·0335 (16) 0·0339 (16) 0·0366 (16) 0·0057 (26) 0·0078 (27) 0·0027 (26) 
C(8) 0·0309 (16) 0·0476 (20) 0·0431 (19) - 0·0029 (30} 0·0057 (32) 0·0112 (27) 
C(9) 0·0582 (25) 0·0721 (30) 0·0481 (22) 0·0157 (45) -0·0199 (43) 0·0236 (38) 
H(l) 0·12 (6) 0·12 (7) 0·12 (6) 0·0 (l) 0·0 (1) 0·023 (99) 
H(3) 0·04 (3) 0·04 (3) 0·04 (3) 0·0 (5) O·O {5) 0·008 (50) 
H(4) 0·04 (3) 0·04 (3) 0·04 (3) 0·0 (5) O·0 (5) 0-008 {50) 
H{5) 0·04 (3) 0·04 (3) 0-04 (3) O·O (5) O·0 (5) 0·008 (50) 
H(6) 0·04 (3) 0·04 (3) 0·04 (3) 0·0 (5) O·O {5) 0·008 (50) 
H(7) 0·08 (5) 0·08 (5) 0·08 (5) 0·0 (8) O·O (8) 0·015 (75) 
H(8) 0·08 (5) 0·08 (5) 0·08 (5) 0·0 (8) O·O (8) 0·015 (75) 
H(9) 0·08 (5) 0·08 (5) 0·08 (5) 0·0 (8) O·O (8) 0·015 (75) 

4 U. Arndt and D. C. Phillips, Acta Cryst .. 1961, 14, 807. 
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TABLE 3. 
It k I Fo Fe A h k 1 r--. r"'c l:i. h k I F. Fe & 

V 0 14 .:.2a5 -259 -2~ tl 0 10 -n~ -2~, -84 1 1 -~ -1JiJo -1270 -Ja 
0 0 12 125 66 55 b 0 a 0 11 -11 1 1 -J 2502 24)8 64 
0 0 10 -75J •721 -J2 8 0 6 -469 -490 21 1 1 -4 461 435 -34 
0 0 il -2592 -2565 -1 6 0 4 -1237 -noe 71 1 1 -5 -2371 -2)62 11 
0 0 6 -597 -627 30 6 0 2, 749 777 -28 1 1 -6 1114 ~66. 126 
0 0 4 -n4 -141 -10J e 0 0 3109 J00J 106 1 1 -7 -2904 -2738 -166 
0 0 2 9561 1080,l -124) 8 0 -2 2222 2091 131 1 1 -3 1()5 172 1) 
1 0 14 249 156 S,J 8 0 -4 Jil7 J62 25 1 , -9 o -61 61 
1 0 12 -J54 -211> -136 8 0 -6 <>59 i;,42 17 1 1 -10 -110 -153 43 
'I ·O 10 -10% -11)5 :n !i 0 -a 0 ,u •5tl 1 1 -11 170 16t! 2 
1 0 !l -256a -2~70 -96 ll 0 -10 -J16 -tlcl -230 1 1 -12 -20J -160 -4J 
1 0 6 -2578 -251:; -s;i ti o -12 0 109 -109 , 1 -1'.l -191 -118 •7J 
1 0 -4 -J19 -291 -22 ll 0 -u -15) -299 146 1 1 -14 225 261 -J6 

\C.) 1 0 2 -1661 -1621 -60 9 0 12 -219 -49 -no 1 1 -15 0 ,:~ -49 
t"f/ 1 0 a )~17 :io2t1 6') 9 a 10 0 66 -68 2 1 14 a -4) 4) 
0 1 0 -2 )242 )151 91 9 o ti 977 10)5 -58 2 1 1) 1J5 119 16 
',D '1 0 -,! -JOJJ -J16<1 131 9 0 6 1451 1595 •144 2 1 12 (} 65 -65 
0 1 0 -6 -279 -237 -42 9 0 4 105::l 1061 -2 2 1 11 174 169 -15 0 
(",) 1 0 -ti 1521 1991 -1□ 9 o 2 -HJ7 -226 J9 2 , 10 114 ·77 37 
,':t: 1 0 -10 1467 142d J3 9 0 0 •B94 -909 15 2 ~ 9 1J2 2B4 -152 

0 .__, 
1 0 -,2 83 204 -116 9 0 -2 554 545 9 2 0 -299 -)55 56 ,--1 C\ 

0 ~ 1 0 -14 -172 -98 -74 9 0 -4 -10)) -1100 67 2 , ·z 151 '75 · 76 
,·1 ~-~ 2 0 12 0 •145 145 9 0 -6 -1545 -15)6 -7 2 , 530 576 -46 
c., O• 2 0 10 1224 126) -J9 9 0 -ll -40) -J92 -11 2 1 5 805 · 714 91 
'-' er: 2 0 6 611 666 -55 9 0 -10 -623 -670 ,17 2 1 4 -J25J -)120 -14J J:, ,-, ('.) 2 0 6 o 142 -14'2 10 0 8 0 8 -8 2 1 ) 5)61 5374 -n -g 

C 2 0 4 2654 2506 1.48 ,a 0 6 J9d 49J -95 2 1 2 -8B46 -:)211 :l65 
0 2 0 2 -6J04 -61l50 146 10 0 4 •)85 -2b0 -105 2 1 1 7444 WH -209 
0\ 2 0 0 -4 )1 -4609 -22 10 0 2 -141 -27 -114 2 1 0 28)4 2841 -7 
,-i ·c: 2 0 -2 402J J~1J 110 10 0 0 f!79 1046 -67 2 1 -1 2975 2640 135 
Cl 'U 2 0 -4 -Ja97 -J72J -174 10 a -2 946 965 -19 2 1 -2 2753 2655 98 
'.J 2 0 -6 -1000 -942 -58 10 0 -.i 114 70 44 2 1 -J -1494 -1510 16 
C) 

C!.1 2 0 -5 -116J -121tl ::J5 10 0 -6 -619 -79J -26 2 1 -4 262& 25J9 69 ,_. 
0 C 2 D -10 -1940 -1942 z 10 0 -6 -904 -894 -10 2 1 -5 -2422 -2257 -165 ;; ... ~ 

10 0 -10 -761 -66) -98 c:::: '-' 2 0 -12 -J01 -377 76 2 1 -6 1322 1305 17 
0 

er: 2 0 -14 -225 -256 )1 11 0 tl -2BB -J61 -7). 2 , -1 -1386 -1)67 -19 '-! 
~ 

(/~ J 0 12 -266 -168 -9:s 11 0 6 -191 -160 -11 2 1 -a -742 -760 )8 

8 
J'.:l J 0 10 J25 317 ii 11 0 4 0 -J2 J2 2 1 -9 592 641 -49 

~~· ) 0 1J 675 i.;~7 -12 11 0 2 •z-i1 6<>) 64 2 , -10 81) 069 -56 s J 0 6 -181:lJ -1727 -156 11 0 CJ 28 659 -)1 2 1· -11 1264 1294 -30 ,~ 
0 .. 3 0 4 -32.22 -)172 -5 □ 11 0 -2 -41z -411 -6 2 1 -12 777 8)1 -54 "c::l 

"' p J o 2 29)4 2'.c/08 26 11 0 -4 -102 -1026 0 2 1 -1) 429 4)8 -9 ..., 
,..C:: J o 0 2644 2573 71 ,, 0 -6 -1177 -1170 .. 7 ) 1 14 405 J5) 52 F-i 
i:: J 0 -2 2671 25b6 85 11 0 -a 0 167 •167 J 1 1J Q 150 -150 

~ C J 0 -4 -20'.l -41 -·162 11 0 -10 60) 599 4 J 1 12 )65 Jd2 2) 
"T J () -6 -1692 -18;4 -50 12 0 a 102 172 -10 ) 1 11 -620 -600 -20 

.:: \(; J o -8 16,J 178 11 12 0 6 •767 892 -125 ) 1 10 96,1 9JJ )1 :u 
;;;J 

()'\ J 0 -10 700 , fe -2a 12 0 4 1260 1'.)24 -64 J 1 9 -792 -BJ5 4) 

0-. ,,, J 0 -12 646 35 11 12 () 2 129 60 69 J 1 a 1208 1223 -15 

~ 
~- ) 0 -14 321 202 11:i 12 0 0 o 9) -9) J 1 ·z )12 266 26 
~~: 4 0 12 271 445 -174 12 0 -2 0 -24 24 J 1 -515 -569 54 
l§ 4 0 10 1144 1194 -50 12 0 -4 •677 -812 1)5 3 1 5 -499 -566 67 

;.-.. l"'::j 4 0 0 1)71 141) -42 12 0 -6 0 -212 272 :i 1 4 0 -1)) 1)) ,J::1 ;v-; 
4 o 6 •2J) -J45 112 12 0 -a 6J2 54) .. 59 J 1 ) 554 437 117 ·~ 4 0 4 -8J9 -7eo -s:. 12 0 -10 517 552 -35 3 1 2 -5101 -491) -188 

~ 0 
'i 4 0 2 o -218 218 1J o ,I -J62 -)46 -14 3 1 1 4017 '.J970 47 c:: ,4 0 0 -4148 -4□57 -91 1J 0 2 -:;so -40) n J 1 0 -8607 -91)8 531 ('.) .2 ,:! 4 0 -2 -11n -1694 -37 1) 0 0 233 250 -,7 J 1 -1 -2927 -2664 •,!J 

Ci ,1: 4 0 -4 -A293 -.iosa -2;5 1J 0 -2 1241 1J35 -94 J 1 -2 -)9J1 -J699 -,2 
~ ,..C:: 4 0 -6 -1822 -1607 -15 1J 0 -,i 1116 1205 -!l9 J 1 -J -)149 -J590 -159 
C.) -~ A 0 -6 40:,6 41'>5 -69 1) 0 -6 0 95 -95 J 1 -4 -2666 -2685 -1a1 

Ci :c A 0 -10 2062 2759 103 14 0 4 -540 -674 1.34 J 1 -5 1008 960 26 

~ 4 0 -12 640 54) 'J7 14 0 2 177 48 129 J 1 -6 -1084 -1010 -14 
4 0 -14 JJ9 229 110 14 0 0 -141 -)4 -107 ) 1 -7 211 246 -:is 
5 0 12 156 · 74 122 14 0 -2 570 610 -40 J 1 -8 492 505 •1) 
5 0 10 -121 -121 0 14 0 -4 499 J16 18) J 1 -9 50) 486 17 
5 0 8 -653 -724 · 71 14 0 -Ii -4J2 -442 10 J 1 -10 1459 1461 -2 
5 0 6 JJ2 J06 24 15 0 4 -4:;5 -617 122 3 1 -,1 9JJ 903 JO 
5 0 4 -1215 -1195 -17 15 Q 2 -215 -n:i 56 J 1 -12 1464 1411 5) 
5 0 2 -1569 -1665 •104 15 0 a -281 -3:,5 54 J 1 -1) 2)5 221 14 
5 0 0 -1114 -1045 -69 15 0 -2 -)50 -)06 -44 4· , 12 0 59 -59 
5 0 -2 -1051 -996 -55 15 0 -4 354 239 115 4 1 11 (I •76 ,ZC• 
5 0 -4 1696 17 □0 116 16 0 0 0 -29 29 4 1 10 J86 450 - 4 
5 0 -6 S01 c!20 ll1 16 0 -2 0 119 -119 4 1 9 158, 236 -JB 
5 0 -6 1114 1115 -1 16 0 -4 403 5:,5 -1:i2 4 1 8 997 972 25 
5 0 -10 1c17G 18~7 -11 0 1 15 -261 -150 -s1 4 , ,7 507 446 61 
5 0 -12 162 173 -11 0 1 14 -261 -294 27 4 1 6 • "/6::l 696 •7) 

i o -14 -273 -200 -7'.l 0 1 1J '"'765 -716 -49 4 1 5 -1;02 -1160 -142 
0 12 -JJ4 -277 -57 0 1 12 -5)0 -502 -26 4 1 4 1060 1005 ,75 

6 0 10 0 115 -115 0 1 11 -662 -726 44 4 1 J -4)40 -4159 -181 
6 0 I> 0 114 -114 0 1 10 •1076 -1105 29 4 , 2 -28B -447 159 
6 0 6 -181) -1600 -13 0 1 9 -129 -212 !lJ 4 1 1 -2924 -269\1 -25 
6 0 4 -2459 -2514 15 0 1 8 185 57 128 ,I 1 0 -77 -1)4 57 
6 0 2 -1605 -1450 -155 0 1 l 2.67 261 6 4 1 -1 -459 -531 •72 
6 0 0 -1734 -1764 30 0 1 490 5J8 -46 4 1 -2 2646 2670 178 
6 o -2 -2025 -1719 -Jo5 0 1 5 1'.l2 64 46 4 , -J -1050 -1116 26 
6 0 -4 )40 5J6 -1~8 0 1 4 -27,z •2696 -96 4 1 -4 26) 290 -27 
6 0 -6 -2J58 -2}JQ -28 0 1 J -10.59 -1069 10 4 1 ,-5 -1143 -9BJ -165 
6 a -a -2262 -2200 -62 0 1 2 4627 4977 -150 4 1 -6 1116 1155 -39 
6 o -10 1009 ~99 10 0 1 1 -JQ2tl -;}119 91 4 , -7 .-632 -,,a -114 
6 0 -12 702 • 720 -1a 1 1 15 0 -BO !JO 4 1 -a -662 -705 43 
6 0 -14 406 41; -7 1 1 1A 0 8 -8 4 1 -9 -1142 -11)2 -10 
7 0 12 :l1D J55 -45 1 1 1J -25,6 •3J2 • 76 4 1 -10 -192\1 -BJO 1 

• ·1 0 10 :3)9 556 -17 1 1 12 -162 -2n J1 4 , -11 -4-46 -451 5 
7 0 6 JJ5 54z -162 1 1 11 -244 -313 69 ,I 1 -12 -244 -231 -iJ 
1 0 6 -1325 -137 51 1 1 "10 687 669 111 4 1 -1) 9) 2~" -1BJ ,a 
7 0 4 -1J□9 -1JDO -9 1 1 51 1135 10'i7 :ia 5 1 12 -278 -St. -220 
7 0 2 404 2~2 112 1 1 8 2172 2124 411 5 1 11 ti<;O 90J -n 
7 a 0 -4J4J .4261 B2 1 , 'l 1295 1J05 -,o 5 1 10 -~,i .-nJ .46 
7 0 -2 1695 1771 116 1 1 26)7 2763 69 5 1 9 26 J~5 -1':i 
7 0 -4 -13□3 -1206 -102 1 1 5 -723 -711 -12 5 1 ll 0 -127 127 
J 0 -6 -51J -4'.i1 -22 1 1 4 -,en •1931 154 5 1 l 167 '7) 94 
J 0 -6 -1622 -1660 J6 1 1 J 2269 2159 110 5 1 -514 -456 -56 
7 0 -10 -7&7 -7"}4 •1) 1 1 2 1-7345 1-761:, 268 5 1 5 -9:,9 -602 -n 

·7 0 -12 19} 249 -56 1 1 1 1573 1650 -77 5 , 4 -:JJJ6 -JJ17 -H ., 0 -14 -511 -506 -5 1 1 0 -269) -2664 -2Y 5 1 3 -;157 -J155 -2 
t, 0 12 52J 5;4 -11 1 'I -1 -10~2 -1097 5 5 1 2 -1092 -s,64 •124 
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TABLE 3-continued. 
I, k I Fa Fe a h 1, I Fo Fa A h k I 1;~ r, ii 

5 1 1 0 ::•4 ... :54 9 1 -6 5.::;2 5,,0 <l2 1 ~ 9 ~e, 1 □ 12 -2':l 
5 1 0 614 ,~o •74 '.1 1 -7 -14J9 -1446 

-12~ 
1 2 ll -237 -245 ;; 

5 1 -1 :lJ51l J2~6 62 9 1 -6 -174 -54 1 2 z 114 156 -,;2 
5 1 -2 41J6 Jj,S 141 ~ 1 -9 0 1W -ns 1 2 1JJ9 1)24 15 
5 1 '--J 6Bb 564 10d 9 1 -,10 -162 -253 ~1 1 2 5 D -22 22 
5 1 -4 327.4 J158 116 9 1 -11 19!, 222 -26 1 2 4 1229 1126 101 
5 1 -s -505 -J62 -14) 10 1 10 -435 -462 47 1 2 ) 167 201 -14 
5 1 -6 -491 -411 -oo 10 1 9 0 94 -94 1 2 2 2104 2051 2) 
5 1 -7 0 -125 125 10 1 " -19J -:ios 112 1 2 1 -2258 -2246 -10 
5 1 -6 -4J5 -4JO -5 10 1 J 0 124 -12'1 1 2 0 1541 14)6 105 
5 1 -9 -536 -561 25 10 1 -J42 -311 -31 1 2 -1 7a1 822 -41 
5 1 -10 -465 -501 16 10 1 5 J')6 JbJ -1 1 2 -2 -656 -577 -?J 
5 1 -11 0 40 -40 10 1 4 -)10 -296 -14 1 2 -J -2359 -2)67 26 

\C.) 5 1 -12 a -67 67 10 1 J 1090 1079 11 1 2 -4 6JO 404 226 
t"f/ 5 1 -1J 196 ~9 1H 1[) 1 2 0 -11 11 1 2 -5 -5702 -54~4 -2oc1 
0 6 1 ·12 265 '.l16 -31 10 1 1 1061 1068 -7 1 2 -6 534 533 1 
'·D 6 1 11 461 5L2 -101 10 1 0 -2,0 -258 -:iz 1 2 -7 -1295 -124J -52 0 6 1 10 601 790 11 10 1 -1 240 112 128 1 2 -e -617 -560 -57 0 
(",) 6 1 9 ~J 165 -~2 10 1 -2 564 651 -d7 1 2 -9 261 )69 -100 
,':t: 6 1 6 1375 867 -12 10 1 -J 0 -n 1J 1 2 -10 -1429 -1,q5 46 

0 '-· 6 1 l -2J5 -2.50 15 10 1 -4 509 523 -14 , 2 -11 52~ 5J~ -1:, ,--1 C\ 
0 ~ 6 1 i 4J4 1,76 50 10 1 -5 J25 24J <>2 1 2 -12 -437 -J42 -c,5 
,·1 ~-~ 6 1 5 0 -15~ 151 10 1 -6 -2n -176 -49 1 2 -1J b5SI eo1 5~ 
c., O• 6 1 4 516 5bO -6,t 10 1 -1 -261 -J~2 101 i 2 -14 286 :,26 -4Q 
'-' er: 6 1 J -156 -41 -115 10 1 -6 -1:;G -140 -16 , 2 -15· 370 264 10& .l:1 .-, ('.) 6 1 ,2 -'.,76 -1020 "14 1[) 1 -9 0 -111 111 2 2 14 -J27 -262 -6~ -e C 6 1 1 -14,:) -211 6J 10 1 -10 1,6 1{,.\S,' 7 2 2 1J 1JB 156 -," 

0 6 1 0 -1379 -13;;9 10 10 1 -11 227 319 -92 2 2 12 -294 -260 -J4 
0\ G 1 -1 461 A75 -14 11 1 !l 0 -153 15'.l 2 2 11 2:l) 7rJ 16J 
,-i ·c: 6 1 -2 1225 10)tl 1~7 11 1 l 342 ·332 -50 2 2 1iJ -6JA -6?':i ii', 
Cl "O 6 1 -J 1027 ~52 75 11 1 0 44 -44 2 2 9 -)62 -J7b -4 
'.J 6 1 -4 0 -1SJ 1':JJ 11 , 5 -1107 -424 17 2 2 c -720 -765 A:, 
C) 

C!.1 6 1 -5 ll50 60:J 41 11 1 4 407 )22 55 2 2 7 b17 756 61 ,_. 
0 C 6 1 -6 -2~~1 -2,52 61 11 , J -n, -J:,il 77 2 2 6 b:lJ qt, -4~ ;; ... ~ 

"-' 6 1 -7 1002 175il 44 11 1 2 276 2i1 -15 2 2 5 1706 1675 J1 c:::: 
0 

er: 6 1 -v -1066 -1050 -10 ,, 1 1 0 66 -66 2 2 4 -1~42 -rn;o -4:, '-! 
~ 

(/~ 6 1 -~ 14Si0 14)6 62 11 , 0 -6Q4 -oJJ 2;, 2 2 J 114 162 -4d 

8 
.c 6 1 -10 -322 -246 -7;; 11 1 -1 -170 -62 -Q5 2 2 2 -4210 -J611 -JS) 

~~I 6 1 -11 0 209 -20::1 11 , -2 -118 -164 46 2 2 1 -1524 -1 d59 -65 s 6 1 -12 0 -11J 11J 11 1 -J 473 -4514 -21 2 2 0 -2716 -2535 -161 ,~ 
0 .. 6 1 -1:, -19!:i -1;6 -62 11 1 -4 409 )4J 66 2 2 -1 -924 -z64 -160 "c::l 

"' p 7 1 12 -207 -bJ -1,1 11 1 -5 526 651 -125 2 2 -2 -2766 -2 BO -t,6 ..., 
,..C:: 7 , 11 -190 -117 -61 11 1 -6 1<i0 ·78 102 2 2 -J s~l 24 7) F-i J 1 10 -162 -51 -111 11 1 -7 -J60 -316 -44 2 2 -4 555 31 i:: 

~ C 7 1 9 0 ,74 -74 11 1 -e 213 227 -14 2 2 -5 0 21 -21 
"T 7 1 8 -574 -581. ,7 11 1 -9 -407 -J65 -42 2 2 -6 ~07 521 -14 .:: \(; 7 1 l 200 14) 57 11 1 -10 0 -170 17a 2 2 -7 -310 -103 -7 :u 

;;;J 
()'\ 7 1 585 552 3 n 1 -11 0 12) -123 2 2 -8 256 J11 -55 

0-. ,,, 7 1 5 104) 1001 <l2 12 1 6 0 -167 167 2 2 -9 ;22 J69 -47 

~ 
~- 7 1 4 1057 1051 6 12 1 5 -529 -574 ,45 2 2 -10 -474 -535 61 
~~: 7 1 J a -SJ SJ 12 1 ,4 -1122 -1217 '.:'5 2 2 -11 227 200 27 l§ 7 1 2 156LJ 155'.:I 1 12 1 :i -674 -'.fBD 114 2 2 -12 -6~7 -772 75 ;.--. l"'::j 7 1 1 -1469 -1470 1 12 , 2 -~99 -1060 61 2 2 -n -215 -215 0 ,J::1 ;v-; 7 1 0 2441 24)6 s 12 1 1 -258 -25'.i 11 J 2 14 0 1 -1 ·~ 7 1 -1 -22:J -134· ... 89 12 1 0 -mo -1J6 -A2 J 2 1J 0 19 -1:, ~ 0 7 1 -2 1197 11~2 5 12 1 -1 221 145 76 J 2 12 ,41,I <174 -60 'i c:: 7 1 -J ~12 2~~1 J5 12 1 -2 200 262 -b2 J 2 11 -253 -JO -223 

.2 (",) 
7 1 -4 2)1) .21 12 1 -J 0 -171 171 J 2 10 1641 1641 0 'O Ci ,1: 7 1 -5 JH 254 55 12 1 -4 1J23 13;;1 -55 J 2 ::I ·754 • ?Jc 46 

~ ,..C:: 7 1 -6 160 16 164 12 , -5 0 -131 iJ1 J 2 6 1060 10b2 -22 ,) -~ 7 1 -1 1120 1174 -5<1 12 1 -6 1209 1256 -,49 J 2 7 208 J07 -Sl9 Ci :c 7 1 -6 -2092 -2000 -4 12 1 -1 -1[,7 .... , 71 4 J 2 6 1 ~;I:) 'l%J JO 
~ 7 1 -9 .-,50 '101 ,4:/ 12 1 -6 J6o )25 JS J 2 5 -1956 -1942 -u 

7 1 -,o -793 -804 11 12 , -9 -423 -323 -100 3 2 4 2DJ1 1949 52 
7 1 -11 -JJ6 -J~4 56 1) 1 6 0 -11l4 164 J 2 J -2619 -2641 -176 

~ 1 -12 -715 -soo -11[! 1J 1 5 229 114 115 J 2 2 -5253 -4756 -457 
1 -n 0 25 -25 1J 1 4 -:ns -565 1~7 J 2 1 -5345 -,G39 -346 

ll 1 10 -219 -,,6 97 1) 1 J -)97 -J63 -34 J 2 0 -J292 -3176 -114 
i; 1 9 -205 ·-160 -4f! , J ' , 2 -6,:d -67') Jl J 2 ~1 -25;!2 -27;5 -~7 
ll 1 ti 4JJ )38 95 1J 1 1 0 -19J 193 J 2 -2 -1020 -':,~7 -23 
ll 1 l -J22 -226 -'14 1J 1 0 -164 -5 -159 J 2 -J 612:l 5005 J16 
lJ 1 164 257 -9J 1) 1 -t -213 -326 113 J 2 -4 -071 -710 -153 
b 1 5 -251 -370 119 1J 1 -2 J51:l 215 14J J 2 -5 )7J2 3422 J10 
ll 1 4 671 651 20 1J 1 -J -562 -5~0 -12 J 2 -5 -476 -506 JJ 
ll 1 J -372 -405 :,J6 1J 1 -4 )50 154 1% J 2 -1 -114 -167 5J lj 1 2 20J 196 5 1J 1 -5 0 60 -60 J 2 -0 -716 -610 -106 
6 1 1 -187 -,09 .. 78 1) 1 -& -341', -2~, -57 J 2 -') 231 101 122 
ll 1 a 0 -162 162 1) 1 -7 J5J J4cl 5 J 2 -10 -6oJ -50) -20 
6 1 -1 586 617 -J1 14 1 2 0 -22.i 224 J 2 -11 -2lltl -210 -70 
6 1 -2 -416 -407 -,-9 14 1 1 0 -225 225 J 2 -12 -n6 -021 45 
6 1 -J 65J 7)0 p77 14 1 0 -z2s -205 -20 J 2 -1) -135 -41:l -t,7 
ll 1 -4 464 456 Q 14 1 -1 0 -71 71 4 2 12 -167 -256 L~ 
8 1 -5 -8J5 -909 I 74 14 1 -2 0 13 -19 4 2 11 5:;6 556 -ZJ 
6 1 -6 172 101 •71 14 1 -J 0 -25 25 II 2 10 172 141t'. 24 
b 1 -1 -1)80 -1340 -:iz 14 1 -4 -1111 -115 -2, 4 2 s 1t)21 1024 -J 
B 1 -6 -675 -,35 60 14' 1 -5 102 19) -91 ,1 2 b -416 -4J5 1 '.I 
6 1 -9 -151 -215 64 0 2 15 -356 -J42 -14 4 2 J 1 ~1 142 4) 
b 1 -10 -242 -J16 74 0 2 14 ,708 6J6 72 4 2 '.)';2 322 70 IJ 1 -11 -135 -"'l -:J6 0 2 n -5~7 -609 12 4 2 5 -1,26 -1766 -160 
!l 1 -12 0 -1 16 0 2 12 120J 1209 -6 4 2 4 46c,5 44Jil 257 
tl 1 -n 0 -75 75 0 2 11 -518 -5/l~ 71 4 2 J -J5~6 -J463 -12~ 
9 1 10 174 11) 61 0 2 10 671 · 711 •4() 4 2 2 )2,d :)Qj1 2'J7 
5 , 9 0 -11 11 0 2 9 450 426 24 4 2 1 -1542 -1380 -162 
9 1 8 759 B1l -56 0 2 6 1061 1156 ~77 4 2 0 2126 1591 135 
9 , 

l -665 -65 -JJ 0 2 J 115□ 1149 1 4 2 -1 1480 1J56 12 4 
9 , i~5 ll71 -66 0 2 551 5J7 14 4 2 -2 17)6 1726 10 
9 1 5 -nG -364 -12 0 2 5 -283 -245 -Jo ., 2 -J 1715 16:,9 76 
9 1 ,4 J~1 461 -70 0 2 4 -848 -822 -26 4 2 -4 1439 1322 117 s 1 J ~~1 1017 -26 0 2 ::, -15e6 -1749 163 4 2 -5 199"1 1778 21) 
9 1 2 -1192 -1175 -17 0 2 2 -2269 -2264 15 4 2 -5 757 '774 -17 ;) 1 1 934 602 52 0 2 1 -106 -46 -60 -1 2 -1 0 -15t> 150 ;; 1 0 0 -17 17 1 2 15 0 132 -n2 4 2 -a -J84 -44'.i 65 
~ 1 -1 536 SS2 -56 1 2 14 0 -44 44 4 2 -Y -651'1 -669 J1 

1 -2 965 762 20J 1 2 13 0 20 -20 4 2 -10 141 10;1 J2 
~ 1 -J , 72 156 -a6 1 2 12 -489 510 -21 4 2 -11 263 242 21 
~ 1 -4 -132 -237 105 1 2 11 JJ6 J64 -28 4 2 -12 -ee -8() -8 
!I 1 -5 -1•)5 -14:.,6 60 1 2 10 0 2 -2 ,1 2 -n J):i 276 63 
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TABLE 3--continued. 

h k I Fo Fe A Ii ,{: t Fa Fe. A h k I F. Fe A 

5 2 12· -1uo& -954 -;~ 9 2 5· 941 9S1 -;;o C J 1 -iG55 -4,"-) ui:i 
5 2 11 -J99 -J61 -Jb 9 2 4 -10,9 -11J1 J2 1 J 15 0 270 -270 
5 2 10 -656 -731:1 co 9 2 J 422 415 • 7 1 J 14 -102 -n1 2,' 

5 2 9 -293 ►J76 !>J 9 2 2 -1425. -1340 -65 1 J 1J 2~4 74 220 

5 2 6 4o9 474 15 9 2 1 -Jo6 -207 ·9~ , J 12 -J4B -]2J -25 
5 2 l A06 JOO ,o.s 9 2 0 491 444 ,n 1 J 11 B) 191 -106 
5 2 0 -16 16 9 2 -1 261 221 40 1 J 10 -454 -47ti 24 
5 2 5 -6'17 -6~7 10 9 2 -2 251 209 42 1 ) ;I 466 4':14 -211 
5 2 4 2970 2662 280 9 2 -J -)92 -408 16 1 J 6 ti7J B42 J1 
5 2 3 -819 -c;17 -2 9 2. -4 1749 161) -64 1 J ·z ci J6 -J6 
5 2 2 ;>668 2499 169 9 2 -5 -604 -726 -r· 1 J 1267 1)27 -60 
5 2 1 1291 122) 68 9 2 ·-6 2721 276& - 5 1 J 5 680 670 10 
5 2 0 -2676 •2599 .. 77 9 2 -7 111:I 25 93 1 J 4 1761 17)5 26 

\C) s 2 -, 266 277 9 9 2 -a 626 627 -1 'f J J 180 171 9 
t"f/ 5 2 -2 -166tl -1688 20 9 2 -9 -274 -294 20 1 J 2 , 764 919 -155 
0 5 2 -) -10::I -14) -46 9 2 -10 0 -19'1 191 , J 1 -2□2) -19)8 -85 
'·D 
0 5 2 -4 -~J6 -808 -2<1 9 2 -11 -496 -49J -) , J 0 -2462 -2))8 -124 
0 5 2 -5 1262 i1B() 62 10 2 10 0 -JO JO 1 J -; -27)0 -254) -11;7 
(",) 5 2 -6 444 )61 llJ 10 2 9 174 109 65 1, J -2 -727 -679 -48 

0 ,':t: 5 2 -7 97 16 b1 ,o 2 a -2i1:, -H6 -nz 1 J -:l -854 -907 5) 
'-· ,--1 C\ 5 2 -6 409 J79 JO ,o 2 l 2 7 275 -a , J -4 501 ,t,97 4 

0 ~ 5 2 -9 240 19J 47 10 2 -205 -146 -59 1 :; -5 2271 2292: -21 
•>1 ~-~ 5 2 -10 -22:i -112 ~111 10 2 5 0 153 -15) 1 J -6 11<11 1200 -19 
c., 
'-' 

O• 5 ·2 -11 2,J 199 )6 10 2 4 -)97 -J4) -54 1 J -7 1J37 noo '.l7 
.1:, er: 5 2 -12 208 9J 115 10 2· J -BJ5 -750 -85 1 J -6 225 99 126 ,-, ('.) 

-g g 2 -n -466 -450 -11:; 10 2 2 -1e12 -17J6 -76 ,. J -9 -J62 -371 -11 

C 2 12 -506 -474 .. :34 10 2 1 -1437 -1)89 -46 1 3 -10 -542 -565 23 
0 6 2 11 -61) -611 -2 10 2 0 -1225 -1206 -17 1 J -11 -8J -74 -9 
0\ ·c: 6 2 10 -901 -68'1 -12 10 2 -1 -621 -67J 52 1 :i -12 -162 -24 -15<1 
,-i 6 2 9 -489 -44J -46 ,a 2 -2 -974 -906 -61:1 1 :) -n -JJ6 -244 -~2 

Cl "O 6 2 8 0 -79 ' 79 10 2 -J 1010 1092 -82 , J -14 0 -146 146 
'.J 

0.0 6 2 ·z )16 )46 -,2 ,o 2 -4 -1J50 -1424 • 74 1 J -15 -2n -264 51 
C) ,_. 6 2 -soo -420 -BO 10 2 -5 1115 1150 -35 2 J 12 0 140 -140 
0 1=: ;; ... ~ 6 2 5 1540 1512 26 10 2 -6 0 27 -21 2 :; 11 -321 -2e5 -J6 

c::: '-' 6 2 4 -665 -n1 -134 10 2 -1 0 • 7J -n 2 J 10 :w;. J64 1 
C-':l 

0 :-, 6 2 J • 716 • 711 5 10 2 -B 42) 394 29 2 J 9 0 125 -125 
~ 

(/~ 6 2 2 470 424 46 10 2 -9. 21) 1JO BJ 2 J 6 1775 1759 16 
.t::; 

8 l· 
6 2 1 -956 -994 38 10 2 -10 97 J6 59 2 J •7 559 ~8) -24 

s 6 2 0 -454 -126 -'.)26 10 2 -11 -205, -45 -160 2 J 6 1494 1467 C 7 
,~ 6 2 -1 49J 495 2 11 2 B :J07 69 218 2 :; 5 -566 -522 -44 

"c::l 0 .. 6 2 -2 1J2 1145 1e1 11 2 l 136 50 66 2 ) ·4 -t94 -898 4 

"' p 6 2 -J 1152 1146 6 11 2 )86 J55 n 2 ) ) -26) -2,7 :)4 ..., 
F-i ,..C:: 6 2 -4 1222 ,222 0 11 2 5 -187 -236 101 2 ) 2 -97 -152 55 

~ 
i:: 6 2 -5 )53 J59 -1 11 2 4 800 9J2 -1J2 2 ) , • 72 •72 0 
,:; 

6 2 -6 526 A66 62 11 2 J -)69 -406 J7 2 , 0 -1765 -Hi48 -121 

.:: "T 6 2 -1 0 J9 -::n 11 2 2 -)04 -J45 41 2 J -1 -1814 -16]1 -,,i:;: 
\(; 

:u ()'\ 6 2 -8 -nz -J89 12 11 2 1 -1,00 -1176 '76 2 ) -2 -2119 -20c,9 -so 
;;;J 6 2 -9 -61 -801 -15 ,, 2 0 -963 -979 -4 2 J -J 1JJ6 1195 141 
0-., ,,. 6 2 -10 .. -1117 -1104 -13 11 2 -1 -529 -5B1 52 2 J -4 -1196 -11n -25 

~ 
~- 6 2 -11 -593 -646 5) 11 2 -2 -242 -J15 •73 2 3 -5 2J07 2;142 -J5 
~~: g 6 2 -12 -687 -598 -89 11 2 -) 48) 509 -26 2 J -6 -102 -115 1J 

;. ... l"':j 
6 2 -1) 0 -137 1)7 11 2 -4 -560 -916 -44 2 J -7 12~2 1247 45 

,J::1 ;v-; 7 2 12 102 267 -165 11 2 -5 26) )06 -2J 2 J -6 121 221 -,ot, 

·~ 7 2 11 -221 -18J -J6 11 2 -6 a -84 84 2 3 -9 460 '179 1 

~ 0 7 2 10 -666- :-,700 JZ 11 2 -7 0 -26 26. 2 -10 -258 -150 -1oe. 
'i c:: 7· 2 9 -375 -277 -9a. 11 2 •6 J85 460 •75 2 J -,, 245 21B 21 

.2 (",) 7 2 B -691 •705 14 11 2 -9. 1)11 177 -J9 2 , -12 391 435 -44 

.:: <:l 7 2 l 462 <171 -9 12 2 6 0 -2,17 247 2 3 -1) -nJ -1 -186 

~ 
<"1) 7 2 -470 -42J -47 12 2 5 0 26 -26 ) J 12 0 101 -101 

C.) 
,..C:: 

7 2 5 • 759 , 796 -:n 12 2 4 ;174 )25 49 "} J ,, -JJ9 -326 -1J 
-~ Ci D 7 2 4 -1091 -10)1! -:D 12 2 ) 249 217 J2 J J 10 -a2:; -763 -55 

7 2 3 -118 -125 ·7 ,2 2 2 625 584 41 J J 9 -704 -645 -59 
& 7 2 2 10)8 691 147 12 2 1 290 226 62 J J d -144) -1415 -2E> 

7 2 1 59) 556 )7 12 2 0 -)41 -399 58 J ) ·z -65 -116 5t 
7 2 0 299 61 236. 12 2 -1 -221 -221 0 J J -2:n -)26 ~1 

7 2 -1 1465 p6) 102 12 2 -2 :,,io 264 ,;6 J :, 5 879 !;)O 49 

7 2 -2 -51:, -e1 2) 12 2 -J -)16 -274 -44 J J 4 -:,,, -J07 -6 

7 2 -J 1026 991 J5 12 2 -4 49~ 525 -26 ) ' ' 10d6 1120 -J4 
7 2 -4 89J 902 -9 12 2 -5 421 )94 27 J ') 2 20117 2627 260 

7 2 -5 566 480 86 12 2 -6 0 44 -44 J J 1 -41 -!;1 40 

i 2 -6 -5J9 -570 • )1 12 2 -1 J92 271 121 J :; 0 A051 J9~4 57 
7 2 -1 -741 -848 107 12 2 -6 )48 296 52 ) J -1 994 964 JO 

7 2 -6 -J25 -J49 24 12 2 -9 0 60 -60 ) ' -2 J9o 442 -44 

7 2 -9 -1)14· -1J78 64 1J 2 4 174 199 -25 ) :; -J 1660 150) 177 
7 2 -10 15) 18) -:m 13 2 J 0 -,a 18 J J -4 -476 -J~5 •91 

7 2 -11 1J2 190 -56 1J 2 2 481 4)J 6 ' J -5 -51 -01 81) 

7 2 -12 1J8 6) '75 1) 2 1 -274 -214 -60 J J -& -227 -184 -4) 

7 2 -13 56) 536 27 1) 2 0 -135 -210 ·75 J· :; -7 () -75 '75 
8 2 10 J41 182 159 1J 2 -1 -4fJ7 -J87 -20 J J -8 , 70() ''17t ~n 
IJ 2 9 0 -9 9 1J 2 -2 -211 -:)29 58 J , -9 -662 -oJ6 _-24 

!l 2 B 0 166 -168 1) 2 -) 93 265 -112 J J -10 0 105 -105 
IJ 2 7 -19J -76 -117 1J 2 -4 0 -1J9 1J9 J J -11 -~2z -535 ll 

B 2 6 HJO 1080 90 1J 2 -5 · 474 518 •44 J J -12 -J4 -462 116 

8 2 5 -278 -270 -a 1J ,2 -6 -415 -,r}4 19 J J -1J 0 •79 -79 
ll 2 4 10)1 1022 9 1J 2 -7 205 267 -62 4 J 12 -276 •169 -101 
6 2 J 463 44) 25 14 2 2 -,oz -14ti 46 4 J 11 -170 -301 -6 
8 2 2 8)5 865 -:,o 14 2 , -97 -J9 -58 4 J 10 -1001 -943 -64 
6 2 1 • 739 677 6i! 14 2 0 0 -117 117 4 ' 9 -156) -1511 -TZ 
8 2 0 -254 -1 -2~7 14 2 -1 200 217 -17 4 J 6 -2007 -2006 -1 

8 2 -1 211 251 -40 14 2 -2 -405 -J44 -61 4 J • 7 -666 -909 21 
ti 2 -2 -1035 -10lHl 5) 14 2 -J 249 290 -,n ,4 J 6 276 279 -:i 
B 2 -) -J87 -JJ9 -48 14 2 -4 0 ,77 -77 4 J 5 -)9) -JSo -J5 
B 2 -4 · 785 774 11 14 2 -5 0 114 -114 4 J 4 ,11J5 1069 66 
8 2 -5 -1524 -1<1l67 -57 0 J 15 0 50 -50 4 J J -223 -142 -61 
6 2 -6 1215 11l7 JB 0 J 14 68) 653 JO 4 J 2 -422 -3:;5 -27 
6 2 -7 -925 -9 & 41 0 J 1J -217 -226 9 4 J 1 969 876 :JJ 
ll 2 -<I J06 260 46 0 3 12 5J0 56) -JJ 4 J 0 -41 -J5 -6 
8 2 -9 -279 -219 -60 0 J 11 -J4(1 -2n -75 4 J -1 -JeD -416 2B 

ll 2 -10 D 9 -9 0 J 10 457 501 -44 4 J -2 -1Jd1 -n20 -61 
B 2 -11 1)5 103 J2 0 J 9 215 149 66 4 J -) 6l4 666 cl 

ll 2 -,2 -141 -89 •52 0 J 8 -z10 • 716 -6 4 J -4 -7 4 -66!! -76 
ll 2 -1) 631 562 69 0 J '7 -n -59~ -)4 4 J -s- 19}2 1907 25 

9 2 10 0 -166 1(;6 0 J 6 1J5 191 -56 4 ) -6 696 917 -21 

9 2 9 -278 -22) -55 0 J 5 169 69 120 4 ) -1 -~z -173 · 76 

9 2 I! -454 -511 57 'O J 4 1677 1766 -91 4 3 -s 1J4 1Jd4 -)6 

9 2 l 0 57 -57 0 J ) J26 2;,1:J 40 4 J -9 -97J -1101 126 -

9 2 -JJ9 -)01 -:ia 0 :, 2 15)9 1601.i -.51 <I J -10 67':i ·752 -1') 
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[1964] Molecular Structure of Aspirin. 6041 

TABLE 3--continued. 
,'i k I F,, F,- il h k l Fo F-, L\ h k l F., Fe L\ 

4 3 -11 -467 -4~) -4 9 ) 2 271 259 -11l 1 ,:; -6 1458 1539 -c-1 
4 3 -12 -162 -102 -60 J J 1 1tl9 •166 2J: 1 4 -7 -651 •71\1 68 
4 J -1J -2)6 -J10 14 9 J 0 -296 -2:10 -6 1 4 -ti 567 631 -64 
5 3 12 -17;, -166 -6 9 3 -1 -1112 -1121 'j 1 4 -9 3)8 Jo9 -51 
5 3 11 2J1 110 11J 9 J -2 -W85 -1106 21 1 4 -10 4JO 505 -75 
5 3 10 .a,4 .a26 6d 9 J -J -717 -714 -J 1 4 -11 1~6 , 76 120 
-5 ;; 9 208 41 167 :J J -4 -335 -193 -136 1 4 -12 625 593 32 
C 3 6 -, 1,1 -19<, 05 9 3 -5 256 325 -69 1 4 -n -219 -265 46 5 J 7 1J2 4J s, 9 J -6 -6~5 -707 12 2· 4 12 0 . 56 -56 
5 J 6 -174 -66 -10t1 9 J -1 146 256 -10t1 2 4 11 0 90 -9o 
5 J 5 0 20 -20 9 J -s- -497 -,376 -21 2 4 10 0 -134 1J4 
5 J 4 1002 ,m, 24 9 J -9 -129 -125 -4 2 4 9 -159 -8 -151 
5 ) ) ';7& 'HJ J 9 _) -10 408 317 J1 2 4 6 -5c::1 -627 46 

\C.) 5 J c -98J -604 -99 9 :, -11' -196 -77 -121 2 4 7 -1yo5 -1901 -4 
t"f/ 5 J 1 -296 -276 -Hi 10 3 6 1J6· 101 n 2 4 6 -1927 -19B5 511 0 5 J O• ssl 539 Hi 10 J l 21) 116 91 2 4 5 -955 -10)5 60 '·D 
0 5 ) -, -191 -1878 -J6 10 J 465 51B -53 2 4 4 -10b9 -11 □0 11 
0 5 J -2 190J 1671 2J2 10 J 5 -3,2 -267 -45 2 4 J 1642 1~5) -111 (",) 5 J -3 -927 -8)6 -91 10 J 4 231 2% -65 2 4 2 -709 -729 -60 

0 ,':t: 5 J -4 1444 1322 122 10 J J 225 142 6J 2 4 1 596 610 -1,i '-· ,--1 C\ 5 J -5 21) 226 -1) 10 J 2 701 672 29 2 4 0 -180 -114 -66 0 ~ 5 J -6 T)2 705 27 10 3 1 164 2)4 -70 2 4 -1 -1354 -1J09 -..:15 ,·1 ~-~ 5 3 -7 0. 22 -22 10 J D 470 503 -3) 2 4 -2 1 Hi9 1056 1 J1 c., O• 5 3 -8 -448 -514 66 10 J -1 0 -)1 J1 2 4 -J -1040 -1125 65 '-' .l:1 er: 5 J -9 -4)0 -510 ~o 10 3 -2 -1760 -17~3 :n 2 4 -4 256 221 J5 ,-, ('.) 
5 J -10 -401 -410 5 10 J -J 675 797 75 2 4 -5 -374 -J58 -16 -e C 5 J -11 -758 -814 56 10 J -4 -1326 -1J8) 57 2 4 -6 J29 J07 22 0 5 J -1~ -415 -291 -124 10 ) -5 647 - 629' 11l 2 4 -7 25J 2n -44 

0\ ·c: 5 J -1: 97 101 -4 10 J -6 -19J -176 -17 2 4 -~u 0 55 -55 ,--i 6 J 12 -174 -85 -e9 10 J -1 542 508 J4 2 4 --9 )02 J45 -43 
Cl --0 6 J 11 1J5 124 11 10 J -a 0 26 -26 2 4 -,o -310 -274 -J6 '.J en 6 J 10 0 -45 45 10 ;l -9 491 462 29 2 4 -11 -J04 -350 46 
C) ,__. 6 J 9 196 172 24 10 3 -10 &70 615 55 J 4 12 -191 -134 -57 0 C 6 J 8 -1152 -1149 -J 10 J -11 -:n2 -2ou -164 J 4 11 0 -61 61 ;; ... ~ 

c:::: "--' 6 J l 109J Hl74 2) 11 J 8 -374 -315 -59 3 4 10 ..-74J •751 & er: 
0 '-! 6 J -287 -2808 -68 11 J l -Jo1 -288 -n J 4 9 524 589 -65 
~ 

(/~ 6 J 5 2612 2738 74 11 J 0 4J -4;1 J A 8 -'1076 -1148 ' 70 8 
.c 6 J 4 -966 -994 ll 11 J 5 0 •7J ·•7J J 4 2 496 A97 1 s ~~· 6 J _) 1;68 1368 a 11 J 4 0 49 -49 J 4 -1411 -1442 J1 ,~ 6 J 2 696 565 1J1 11 J J -125 -180 55 ;J 4 5 425 <165 -.:o 

"c::l 0 .. 6 J 1 978 1()16 -40 ,1 J 2 -321 -J69 48 3 4 4 no 69 101 :ti p 6 J 0 2083 2075 fl ,1 J , 0 ;lfl -JB J 4 J 7)1 606 -l7 ..., 
F-i ,..C:: 6 J -, 1100 11J9 -J9 11 3 0 260 195 65 J 4 2 1084 1016 t) 

~ 
i:: 6 J -2 J10fl J066 42 11 J -1 0 176 -176 J 4 1 894 ~n -2u C 6 J -J -1111 -1023 -BB 11 J -2 -,n6 -<11!! 2 J 4 0 118 2 116 

.:: "T 6 J -4 1002 961 41 11 ;l -J )92 3H 15 J 4 -1 470 462 6 
:u \(; 

6 J -5 -264 -192 .;.72 11 J -4 -4zo -5J4 64 J 4 -2 ,523 151 B 5 ()'\ 
;;;J 6 J -6 141 101 40 11 J -5 7 1 776 -,z 3 4 -J -ao7 '-406 1 0-., ,,_, 6 J -1 )J6 4z(j -90 11 J -6 442 478 -::, . J 4 -4 616 651 -35 

~ 
~- 6 J -8 -n1 -42 -1;5 11 J -7 400 J8B 12 J 4 -5 0 258 -258 ~~: 

is 6 J -9 -40 -467 50 11 J -8 19) 1)8 55 .J 4 -6 449 512 -6J 
;.-.. -6 J -10 -5) -119 J6 11 J -'9 0 -J J J 4 -7 217 233 -16 l"'::j 6 .:, -11 -)69 -42) 54 12 J 6 227 184 4J J 4 -8 796 6J6 -JS ,J::1 ;v-; 

·~ 6 J -12 0 -16 16 ,2 J 5 -261 -JOJ 22 J 4 -9 -J04 -406 102 
~ 0 6 J -n )04 1)5 169 ,2 ) 4 487 480 7 J 4 -10 -375 -:n8 ) 'i c:: 7 ) 10 -9) -49 -44 12 J ) -132 -215 8) ) 4 -11 -J56 -J22 -34 

.2 t;, 7 3 9 -)Jt -454 12J 12 J 2 -93 -21 -72 4 4 12 279 221 5t$ 
Ci -0 7 3 B 121 150 -29 ,2 J , -185 -121 -64 4 A 11 0 -155 155 
~ 

,1: 7 ) l 0 -161 161 -,2 ) 0 260 345 -85 4 4 10 86 4) 45 ,..C:: 7 ) -s:,z -50'1 -26 12 J -, -758 -771 n 4 4 9 -116 -50 -61> C.) -~ Ci :c 7 J 5 65 60_ -29 12 3 -2 520 51<1 2 4 4 a 456 '46) -7 7 ) 4 :,02 136 164 12 ) -) -490 -4,;5 -45 4 4 1 0 -190 1'.iO 
~ 7 J J 4JO 468 -J8 12 ) -4 -458 -478 20 4 4 6 718 717 1 

7 J 2 264 272 -fj 12 J -5 445 44) 2 4 4 5 -1237 -1240 ) 
7 ) 1. -735 -7)0 -5 12 ) -6 -)61 -J66 5 4 4 4 -227 -17e -4:1 
7 3 0 -ipo -171~ -51 12 3 ·7 -219 -12 -~•17 4 4 J 97 106 -9 
7 ) -1 - 19 -640 21 1) :, 4 97 56 41 4. 4 2 2J) 240 -1 7 J -2 -14)0 -1443 1) 1J J J 245 149 96- 4 4 1 760 716 64 7 J -J 235 )02 -67 1) ) 2 221 2)8 -17 4 4 0 0 -16) 163 7 ) -4 -1);3:l -1343 4 1) ) 1 167 :)ti 69 4 4 -1 185 181 4 
7 J -5 · 746 • 70) <15 1J ) 0 )07 )50 -4) 4 4 -2 240 259 -19 1 ) -6 -167 -79 -86 jJ '.l -1 0 12 -12 4 4 -J 979 987 -B 
7 J -7 574 612 -JB. 13 :i -2 BJ6 811 25 4 4 -4 1096 1135 -)9 
7 J -B 1083 1101 -,1a 1J J -J -526 -496 -Jo 4 4 -5 1)8 106 )2 
7 J -9 8JB 627 i1 n J --4 260 )04 -44 4 4 -6 451 425 26 7 ) -10 471 488 -17 1J J -5 ,-26) -159 -10<1 4 4 -7 -65 -125 60 
7 J -11 0 219 -219 0 4 1J -296 -185 -111 4 4 -B )21 ·;i49 -28 
8 3 10 136 117 21 0 4 12 -207 -2o6 -1 4 .:I -9 .:147 442 5 6 J 9 93 <14 49 0 4 11 375 406 -:n 4 4 -,o 145 1J2 13 8 J 8 791:, BD9 -11 0 4 10 -11.11 -J5 -79 4 4 -11 153 2J9 -e6 6 J l -657 -672 15 0 4 9 0 -J1 :n 5 4 12 245 57 188 a ) 675 ., 704 -29 0 4 6 0 -66 66 5 4 11 0 50 -50_ 
8 ) 5 159 0 159 0 4 7 J67 )61 Ii 5 4 ,o 0 37 -37 8 ) 4 0 19 -19 0 4 6 989 10)9 -50 5 4 9 -286 -227 -59 8 ) ) J62 '.:i79 -17 0 4 5 191) 2065 -152. 5 4 a -:,1z -428 51 6 J 2 -)12 -2)6 -74 0 4 "' 1307 1406 "'.1 □ 1 5 4 z -35 -ao6 50 8 J 1 -2067 -2019 -48 0 4 3 576 946 -68 5 4 -645 -f,72 27. a J 0 -1950 -1997 47 0 4 2 970 955 -15 5 4 5 0 -119 119 fl ) -1 -2000 -2137 1n 0 4 1 -487. -520 :n 5 4 4 -678 -658 -20 8 J -2 -852 -855 J 1 4 12 -1:;2 -2ol 75 5 .1 J 1247 12)2 15 6 J -J -~72 -906 J6 1 4 11 261 2B -5 5 4 2 561 560 -19 8 J -4 895 97) .... 713, 1 4 10 0 121 -121 5 4 1 518 577 -59 B J -5 -460 -430 -Jo 1 4 9 -,081 -1106 21 5 4 0 1052 1097 -45 8 ) -6 427 457 --Jo 1 4 6 -J(!1 -404 23 5 4 -1 -1549 -1€,13 64 8 J -7 2J3 441 -206 1 4 z -2204 -22% !i2 5 4 -2 876 810 66 8 ) -8 437 467 -JO 1 4 -:_i54 -4JJ 79 5 4 -:, -1565 -1622 57 l:l J -9 0 175 -175 1 4 5 -312 -)56 .a6 5 4 -4 %2 1015 -SJ B J -10 207 5J 154 1 4 4 -zas -8J6 51 5 4 -5 -.135 -Jn -;ill IJ J -11 -9J -96 J 1 4 J 1 Jo 17;;9 -151 5 4 -6 -569 -601 )2 9 :l 10 07 142 35 1 ,! 2 -J10J -JOJB -65 5 4 -1 570 726 -156 9 J 9 0 66 -6i:l 1 4 1 247J 25J9 o/66 .5 4 -a -172 -227 55 ;l J 8 316 29J 33 1 4 0 -254 -274 20 .5 4 -9 4~J 521 -71;, lj J l -231 -672 441 , 4 -1 1373 1289 &4 5 4 -10 274 -;n -;J'i 
9 J 174 22~ -51 1 4 -2 6J3 6~8 -15 i 4 -11 )42 J5:I -17 9 J 5 20B ;io 110 1 4 -J 4J'!I 420 1 <I 4 10 0 25 -2$ 
9 J 4 -483 -420 -6J 1 4 -4 121 1)9 -18 6 4 C -177 -2211 51 :9 ;l ;J 254 .:.17 ... 16) 1 4 -5 -1,, -217 26 6 4 l· -427 -5aij <>1 
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6042 Wheatley: The Crystal and 

TABLE 3--continued. 

/4 k I Fo Fe A h k l Fo Fe A 4 k I Fo Fe A 

6 4 1 745 154 -9 11 4 -2 :,i23 J51 -23 J 5 -10 189 1a; 2 
6 4 I> -106 -102 -4 ,, 4 -J 461 40~ -27 J 5 -11 .:.07 614 -127 
6 4 5 422 474 -52 11 4 -4 )10 251 59 4 5 10 15J 29 124 
6 4 4 J21 )66 -47 ,, 4 -5 0 -c6 06 4 5 9 170 54 116 
6 4 J 2-49 274 -25 11 4 -6 0 -Ji )1 4 5 il 240 2Jo 2 
6 4 2 -180 -1J5 -45 11 4 -7 0 -45 45 i\ 5 ·7 -J54 -356 -fl 
6 4 1 881 901 -20 12 4 4 :294 )J7 -,(} 4 5 6 J02 3 4) -41 
6 4 0 :...567 -603 JG 12 4 J 1~1 215 -24 4 5 5 -1562 -537 -1025 
6 4 -1 -187) -1s% 6) 12 4 2 4J6 450 6 4 5 4 b)9 SD -n& 
6 4 -2 -2J2J -2471 14B 12 "' 1 0 -11B 118 4 5 ) -)19 -;11 -e 
6 "' -J -2122 -2242 120 12 4 0 • 729 •7d} -5,; 4 5 2 621 · 705 -65 
6 4 -4 -2250 -2292 )4 12 4 -1 -616 -706 68 4 5 1 J10 250 20 
6 4 -5 641 670 -23 ,2 4 -2 4)6 4J6 0 4 5 D -245 -206 -J~ 

\C.) 6 4 -6 -900 -928 23 12 4 -J -1,J] -257 ,70 4 5 -1 1B2 202 . -100 
t"f/ 6 4 -7 10~4 117J -7'J 12 4 -4 J27 252 •7':, 4 5 -2 -276 -21J6 12 
0 6 4 -8 -426 -SJO 104 12 4 :g 0 -2(!1 261 4 5 -J -17% -189J 57 
'·D 
0 6 4 -:, 5J6 625 -o9 12 4 1J5 137 -2 4 5 -4 -12a5 -1,72 67 
0 6 4 -10 ·307 Ji;J -76 12 4 -7 0 57 -51 4 5 -s -1b26 -192:6 102 
(",) 6 4 -11 207 267 -60 1J 4 2 0 92 -:J2 4 5 -6 -Bd2 -914 J2 

0 ,':t: 7 4 10 2)7 J5J -146 13 4 1 357 _412 -55 4 5 -7 -423 -,170 42 
'<..• 

,--1 C\ 7 4 9 -2az -43 -159 1J 4 0 no 237 -67 4 s -o '72 117 -45 
0 ~ 7 4 8 ao bJ6 -JO 1J 4 -t -449 -514 65 4 5 -3 136 12) 15 
,·1 ~-~ 7 4 l 261 277 4 1J 4 -2 )10 4)3 -12J 4 5 -10 -148 -221 ·7~ 
c., O• 7 A • 754 •7:J) -;i~ 1J. 4 -J -617 -721 1,J4 4 5 -11 273 175 Sib 
'-' .l:1 er: 7 4 5 279 241 )6 0 5 1J 1:)8 ,76 6.: 5 5 10 )46 )04 -42 ,-, ('.) 

7 -4 4 562 69) -111 0 5 12 0 152 -152 5 5 ~ -263 -25) -g -10 

C 7 4 J -J21 -329 6 0 5 . , , 15:l 206 -5) 5 5 l:i -114 -29 -b5 
0 7 4 2 -J02 -161 -141 Q 5 10 -187 -275 UI 5 5 ,7 )25 no H7 
0\ ·c: 7 4 1 522 541 -1:i 0 5 9 Q 113 -11) 5 5 6 Q -J6 Jfi 
..-i 7 4 0 -6J6 -cJ5 -1 0 5 6 -5Y2 -62) J1 5 5 5 874 ~2) •<1'.;i 
Cl -u 7 4 -, 606 621 -15 0 5 ·z -27J -JOS J5 5 5 4. 651 665 -J4 
'.J en 7 4 -2 -1469 -1494 25 0 5 -844 -926 ti,: 5 5 J bOO 670 -70 
c..) ,_. 7 4 -J -ob4 -9J1 47 0 5 5 -1570 -1694 124 5 5 2 421 518 -n 
0 C 7 4 -4 -876 -006 10 0 5 4 -115:l -n11 164 5 5 t '.l66 Jb5 -,,, ;; ... ~ 

c:::: '-' 7 4 -5 -610 -025 15 0 5 '.l -657 -1 □ 0!> 151 5 5 0 -170 -118 -52 er: 
0 '-! 7 4 -6 0 '77 -77 0 5 2 145 111 J4 5 5 -1 646 68) -37 
~ 

(/~ 7 ,4 -7 0 142 -142 0 5 1 729 B71 -142 5 5 -2. 4b9 460 2) 

8 
.c 1 4 -8 -276 -4ti5 .209 1 5 n )90 J99 -) 5 5 -J 0 45 -45 

s ~~· 7 4 -9 172 161 -~ 1 5 12 ;1e2 401 -H 5 5 -4 -867 -b~fi J1 
,~ 7 4 -10 -129 -185 56 1 5 11 2J8 212 26 5 5 -5 -551 -576 25 

"c::l 0 .. 7 4 -11 0 -144 144 1 5 10 118 186 -6ll 5 5 -6 -1192 -122) J1 

"' p 6 4 10 )02 )BO -71:, t 5 9 -J,9 -477 ·?<l 5 5 -7 -:;01 -294 -n ..., 
F-i ,..C:: B ,: 9 -520 ~ss7 6'] 1 5 6 0 185 -105 5 5 -a 0 84 -04 

~ 
i:: a 4 8 J58 520 -162 1 5 7 -2Jo -234 -4 5 5 -:.l -205 -1th -Hi 
C 6 4 'l -t1J5 -~BO 145 1 5 6 J12 335 -2) 5 5 -10 -279 -252 -2-, 

.:: "T 6 4 bJ 10 • 7) 1 5 5 -.:111 -418 ·7 5 5 -11 0 -01 61 
:u \(; B 4 5 231 147 U4 t 5 4 -1435 -1516 8t 6 5 10 478 515 -n 

CT\ ;;;J 8 4 4 0 bO -oo 1 5 J 0 ,7a -7ll 6 5 ~ J64 )79' -15 
0-., ,,, ll 4 J 187 129 58 1 5 2 -394 -916 22 6 5 8 ,U2 421 21 

~ 
~. (i 4 2 0 -1)5 135- 1 5 1 .ll12 460 -48. 6 5 • 7 0 55 -55 
~~: 

l§ 8 4 1 82) b44 -21 1 5 0 41 75 -34 6 5 6 260 263 -) 

;.--. 8 4 0 0 • 75 .,.75 1 5 -1 72 105 -JJ 6 5 5 -573 -622 4J 
l"'::j 6 4 -1 1715 1737 -22. , 5 -2 -~13 -1091 172 6 5 4 0 -64 6.J ,J::1 ;v-; 

·~ u 4 -2 · 756 756 -2 1 5 -J 0 -70 ,o 6 5 J -271 -257 •14 

~ 0 e 4 -:, -1b0 -273 S,J , 5 -4 1)69 1508 -n9 6 5 2. 225 JJO -105 
'i c:: a 4 -4 0 -151 151 1 5 -5 -95) -1095 142 6 5 1 -276 -271 -5 

.2 ('.) 6 4 -~ -63) -702 69 , 5 -6 1636 174) -101 6 5 0 -2.i9 -11!1 -61> 
-0 6 ,l -6 196 b1 115 1 5 -7 -235 -179 -56 6 5 -, 151 226 -75 

Ci ,1: fl 4 -7 -114 -u -,100 1 5 -o 102 60 22 6 5 -2 -51l2 -570 -12 
~ ,..C:: b 4 -8 172 no 2 1 5 -9 45B 568 -100 6 5 -J 1189 12JO -41 
C.) -~ Ci H 4 -9 0 14J -14) 1 5 -10 205 1ll1 24 6 5 -4 -65 -4] -,6 

:c /j 4 -10 -231 -e, -142 , 5 -,, -15) -110 -4) 6 5 -5 299 266 JJ 
~ s 4 -11 0 176 -1]6 i 5 -12 a -217 217 6 5 -6 -514 -611', 102 

!:, 4 ti 235 282 -47 , 5 -n -26) -195 -6il 6 5 -7 0 -12 · 72 
~ 4 'l -1:,49 -910 61 , 5 -14 -J46 -301 -47 6 5 -B -133 -50 •ob 
9 4 J,O )85 ...... 75 2 5 10 0 -143 14) 6 5 -1 ,70 92 71; 
9 4 5 -61) -6Jtl 25 2 5 9 162 163 

,_, 
6 5 -10 325 JO) 22 

9 4 4 J02 J2::i -2J 2 5 6 -511 -551 40 G 5 -11 )~1 )47 44 
9 4 ) 0 :.I -9 2 5 ·7 97 91 6 ,7 5 [I 60 JS 50 
9 4 2 517 5 □5 12 2 5 r; -51) -552 )~ .7 5 ·z 121 97 24 
9 4 1 -6JJ -581 -52 2 5 5 554 514 60 7 5 -515 -555 40 
9 -4 0 -132 -76 -56 2 5 4 -2n -265 6tl • 7 5 5 -5Hl -570 52 
9 4 -1 -472 -54a 66 2 5 J 44) 413 JO 7 5 4 -479 -512 :n 
9 4 -2 -510 -51a 8 2 5 2 0 -6:; 6J ·7 5 J 0 -~:,I es-
9 4 -J {) -215 215 2 5 1 510 625 -115 • 7 5 2 -n -164 67 
9 4 -4 ~795 -676 61 2 5 0 1160 120J -4j ., 5 1 005 900 -,5 
9 4 -5 -n -72 -5 2 5 -1 o74 .916 -42 '7 5 a -254 -214 -.:1a 
9 4 -6 -176 -J86 <S 2 5 -2 276 JJ2 -56 ,7 5 -, 244 J14 ~,o 
9 4 -7 428 442 -14 2 5 -J 1393 1552 -159 '7 5 -2 0 . 7) -n 
9 4 -B 2a5 266 19 2 5 -,; -114 -78 -)6 7 5 -) -562 -564 2 
9 4 -~ 420 465 -65 2 5 -5 997 11;0 -133 . 7 5 -A 71G 7>J -17 

10 4 8 -245 -294 49 2 5 -6 5J2 5i4 -42 ·7 5 -" -S27 -1011 1,4 

10 4 7 193 9) 100 2 5 -7 0 44 -44 ,7 ~ -6 205 b1 124 
10 4 6 -162 -247 ~5 2 5 -~ -14/J -119 -29 ,7 ::; -7 -552 -515 6J 
10 4 5 0 -121 121 2 5 -9 0 6,; -69 ·7 5 -6 11B 14) -2:; 
10 4 4 -))1 -29a -n 2 5 -1() 0 -164 164 ,7 5 -9 -177 -o5 -:12 
10 4 J 191 171 20 2 C -11 0 6 -6 t:, 5 0 1B7 274 -1a 
10 4 2 111! 11 ii 0 J 5 10 -1% -117 -r, t) 5 ·7 -125 -133 cl 

10 4 1 -276 -260 -Hi J 5 9 JJ2 2il5 47 fj 5 G 211 22:) -12 
10 4 0 -290 -25,j -)5 J 5 6 -J3o -J44 -54 ci 5 5 -203 -264 6t 
10 4 -1 164 12 152 J 5 l -512 -567 55 fi 5 4 211 191 20 
10 4 -2 -1,n -64 -77 J 5 35J7 358 3':I fJ 5 J -4fd -455 -14 
10 4 -J 0 6 -o J 5 5 -14'JJ -15,7 104 t, 5 z -151 -b'., -£2 
10 4 -4 '70 450 -61) J 5 4 i!JZ ,]~6 J6 Q 5 1 J16 )42 -25 
10 4 -5 -425 -Jb) -~2 J 5 J -1)95 -14~) 104 fl 5 0 0 70 -y, 
1 □ 4 -6 0 141> -1~6 J 5 2 -1i:i2 -2-4J 61 n 5 -1 102 JO 72 
10 4 -7 0 92 -92 J 5 1 567 545 22 I, 5 -2 -233 -'.JZ5 ~2 
10 A -tl 229 255 -26. J 5 0 177 1e2 -5 n i? -} -4;,5 -52.a S<j 

10 4 -9 -435 -JJ1 -104 J 5 -1 · 7~4 5)1 -J7 [I 

5 
-4 0 -:io JO 

11 4 6 0 -o) oJ J 5 -2 -1200 -1J75 ::i5 (; -5 -)54 -535 101 
11 4 5 -135 -209 74 J 5 -J 532 56', -}6 3 5 -6 JO& J75 -65 
11 4 4 -2ol> -12a -63 J 5 -4 -2562 -27)0 176 B 5 -7 -22J -260 J7 
11 4 J 0 94 -34 J 5 -5 654 516 -62 B 5 -u -215 -1~2 -2} 
i1 4 2 flo 24 64 :i 5 -6 -·102 -141 -.:11 a 5 -3 2'.:10 25J 37 
11 4 1 562 5J1 J1 J 5 -7 25J 282 -2::; 9 5 6 0 -J6 J6 
11 •! 0 511 ~JJ 50 ) 5 -t;; 146 2~J -:,5 9 5 5 D -a2 42 
11 ;j -1 412 4<i1 -6:i J 5 -:, ~27 'j,7 -50 " ;, 4 -~J -13 -10 
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TABLE 3-continued. 

I, k I Fo Fe ~ h k J F,, Fe A h k I Fo Fe A 

·9 5 J -b27 -&,5 6:'.: J i, -5 5~; 51<> <41 10 G 2 -210 -23 -1t2 
9 5 2 45;1 Ac5 -26 J 6 -6 -1il4 -151 -:n 10 6 , -256 -254 -42 
9 5 1 -745 -771 26 3 6 -1 -5711 -60J .25 10 6 0 0 -J:l J~ 
9. 5 0 JJ5 '144 -109 J 6 -8 -516 -51:l 3 10 6 -, 4JO J&a 62 
9 5 -1 0 04 -64 J 6 -9 0 -134 134 10 6 -2 -H,6 -218 52 
-:, 5 -2 J79 Jo1 -2 ,j 6 10 JoJ 197 166 10 6 -J So& 040 Go 
9 5 -J :H:l 374 -25 4 6 9 609 504 105 10 6 -4 -J2) -372 43 
9 5 -4 66) 655 2B 4 6 6 <l5ci Ja& . 7J 10 6 -5 332 313 ,~ 
9 5 -5 141 no -37 4 6 • 7 565 542 23 () 7 10 259 357 -58 
9 5 -6 Y57 637 -;;o 4 6 6 100 10) -~ 0 7 j -566 -607 41 
9 5 -7 -177 -161 -16 4 6 5 -;11 -50 -41 0 7 6 801 020 -27 
9 5 -b 06 107 -1:; 4 6 4 123 52 · 71 0 7 7 -742 -010 60 
9 5 -9 -132 -4;1 -tJ 4 6 3 0 -16J 16J 0 7 6 160 19!i -,o 

\C.) 10 5 6 -5n -5s2 1'.1' ,1 6 2 -219 -or; -no 0 7 5 -266 -JQ4 ,s 
t"f/ 
0 10 5 5 0 59 .. -5;7 4 6 l 277 20tl 6;i 0 7 4 -21!1 "'269 50 
'·D ,o 5 4 0 -J4;i 34:, •1 6 0 1H4 1077 67 0 7 J -2,u -J1J 69 
0 10 5 J 0 110 -110, 4 6 -1 -915 -822 -9J 0 7 2 -ci1 -69 0 
0 
(",) 10 5 2 45 7 J67 !jO 4 6 -2 1586 14cl4 102 0 7 1 274 Adil -174 

,':t: 10 5 1 :no 2<!0 ~o A 6 -J -562 -424 -15a 1 7 10 -116 -167 71 
0 '-· 10 5 0 5~0 651 -&, 4 6 -4. AJO 442 -,2 1 7 9 197 ,l(J 157 
,--1 C\ 10 5 -1 45} 56J -110 ~ 6 -5 469 ,no -1 , 7 0 407 '.J7) )4 
0 ~ ,·1 ~-~ 

10 5 -2 476 A57 15 4 6 -6 J21 325 -A 1 7 l -174 -110 -6,: 
c., O• 10 5 -J 261 J02 -21 4 6 -7 --495 -4o5 -10 1 7 160 150 10 
'-' er: 10 5 -4 0 -1,m 140 4 6 -u -15J -156 J 1 7 5 166 212 -46 

.l:1 ,-, ('.) 10 5 -5 0 176 -170 4 6 -9 -28J -24:i -34 1 7 4 0 77 -77 
-g 

C 
10 5 -6 125 '.i5 JO 5 6 <I J% )17 • 7'::J 1 7 J ,!JJ 377 56 

0 1() 5 -7 0 -221 221 5 6 • 7 !lJcl ,71<1 1~4 1 7 2 5b6 563 2J 
11 5 4 0 -65 65 5 6 6 0 5o -50 1 1 1 244 256 -12 

0\ ·c: 11 5 J 159 2AO -B1 5 6 5 0 217 -217 1 1 0 531 ~4', •41b 
,-i 

Cl -0 11 5 2 )77 AO] -Jo 5 6 4 -367 -262 -65 1 7 -1 106 114 -6 
'.J i1 5 1 469 432 n 5 6 ' -b41l -79/J -c:a 1 7 -2 '733 •7'.,J -~4 

C) 
en 11 5 9 507 550 -51 5 6 2 -602 -506 -j6 1 7 -J -:no -40J J3 ,_. 

0 C 
,, 5 -, 217 25) -)6 5 6 1 -605 -503 -102 1 7 -4 -1:io -4J -57 

;; ... ~ 
'-' 11 5 -2 -125 -105 64 5 6 a 479 465 1A 1 7 -5 0 41 -.a1 c:::: er: ,1 5 -J -23a -271 -27 5 6 -, -459 -404 -55 'I ] -6 -150 -99 -1:1 

0 '"! 11 5 -4 -J76 -507 1)1 5 6 -2 • 742 • 711 n 1 7 -7 0 -2 2 
(/~ 

~ .c 11 5 -5 -371 -354 -17 5 6 -J -791 -769 -22 1 .7 -6 -261 -';17 -164 
8 

~~· 
12 5 .0 167 z,is -50 5 6 -4 -.aoJ -J99 -4 1 7 -9 -J97 -J5J -44 

s 12 5 -1 263 25) -10 5 6 -5 -91 -45 -46 2 7 6 0 IJ7 -bJ ,~ 12 5 -2 3n <406 -95 5 6 -6 -1'l7 -1e2 -,s 2 7 1 6)1 575 56 
"c::l 0 .. 12 g -3 211 46 165 5 6 -1 -237 -149 -Ba 2 7 6 781 691 ~[) 

"' p ..., 
,..C:: 0 10 267 253 14 5 6 -s 0 -59 59 2 7 5 490 A75 15 

F-i 0 6 9 -293 -27) -26 5 6 -9 0 -1J4 1)4 2 7 4 193 67 126 
i:: 

~ C 0 6 8 b45 "73) 52 6 6 6 0 -91 51 2 7 J -237 -1]6 -61 
"T 0 6 z -1ocJ -~~c -1>5 6 6 l 512 456 56 ?. 7 2 -252 -244 -il 

.:: \(; 0 6 672 609 6J 6 6 -460 -471 11 2 7 1 -741 -712 --2J 
:u ()'\ 0 6 5 -835 -790 -45, 6 6 5 431> 411 27 ?. 7 0 -100 -14:i ~j ;;;J 0 6 4 100 66 34 6 6 4 -J52 -J61 9 2 7 -, 2)7 2J5 2 

0.. ,,_, 
0 6 J -652 -611 -41 6 6 J -J06 -227 -79 2 7 -2 Q -6 6 ~-

~ ~~: 0 6 2 -20) -206 3 6 6 2 I) 4J -4J 2 7 -J 'l1 12) -)2 
l§ 0 6 i -452 -6)1 17:J 6 6 1 -445 -.311:! -127 ?. 7 -4 254 222 J2 

;.-.. l"'::j 1 6 10 a ) -) 6 6 0 -44:, -2<12 -167 2 7 -5 0 15i'i -15~ 
,J::1 ;v-; 1 6 9 -,□ a -56 -52 (, 6 -, 2:,6 241 55 2 7 -6 277 260 17 ·~ , 6 6 J6J 402 -1:, 6 6 -2 J26 340 -14 2 7 -7 61) 6.:io -b5 
~ 0 't 6 l 0 -131 1J1 6 6 -3 -J46 -J21 -25 2 ·7 -o 0 246 -246 
'i c:: 1 6 -12) -191 6b 6 6 -A 2)3 256 -2J 2 • 7 -9 -197 -JJ -164 
.2 (",) 1 6 5 -379 -407 2B 6 6 ::g -244 -251 ·7 J ·7 l;j -277 -56 -2,, 
.:: ,:! "I 6 4 -~65 -817 -us 6 6 0 -132 1J2 } '7 7 615 577 Ji, 

,1: 
~ ,..C:: 1 6 ) -J32 -J18 -14 6 6 -1 -15:, -212 59 J •7 6 '110 J54 5& 
C.) -~ , 6 2 146 115 JJ 6 6 -8 1S7 246 -4:; J • 7 5 47~ 4)[) <l'.i 

Ci :c 1 6 , -1269 -617 -6~2 6 6 -9 -J86 -350 -:i6 J • 7 <I -b1 -5 -76 

~ 
i 6 0 0 45 -45 • 7 6 8 -J12 -115 -197 J ,7 J •71 1&8 -j] , 6 -1 J09 J01 I, '7 6 ;7 i 16 :n 8) J '7 2 --253 -22t> -31 
1 6 -2 410 4)8 -21> •7 6 6 -)09 -27 -21J2 J • 7 1 -,fjJ -46J -Jo , 6 -J 0 -1 1 ·7 6 5 108 104 4 J ·1 0 -mo -172 -8 
1 6 -A 227 242 -15 1 6 4 0 -177 177 J . 7 -1 -229 162 -67 
7 6 -5 -958 -ob2 -76 · 1 6 J 292 160 1J2 J ,-, -2 259 2i,2 7 
1 6 -6 -1075 -102:1 -46 ,7 6 2 -170 -152 -16 3 . 7 -J 0 14t> -14(, 
1 6 -1 -136 -143 ·1 ,7 6 1 a -45 45 J '7 -4 539 "3Z 2 
1 6 -8 -100 -1,15 45 7 6 0 a -61 61 J • 7 -5 -.566 -52 -4o 
1 6 -9 -1 □~ -221 113 7 6 -1 21"1 166 46 J •7 -6 -109 -210 21 ', 6 -10 JJ9 :J:J9 0 ,7 6 -2 :J:39 265 •74 J '7 -7 -241 -1~7 -50 
2 6 10 116 JJ ~J ,7 6 -J 260 262 ,s J ,7 -a -410 -464 54 
2 6 9 -160 -J5 -125 .7 6 -4 :no J29 41 J ,7 -9 () 1 -, 
·2 6 l,l -J59 -J57 -2 ,7 6 -5 426 251 175 4 ·7 0 •2JJ -111 -122 
2 6 l 0 54 -54 ·7 6 -6 292 1 '/7 115 4 ,7 J 0 -2,;1 CJ 
2 6 0 -112 112 7 6 -7 449 '.174 '75 4 '7 2:,2 211 01 
2 6 5 0 '7J -73 ,7 6 -a 241 200 41 4 ·7 5 0 ;J -JJ 
2 6 4 260 101 17:J ,7 6 -9 21:,; n 1e2 4 '7 4 20;1 13;; 64 
2 6 J 510 450 60 b 6 6 49) )41> 147 4 ·7 J 329 262 67 
2 6 2 547 4:,4 5l s 6 5 -20J -264 01 4 ·7 z 0 20 -20 
2 6 1 214 176 I> 6 4 -zeo -229 -51 /J ,7 1 -54J -4c4 -59 
2 6 0 227 2J6 -9 ti 6 J -5JJ -47J -60 ,I ,7 0 · 750 · 734 24 
2 6 -, 997 915 82 b 6 2 0 -65 65 4 ,7 -1 -1.:i51 -:.fi.J) -62 
2 6 -2 -1487 -1J19 -16il b 6 i -100 -260 160 4 ·7 -2 J52 )79 -27 
2 6 -J 1662 1541 121 b 6 0 605 4o9 116 

,, ,, -J 0 -57 57 
2 6 -4 -1925 -1755 -140 a 6 -, 254 90 164 4 ,7 -A -61 -43 •Ju 
2 6 -5 '-492 -539 47 .; 6 -2 JJJ :no -J7 4 ·7 -5 -207 -222 ,s 
2 6 -6 -1606 -1521 -85 6 6 -J 184 120 6.f ,1 7 -6 0 -111 111 
2 G -7 -b25 -~D4 -21 il 6 -4 569 ~5'1 110 4 ,7 -7 100 41 1JJ 
2 6 -5 -626 -,!;20 ~106 ll 6 -5 0 -71 71 5 7 6 0 -:-:io 25 
2 6 -9 -108 -155 41 l:i 6 -6 -160 -37 -123 5 7 5 0 145 -1.;~ 
J 6 10 12) 122 1 r, 6 -7 400 2'11 105' 5 7 4 -214 -12J -~1 
J 6 9 116 97 19 9 6 4 -270 -225 -45 5 7 J -20J -110 -L5 
J 6 6 416 )2~ 67 9 6 J -2JJ -205 -20 5 7 2 -4JO -J5'1 -71 
3 6 t -18Cl -253 • 73 9 6 2 -229 -37 -192 5 ·7 1 -116 -24"1 1JJ 
2 6 -752 -112 -640 9 6 1 299 2J6 6J C. ·7 0 321 J05 16 -J 6 5 -592 -5&2 0 9 6 0 .<165 475 -10 5 • 7 -1 -b:iO -~25 J5 
J 6 4 62} 516 105 9 6 -1 BJ4 ]04 50 5 7 -2 ·535 57c 17 
3 6 J 0 -2 2 9 6 -2 64~ 5~1 56 5 7 -J -4oJ -4)>' -44 
:, 6 2 760 7)2 '.)6 9 6 -J 6JJ 6JJ 5 ~ 7 ►4 227 J07 -uo 
J 6 1 10ll 160 -52 9 6 -4 0 50 -50 , 7 -5 259 2a.i -25 
J 6 0 520 ,;,27 -7 9 6 -5 -2J7 -21,; -w 5 7 -6 .4GO JbO ~() 

J 6 -1 61 24 57 9 6 -6 -270 -Jo6 36 5 ·7 -7 , 4,, 14J 5 
J 6 -2 -12)1 -1115 -116 " 6 -7 -A)Q -402 -)6 (, 7 6 -J7'i -Jo'i 10 
J 6 -J 1330 1292 92, 10 6 4 D 53 -s:i- (, . 7 5 26~ JJ7 -72 
:, 6 -4 -64~ -oor.. •4) 10 6 J 0 -174 174 (, ·1 4 -2~2 -n -155 
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TABLE 3-continued. 

/4 l, t J,~ Fa A h k I Fo 1:,. A I. k ! Fo Fa A 

6 7 :J ~51 2'.H> 23 
6 7 2 -67'-) ... 7oJ ~n 
6 7 1 6)3 S~J 50 
6 7 0 -662 -61l1 25 
6 7 -1 600 45d 102 
6 7 -2 651 557 :J4 
l 7 -J, 4J6, )58 •711 
6 7 -4 312 290 22 
6 7 -5 412 ~58 54 
6 7 -6 0 JB -Je 
6 7 -7 -10B -257 149 
1 7 6. -2n -7B -159 
7 ·1 5 -:36J -JJ5 -2t> 
7 7 4 -153 -72 -e1 
7 7 J -160 -202 22 
7 7 2 -174. -250 i □& 
7 7 1 197 124 73 
7 7 0 -121 .. 713 -d 
7 7 -1 725 762 -n 
7 7 -2 0 -1} 13 
7 7 -1 6JJ 5~4 J9 
,7 7 -4 296 J10 -14 
7 7 -5 317 4)2 -55 
7 7 -5 -J39 -210 -123 
1 7 -7 0 62 -62 
8 7 -4 -622 -469 -nJ 
8 7 J -252 -189 -,6J 
[I 7 2 0 -17 17 
(l 7 1 -214 -1111 -J6 
8 7 0 '")21 -2a1 -40 
(i 7 -1 -184 :-93 -9'1 
B 7 -2 148 2 146-
6 7 -) ·15::i ·23 130 
il 1 -4 '449 5J<I -85 
:3 7 -s 326 296 30 
9 7. 2 o· -:ie. Jd 
9 7 1 -Jo6 -202 -104 
J 7 a 0 -96 56 
3 7 -1 ~301 -179 -122 
9 7 -2 -4JO -421 -:J 
9 7 -3 0 )8 -Jil 
a (I l 143 1J6 • 7 
0 D 207 Z94 -fJ7 

0 8 5 L.6~ 46'4 5 ;J 0 -5 Q, -"60 (,() 
() ~ 4 619 674 -55- 4 I} 4 91 1 91) 
Q 1:1 ;3 ;389 373 16 4 8 J 244 so 164 
0 s 2 116 207 -~1 4 8 2 -160 -47 -113 
0 -~- 1 1J6" 264 -141l- 4 B 1 -)21 -2a5 -Jli 
1 7 ... 14) -66 -77 4 8 0 -J21 -Jo& -1s 
1 8 6 23) 214 19 4 8 -1 -197 -,07 -30 
1 8 5 274 J45 .. 71 4 8 -2 -2BJ -251 -32 
1 8 4 701· 64& 5J ,1" l:l -J )90 213 177 
1 B ') -148 -)J -115 4 8 -4 -445 406 J7 
1 8 2 49) 50J -10 4 B -5 0 250 -250 
1 8 1. -)14 -4J4 120 5 8 4 -656 -so3 -153 
1 6 0 0 -106 106' 5 6' J -247 -141 r1Qo 
1 6 -1 -223 -301 ?!l 5 l:l 2 -J12 -JO? -5 
1 8 -2 -J52 '-J49 -J 5 6 1 -170 -25 •145 
1 8 -J no BO 51} 5 8 D 0 6':J -6;1 .,. 8 -4 ·O 70 .. 70 5 Ii -1 -207 -194 -1J 
1 8 -5 14) 116 27 5 8 -2 19) 20 173 
1 6 -6 2% 247 4~ 5 6 -J 26) J)9 -56 
,1 B -1 -100 -46 -54 5 8 -4 <165 418 -47 
2 B 0 -277 -246 -31 5 8 -5 197 216 -n 
2 ll !5 0 48 -48 6 B ·2 -749 -72';; -20 
".?.• 6 4 -160 --~o9 -51 ~ B 1 160 245 -85 
2 B J -229 -nJ -56 B 0 -)6) -J92 2:J 
2 l! 2 203 17) JO 6 8 -1 184 46 1Jli. 
2 6 1 -12) -104 -19 6 B -2 -A55 -417 -J~ 
2 8 0 .0 •76 -76 6 8 -) 0 54 -~4 
2 8 -1 116 10) 13 -:, B 0 -:;79 -656 I 7:J 
2 B, -2 -57 -46 -9 0 9 J 0 42 -42 
2. 0 .-J -116 '."4) .. ll 0 9 2 a ·-3 J 
2 8 -4 0 -60 0 ::> 1 91 n ,74 
2 ~ -5 61 97 -16 1· 9 J -219 -?.H 18 
) 6 0 -74 74 1 9, z 14:J 99 44 
J !l 5 210 126 62 1 9 1 40 ,, -11 
J 6 4 -148 -54 -5d 1 9 0 0 -~a 52 
J B '.l 440 486 -46 1 9 -. 180 -241 -61 
J I) 2 -,ea -o5 -95 1 9 -2 -241 -216 :J5 
J I> 1 no 211 -a1 1 9 -J 214 2 1 -47 
J 8 o -261 -272 11 2 9 2 1~<1 170 14 
'.} 6 -1 1)0 176 -46 2 9 1 0 146 -146 
J 8 -2 0 -1)4 1'.l4 2 9 0 0 25 -25 
:3 s -J -100 -,o -]a 2 9 -, 40 15~ -ni" 
) a -4 -n6 ""75 -)3 } 9 D -148 -2;4 06 

fourteen peaks within 2·8 A of the origin due to the salicylic acid residue 5 were resolved and identi­
fied. This gave the orientation of the molecule. It was then assumed that the molecules would be 
linked into dimers across centres of symmetry by hydrogen bonds of length 2·65 A. This assump­
tion, which proved to be justified, yielded positions for ten of the thirteen heavier atoms, and the 
chosen co-ordinates gave R = 45% .for the 182 hOl reflexions. A Fourier synthesis with the hOl 
phased structure factors showed plausible positions for the three heavier atoms of the acetyl 
group, and this projection was then rapidly refined to R = 15% by Fourier and difference syn­
theses. They co-ordinates could be chosen from a model of the molecule, and immediately gave 
satisfactory agreement for the 300 planes with sin 0{>. < 0·35. The structure was then refined by 
a least-squares procedure which uses the block diagonal approximation. At first only the nine 
carbon and four oxygen atoms were inclnded until R for the 2055 planes fell to 13·3% and 
R'[ = ~ w(IF0 J - jF0 1) 2/ ~ w[F0 j2] to 1·33%, A three-dimensional difference map was then cal­
culated with the 300 low-order planes and yielded positions for all eight hydrogen atoms, though 
the hydrogen atom involved in the hydrogen bond was a low peak showing considerable elongation 
towards the oxygen atoms with which it interacts. The hydrogen atoms were included in the 
refinement until R finally dropped to 10·6% and R' to 0·75%. Refinement was concluded when 
the maximum value of f:l./ a for a co-ordinate of a hydrogen atom had fallen to 0· 3. By this time the 
heavier atoms had stopped moving completely. Constant weights were used, as we have found 
them more satisfactory for diffractometer intensities than a Cruickshank weighting scheme, which 
was devised for photographic intensities. 6 In all twenty-one three-dimensional least-squares 
refinement cycles were performed. 

The least-squares programme necessarily refines the hydrogen atoms with anisotropic thermal 
factors if the heavier atoms are so refined. As might be expected, the thermal factors·of the hydro­
gen atoms were often meaningless, merely reflecting the inadequacy of the data. Consequently 
a final set of structure factors was calculated with anisotropic thermal factors for the carbon and 
oxygen atoms, and mean isotropic thermal factors for the three different types of hydrogen atoms, 
The final value of R was 10·8%. The scattering factors were taken from International Tables. All 

5 H. Lipson a.nd vV. Cochran, "The Determination of Crystal Structures," 1953, G. Bell and Sons 
Ltd., London, p. 189. 

6 D. \V. J. Cruickshank et al., "Computing Methods and the Phase Problem inX-rayCrystalAnalysis," 
1961, Pergamon Press, London, p. 45. 
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TABLE 4. 

Analysis of observed and calculated structure factors as a function of the index of the 
layer line. All figures are on an absolute scale. 

k !:!Fol !:!Pel :El~I N R ~l~I/N 
0 1957·35 1959·25 142·02 182 0·073 0·780 
l 2843·60 2868·88 229·90 332 0·081 0-693 
2 2474·82 2400·10 221·04 328 0·089 0·674 
3 1890·09 1873·04 179·53 304 0-095 0·591 
4 1327·80 1405-83 165·09 269 0·124 0·614 
5 921·21 988·13 154·60 231 0·168 0·669 
6 711-!)4 649·85 132·69 181 0·187 0·733 
7 418·06 407·14 91·04 140 0·218 0·650 
8 163·78 157·69 48·87 73 0-298 0·670 
9 15-00 20·55 8·19 15 0·546 0·546 

All 12722·75 12730-46 1372·97 2055 0·108 0·668 

calculations were carried out on an Elliott 803 computer with the programmes of Daly, Stephens, 
and Wheatley.7 

Results.-The final atomic co-ordinates are given in Table 1, and the :final thermal parameters 
in Table 2. Table 3 gives the observed and calculated structure factors obtained from the para­
meters given in Tables 1 and 2. In Table 4 an analysis is given of the structure factors in terms of 
the index of the layer. It will be seen that, although R increases substantially at higher equi­
inclination angles, the absolute error in a structure factor remains approximately constant 
throughout. 

TABLE 5. 

Analysis of observed and calculated structure factors as a function of the magnitude of 
the observed structure factors. All figures are on an absolute scale. 

Range of !Fol :I:lFol :I:!Fcl 1::1.:11 N R :I:ILl.1/N 
0 0 241·58 241·58 267 0·905 

0·0- 5·0 2781·64 2637·72 616·60 1032 0·222 0·598 
5·0- 10·0 2880·01 2885·18 212·61 405 0·074 0·525 

10·0- 15·0 2021·92 2004·49 94·39 166 0·047 0·569 
15·0- 20·0 1260·86 1237·35 63·31 72 0·050 0·879 
20·0- 25·0 713·18 705·90 21·72 32 0·030 0·679 
25·0- 30·0 969·72 938·46 37·44 35 0·039 1·070 
30·0- 35·0 448·23 440·28 12·39 14 0·028 0·885 
35·0- 40·0 228·22 219·30 8·92 6 0·039 1·487 
40·0- 45·0 416·57 404·03 14·32 10 0·034 1·432 
415-0- 50·0 188·48 189·67 6·77 4 0·036 1-693 
50·0- 55·0 210·60 200·82 10·04 4 0·048 2-510 
55·0- 60·0 57·02 54·94 2·08 l 0·036 2·080 
60·0- 65-0 61·23 58·05 3·18 l 0·052 3·180 
65·0- 70·0 67·04 68·50 1·46 I 0·022 1·460 
70·0- 75·0 147·89 152·66 4·77 2 0·032 2-385 
75-0- 80·0 
80·0- 85·0 
85·0- 90·0 175·43 183·49 8·96 2 0·051 4·480 
90·0---- 95·0 
95·0-100·0 95·61 108·04 12·43 l 0·130 12·430 

In Table 5 a similar analysis is given, but in terms of the magnitudes of the observed structure 
factors. R is poor for the very weak reflexions (and, of course, infinite, for those that are accident­
ally absent), but again, in terms of absolute errors, there is no reason to reject these weak planes. 
Indeed the evidence suggests that the twenty or thirty strongest planes should be down-weighted 
with respect to the weak planes. We feel that such satisfactory results for the weaker planes can 
be achieved with the diffractometer only if the size of the crystal or the counting time is so adjusted 
that the intensities yield structure factors that are on about absolute scale. 

The bond lengths are given in Fig. 1, which also shows the labelling of the atoms. The bond 
angles are given in Table 6. Fig. 2 shows the structure as it appears when projected down the [b] 

7 J. J. Daly, F. S. Stephens, and P. J. Wheatley, 1963, MRSA Final Report, No. 52. 
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axis. The bond lengths are in fair agreement with those found in salicylic acid by Cochran, 8 

though there are some very significant differences. The results for the two molecules are com­
pared in Fig. 3. There are some very definite angular distortions within the molecule, both in the 
benzene ring and the carboxyl group, but, more particularly, in the acetyl group. The benzene 

FIG. 1. Bond lengths in aspirin with their standard deviations, and the labelling of the 
atoms. 

h 
/ ~-6t5 

' I 

I 
0 2A ----

+Ii y:: 

+i +l ..... 

Fm. 2. The structure of aspirin as it appears in projection down [b]. 

a W. Cochran, Acta Cry:st., 1953, 6, 260. 
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TABLE 6. 

Bond angles (0
). Standard deviations are given as units in the last place. 

H(l)0(2)C(7) 120·7 (37) 
0{2)C(7)0(l) 122·9 (3) 

0(3)C(8)0(4) 122·9 (3) C{2)C(3)C(4) ll9·8 (4) 
0(3)C(8}C(9) 110·7 (3) C(3)C{4)H(4) 121·6 (26) 

0(2)C(7)C(l) 118·1 (3) 
O(l)C(7)C(l) 119·1 {3) 

0(4)C(8)C(9) 126·4 (4) C(5)C(4)H(4) ll8·4 (26) 
C(8)C(9)H(7) llO·O (29) C(3)C(4)C(5) 120·0 (4} 

C(7)C(l)C(2) 124·6 (3) 
C(7)C(l}C(6} 117·7 (3) 

C(8)C(9)H(8) ll9·4 (38) C(4)C{5)H(5) 120·0 (29) 
C(8)C(9)H(9) ll5·9 (44) C(6)C(5)H(5) 120·1 (29) 

C(6)C(l)C(2) 117·7 (3) 
C(l)C(2}0(3) 121 ·6 (3) 
C(3)C(2)0(3) 117·3 (3) 
C(l)C(2)C(3) 121·0 (3} 
C(2)0(3)C(8) 115·7 {3) 

H(7)C(9)H(8) 98·7 (48) C(4)C(5)C(6) 119·9 (4) 
H(7)C(9)H(9) 100·9 t 52) C(5)C(6)H(6) 118·,'5 (29) 
H(8)C(9)H(9) 108·9 58) C{l)C(6}H(6) ll9·9 (29) 
C(2)C(3}H(3) ll8·0 {29) C(5)C(6)C(l) 121·6 (3) 
C(4)C{3)H{3) 122·2 {29) 

119·9 lli·B 

117·7 124·6 

1111-1 118-l 

120·1! UO·l 

1·871 

120•7 111H 118·3 

121'1 120•3 

1·333 

Fm. 3. Comparison of the bond lengths and angles in aspirin (above) and salicylic 
acid (below). 

ring has the appearance of being pulled out by the carboxyl group so that the internal angles at 
C(2) and C(6) are greater than 120°, and that at C(l} is less. The carboxyl group is bent away from 
the acetyl group, possibly by repulsion between 0(3) and 0(2), so that there is a substantial 
increase in the angle C(2)C(I)C(7), and a decrease in C(6)C(l)C(7). The angle O{l)C(7)O(2) is 
greater than 120°, again suggesting repulsion between oxygen atoms. The angular distortions at 
the central atom of the acetyl group are enormous, the angles being 110·7, 122·9, and 126·4°, 
instead of the expected 120°. There appears to be no simple explanation for these distortions in 
terms of intramolecular contacts. 

Except for hydrogen atoms on the methyl group, the molecule is composed of atoms lying 
approximately in two planes. The weighted least-squares equation for the plane of the four atoms 
in the acetyl group, referred to orthogonal axes a, b, and c', is 

+ 0·7512 X + 0·6577 Y - 0·0564 Z' = 4·3680. 

The departures of the atoms from this plane are 0(3), + 0·0007; 0(4), + 0·0009; C(S), - 0·0030; 
C(9), + 0·00ll A, none of which is significant. Thus, despite the large angular distortions within 
the plane of this group, there is no out-of-plane bending. On the other hand no satisfactory plane 
can be constructed through all ten of the heavier atoms of the salicylic acid residue. A number of 
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planes were calculated, starting first with the benzene ring, and then adding one or more of the 
remaining four atoms. As soon as any other single atom was added, the departures from the plane 
increased, and these departures grew worse as more atoms were added. There seems to be no 
question that significant out-of-plane distortions do occur in the salicylic acid residue. It was 
particularly noticeable that one of the oxygen atoms of the carboxyl group always lay above the 
plane, and the other below, leading to the conclusion that the plane of the carboxyl group was 
twisted with respect to the plane of the benzene ring. In view of these various distortions it was 
felt that the most representative plane was the one through the six carbon atoms of the benzene 
ring, the equation of which is 

+ 0·5945 X - 0·4849 Y + 0· 6415 Z' = 0·0941. 

The departures of the atoms from this plane are given in Table 7. It will be seen that none of the 
carbon or hydrogen atoms of the benzene ring departs from this plane, whereas the other atoms, 

TABLE 7. 

Departure in A of the atoms of the salicylic acid residue from the plane of the benzene 
ring. 

Atom Atom Atom 
C(l) -0·0031 H{l) -0·138 0(1) +0·1016 
C(2} +0·0050 H(3) +0·012 0(2) -0·0555 
C(3} -0·0026 H{4) +0·019 0(3) -0·0565 
C(4} -0·0016 H(5) +0·009 C(7) -0·0097 
C(5) +0·0034 H(6) -0·021 
C(6} -0·00ll 

with the exception of C(7}, do. The angle between the plane of the benzene ring and that of the 
acetyl group is 84 ° 45'. 

The equation of the plane through the carboxyl group is 

+ 0·6091 X - 0·5022 Y + 0·6139 Z' = 0·0596. 

H(l) departs from this plane by -0·064 A, which is not significant. The angle between the plane 
of the benzene ring and that of the carboxyl group is 2° 2'. 

Molecules of aspirin are, as expected, dimerized by hydrogen bonds across a centre of symmetry. 
The length of each hydrogen bond is 2· 645 A. The perpendicular distance between the two planes 
defined by the carboxyl groups in the dimer is 0· 119 A, which places aspirin roughly halfway down 
the table given by Jeffrey and Sax. 9 The weighted least-squares plane through the six heavier 
atoms of the eight-membered dimer ring is 

+0·5901X-0·5348 Y+0·6084Z' = 0. 

The departure of the atoms from this plane are 0(1), +0·0089; 0(2), +0·0077; C(7), -0·0151; 
H(l), -0·013 A. Thus the eight atoms are very nearly coplanar, as would be expected from 
Robertson's arguments.lo 

Allnon-bondedintramolecular contacts were calculated in order to disclose any unusual features 
within the molecule. If hydrogen atoms are excluded, the two shortest intramolecular contacts 
are 0(1) •···0(2), 2·215; 0(3) ····0(4), 2·239 A. Other distances of interest in connexion with the 
possibility of repulsion are 0(2) ···· 0(3), 2·674; 0(3) · .. ·C(9), 2·354; 0(4) .... C(9}, 2·395; C(2) .... C(S), 
2·342 A. Inclusion of the hydrogen atoms results in a number of contacts of slightly less than 2 A 
between hydrogen atoms on the benzene ring and next-nearest carbon atoms, and three shorter 
contacts between hydrogen atoms on the methyl group. 

All van der Waals's contacts up to a limit of 4 A were calculated both with and without 
hydrogen atoms. There is a large number of these distances, but no unusual features appear. If 
hydrogen atoms are excluded, the shortest contact, apart from the hydrogen bond, is 3·306 A 
between two oxygen aton;is. The shortest contact between hydrogen atoms is 2·50 A. 

MONSANTO RESEARCH S.A., BINZSTRASSE, 39, 8045 ZURICH, SWITZERLAND. 
[Received, July 31st, 1964.] 

9 G. A. J e:ffrey and M. Sax, Acta Cryst., 1963, 16, 430. 
10 J. H. Robertson, Acta Cryst., 1964, l'i, 316. 
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DETAILED ACTION 

This action if FINAL. 

Status of Claims 

Claims 1-2, 4-5 are cun-ently pending. Claims 3 and 6 stand withdrawn. Claims 7-8 are 

newly added. 

Restriction Requirement 

Applicants' election of Group I, claims 1-2, and 4-5 without traverse in the response 

received January 26, 2011 is acknowledged. 

Response to Applicants' Arguments 

In the response received January 26, 2011, Applicants requested the courtesy of an 

interview. An interview will gladly be granted upon formal request .. Examiner's contact 

information is found at the end of the action. 

With respect to the 102(b) rejection in view of the Summers article, Applicants argue that 

"[ o ]nly when the Patent Office shows a sound basis for believing that the products of the 

applicant and the plior art are the same does applicant have the burden of showing that the 

products are not the same", citing In re Spada, 911 F.2d 705, 709, 15 USPQ2d 1655, 1658 (Fed. 

Cir. 1990). Applicants' continue stating that the claimed polymorphic fonn has been compared 

to polymorphic Form I of acetylsalicylic acid in the as-filed application. The compalison 

between IR spectra of Form I with the instant Form, Applicants assert is different and therefore 

the forms are different. In addition, Applicants argue that the DSC has an endothermic transition 

of 135 degrees C and a melting point of 133 degrees Celsius is outside of Applicants 135.5 and 
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melting point between about 128 and 130. However, this has been considered but is not 

persuasive ... The amount of experimental error in such determinations is not mentioned with 

respect to IR and DSC, and in light of Applicants claim of about 128 to 130 degrees Celsius it is 

clear that a range of temperature can exist for a melting point. Thus, as stated in the rejection of 

record the burden has shifted to Applicant. 

Further, Applicant states that there was only a single form of acetylsalicylic acid known 

prior to filing the instant application (page 7 of instant specification): 

However, the Summers article suggests other forms. If Applicant is stating that the forms 

of the Summers article are the same form then clearly ranges in DSC traces and melting points 

are possible. 

With respect the 102(b) rejection in view of Wheatly as evidenced by the first and second 

bond article, Applicants argue that the office action ignores aspects of the first Bond article. 

However, this is not persuasive because at least because the authors of the first Bond article state 

that "from the data of which the Form II structure emerged, as we have shown is possible" so 

from the dataset either F01m I or the potential Form II could emerge. 

Further, that inherency cannot be established by possibility or probability. However, 

according to ME 2112: 

V. ONCE A REFERENCE TEACHING PRODUCT APPEARING TO BE 
SUBSTANTIALLY IDENTICAL IS MADE THE BASIS OF A REJECTION, AND THE 
EXAMINER PRESENTS EVIDENCE OR REASONING TENDING TO SHOW 
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INHERENCY, THE BURDEN SHIFTS TO THE APPLICANT TO SHOW AN 
UNOBVIOUS DIFFERENCE 

"[T]he PTO can require an applicant to prove that the prior art products do not necessarily or 
inherent] y possess the characteristics of his [ or her] claimed product. Whether the rejection is 
based on 'inherency' under 35 lLS.C. 102, on 'prima facie obviousness' under 35 lLS.C 103, 
jointly or alternatively, the burden of proof is the same ... [footnote omitted]." The burden of proof 
is similar to that required with respect to product-by-process claims. In re Fitzgerald, 619 F.2d 
67, 70,205 USPQ 594,596 (CCPA 1980) (quoting In re Best, 562 F.2d 1252, 1255, 195 USPQ 
430, 433-34 (CCPA 1977)). 

The burden of proof for inherency in product-by-process claims referred to in that paragraph is 
found in MPEP 2113: 

ONCE A PRODUCT APPEARING TO BE SUBSTANTIALLY IDENTICAL IS FOUND 
AND A 35 U.S.C. 102/ 103 REJECTION MADE, THE BURDEN SHIFTS TO THE 
APPLICANT TO SHOW AN UNOBVIOUS DIFFERENCE 

"The Patent Office bears a lesser burden of proof in making out a case of prima facie 
obviousness for product-by-process claims because of their peculiar nature" than when a product 
is claimed in the conventional fashion. In re Fessmann, 489 F.2d 742, 744, 180 USPQ 324, 326 
(CCPA 1974). Once the examiner provides a rationale tending to show that the claimed product 
appears to be the same or similar to that of the prior art, although produced by a different 
process, the burden shifts to applicant to come forward with evidence establishing an unobvious 
difference between the claimed product and the prior art product. In re Marosi, 710 F.2d 798, 
802, 218 USPQ 289, 292 (Fed. Cir. 1983) (The claims were directed to a zeolite manufactured 
by mixing together vaiious inorganic materials in solution and heating the resultant gel to fo1m a 
crystalline metal silicate essentially free of alkali metal. The prior art described a process of 
making a zeolite which, after ion exchange to remove alkali metal, appeared to be "essentially 
free of alkali metal." The court upheld the rejection because the applicant had not come forward 
with any evidence that the prior art was not "essentially free of alkali metal" and therefore a 
different and unobvious product.). 

The statement of the Bond article that "[i]ndeed, we showed that form II of aspirin as 

reported be derived, to the accuracy and precision reported by those workers, from experimental 

diffraction data collected on an aspirin crystal that was most certainly form I" suggests that the 

dataset encompasses the "old form" and if there is a new form, that form as well. Thus, the 
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dataset claimed is a broad genus and encompasses multiple species, one of which is the old form 

of Wheatly. 

Claim Rejections - 35 USC § 102 

The following is a quotation of the approp1iate paragraphs of 35 U.S.C. 102 that form the basis 

for the rejections under this section made in this Office action: 

A person shall be entitled lo a patent unless -

(b) the invention was patented or described in a printed publication in this or a foreign country or in public use or on 
sale in this country, more than one year prior to the date of application for patent in the United States. 

Claims 1-2, 4-5, 7-8 are rejected under 35 USC 102(b) as being unpatentable over the 

article to Summers, M.P. et al. ("the Summers article" made ofrecord in the IDS dated August 

23, 2010). 

The Summers article teaches multiple forms of acetylsalicylic acid (at least Table 1). 

Further, the Summers article teaches a form of acetylsalicylic acid having a melting point within 

the range recited by Applicants. For example, the Summers article teaches Form I, the DSC 

melting point is 135 degrees Celsius. Further, the Summers article teaches Fonn I in 96% 

ethanol. The definition of "Form" is arbitrary, and the data teaches 135 degrees which 

anticipates "about 135.5". 

In addition, the Summers article teaches Form II having a melting point of 128 degrees 

Celsius and 129 by DSC. In addition, the Summers article teaches Forms I, III, IV, V, and VI. 

Further, the Summers article teaches that tablets can be made "with the tabletting characteristics 

of various polymorphic forms" (page 615), and that the compound can be dissolved in pentanol 

(page 615) thus teaching compositions. 
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According to MPEP 2112: "[T]he PTO can require an applicant to prove that the prior 

art products do not necessarily or inherently possess the characteristics of his [ or her] claimed 

product. Whether the rejection is based on inherency' under 35 U.S.C. 102, on prima facie 

obviousness' under 35 U.S.C. 103, jointly or alternatively, the burden of proof is the 

same ... [ footnote omitted]." The burden of proof is similar to that required with respect to 

product-by-process claims. In re Fitzgerald, 619 F.2d 67, 70,205 USPQ 594, 596 (CCPA 1980) 

(quoting In re Best, 562 F.2d 1252, 1255, 195 USPQ 430, 433-34 (CCPA 1977)). 

In this case the Summers article teaches a Form I with a melting point that is within 0.5 

degrees Celsius of the claimed compound. Further, the claims recite "about 135.5" which is 

anticipated by 135 degrees Celsius of Form I. As stated in the initial rejection, the PTO can 

require an applicant to prove that the p1ior art products do not necessarily or inherently possess 

the characteristics of his [or her] claimed product. If Applicant produces evidence that proves 

that the forms in the Summers article are not the same as the form recited in the instant claims 

then this rejection will be withdrawn. Specifically, a 1.132 affidavit differentiating Form I and 

Form II as disclosed by Summers from the instant form would be sufficient to overcome the 

burden of proof required by the PTO for this rejection. 

Further, with respect to the claimed range, claim 1 still reads on at least Form I of the art 

of record because the limitation "about 128-130 degrees C" is still met. As stated in the rejection 

of record, Form I, the DSC melting point is 135 degrees Celcius and the claims reads "about 

135", further, Fonn I teaches a melting point of 133 degrees Celsius and the claim reads "about 

128-130 degree C". The broadest reasonable interpretation is that the "about" is distributed 

between the two temperature ranges since that claim links the temperatures by a dash mark. 
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Claims 1-2, 4, 7-8 are rejected under 35 USC 102(b) as being unpatentable over the 

article to Wheatley, P.L .. ("the Wheatley article", J. Chem. Soc. 1964, 6036) as evidenced by the 

article to Bond et al. ("the first Bond article"), and the article to Bond et al. ("the second Bond 

article"). 

The Wheatley article teaches a polymorphic form of acetylsalicylic acid. Further, the 

Wheatley article teaches" ... of this remarkable drug." (page 6036). Thus, the Wheatley article 

teaches a pharmaceutical dosage form that is effective since it must be effective to be 

remarkable. 

The evidentiary references are brought forward for at least two reasons. First, the first 

Bond article provides evidence that the data set as instantly claimed "was completely 

superimposable on the PZ structure". Specifically, the first Bond article teaches: 
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A1 the outset, \Ve noted se'veral. anorna.lous indi.-catnrs i.n 
the PZ strrtcture: 1 1 ,·.rhe data are tru.nca 1 ed to 20 ::::: 4(Y' _. 

(.1\4.oK,.i): .2) 'The }?-factors are unacceptably htrge (Rl-
·t·1··_ "1. ,•,··•· T .. l ,..... /Y'I. 11 l ·. 0 '"ff" "' A 1I •- >·i.o{. .:u :::::U •. bi., H'. ,.:::(a. 1 ftataJ ::::-_ ... -, .. -X; :i) . .- .E. atoms;; are 
refined isotropically+ i.rnplying that anisotropic refinement 
\Vas rnJ1 po!'>sib.le~ 4) Several of the refi11ed [i.1~n va.lues are zero 
or disturbingly close to zero. l\Jost revealingly, ,ve noted that 
the unit cell reported hy PZ j_a ·,·,·,·,· 12J}95(7), b ·,·,·,·,· 6.491(4), c,·,·,·,·· 

.. ~ ,, 

Ll.323(6) A~ p ·,·,·,·,· 1 :I 1.509(9)'\ \/-,-,·,·· 827. m (8) A_\I can be trans-

formed to the cell obtained bv us for forrn l with the metrk ,: 

transformation [ :l O l O -1 0 0 0 - q. Likewise\ our 
experirnental forrn I cell can he transformed to ,1 cell having 
a,,,,,,,,, J2.{}84t b ,,,,,,,,, 6551,, c ,,,,,,,,, J l .274 A; /J ,,,,,,,,_ l :l 1.81 {),, V,,,,,,,,, 828.7 ,4;,. 
1·his is depicted schentaticaHy in Figure l. 

\Ve next rettH1H}d to our experimental diffraction data and 
applied this relations.hip so that -our data ,vere indexed on the 
basis. of the PZ unit celtlS.l Subseouent integration and data i -t...-.' 

reduction '\A'as folknved bv a strahrhtfor\-vard stn.1ctlfft; solu-
.,- 'I.,. .. ' 

tion vvith direct 1nethocts,191 using default settings In the s·r_,ace 
- 0 - r 

gn.Jup P2Jc obtained autornatically by the softvvare. ··rhe 
result (Hgure l) vvas co1npk:tely superhnposable on the PZ 
strucn.1tc ! Isotropic refinernent 011 d~tla to 20 .:::: 5ff procc.•eded 

Since the data as claimed can be refined to that of fo1m I, the claim reads on the known 

polymorphic form disclosed in Wheatley. 

The second Bond article provides additional evidence (page 618): 

cr,r,;tat!;J Indeed. \Ve sho\\·'t.:'d drnt form U of asnirin a'.'i ,.· >. 

reported hy PZ nrny he deJ-i'iitd; to the at:t:.'.UUKy and preci~iun 
rc::portcd hy thn-se "irorker~t from experimt:nt,1l ;Jiffrariion data 
ct·~·iiccte·tt f}TI .an as11irin -crvstai lb.at v~..,as n1r~st ct~:rtai r:1S~v f~.-~r11t: l. 

~ .,-· . . . . V 
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~11ius .. \V(~ str:c•.,sS(;:-d that the lPZ. t{~I~~)rt ,lid tt(Jt ,~:stithU.$h tl1e 
-e:xisttn:c,e csf nsi;irin fr;rn:1 lI to a~1y Htl>c:.r~tal1-l:c::: ~C'V·t::l r::f 
:st:·ie·ntific. ri gtJr. P_l 1~1 tbjs rt~r~:i:.)rt, ,~;t~ ar-e atJle· h) res-o~ve: the 

Page 9 

Thus, there is sufficient evidence that the claims read on at least "form I" which is a 

known form (see Wheatley). 

Further, the second Bond article provides evidence that 

np11an.~t1t[y lht~ first (}fits kin·d it\ that it t.~-J(flibit;. t,v:r~ distit1ct~y 
different int-crhlyt:r arrangcrncnts (A and H), both ,;,vhich 
art'. :p.h.y~.ic.aHy a~1ti t.h .. e11t~:eaH:y r-eastJnabit~·~ ··i11e ~tecitit·ntal 
•>:ZV":rPe~~:e:· -i:.l-=-:t~•>:~1cr··lc-v -i: ... f *~1~·>. ~-.:.,t.,.'{} tX):S.~~t,~]~~~ ... =-:·~_f>:.~(: ,~---i:..,fnh~rt•:~,J \.. .... "-· -:-::-: -.. ..... _ ....... t::•....,··"" •: -~- ... · ,.:-. '\.:.. 1-. ... ~-~ -· ~/ -· ._._.-x_. ·"- ·"'~- .,_ ·.-: \...•,.:-... . · ·"'. L.. 

viith tbe :1):t~:cific. .n.letr.ic reL::1tic.}n 1)-ctvi/.ecn tht~ ftJrrrn I an(l 
f()r~i1 1:1 h:1ttitt~B" is tht!· ·reasr:Hl fr)r tht!: lttrusti~1i :e~ry~tn11ograplrie. 
c~l1strvath)t1~ si11t:t ~ t af~c~,~::s ~f~pirin diffr~1cthJtl patterns to b·c 
proccs:,;.::•d in tW(} different \vays to pnnjdc two diff.::•rent 
·~tr~icturcs+ l;{}th c~f \v.hic.h .;;:irt~ r~hy:~i:t:·a~!ly .rcns(Jnablt~. 'lli.c 
.me!.r.k tnn:1.~frn·matios.l p n O ----100 H --- J.l that ndah}S the 
t:nnn l ,Hid form n UJlit cdh; t.aus-t.'J; ,iU Bragg n:::fkttions hki' 
,vhb t~:·••?t.~·-n l tc~ (}vt~.r!ay b-ut r~taces tht~· {)(f.d i f{~·fl.e.ctintt$ c~i 

refle:cti(}US a.rising f.rf.H11 the t\'\:'() tyr~e:S. ceif :Lh.).n1ain .ar!;pt\:lf h.} a 
t:in,t apprc:ixi.nrntirm a:-,; a wdghted ov;;.~'fby of the fn.nn l and 
f()rtn 1:1 -diflf~lctit:Jn pt1tlerrut \1f~tb tile tl~Btriht1tiJ)t1 def:-t.~t1dt~nt 

And from page 621: 
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retc.~rt.~tit=t.~· rx)tnts .. !-l(r~ve·ver~ tt)t1Si(it.ring th.at a~rr~r.~n -ery~t(1!f; 
clbtpla·y l)(}t!1 atra.ng:c:.rnt:nts ?tNithin a singlt.~ c.ry~ta]~ $llot~hJ 
<1~JJirin rt.ally t>e t:lescril1,~:d as f}O~ytt1(}fJ1lij:G? \\"hat is. .;.:x::rtaitl ifi 
th al th:tt fl~?_. tf•t:~·c.riptitrn c~f tht~·ir-cryst~ti ~1s n [H~)lyrti:(}rf)h :di~~intj 
frcnJ± f<">J]ll J i~. 1]i.">t jtt~tif~al;Je .. ]l1c ft_;!.~ c.ry~ta1~ like· ~,~ver.a1 
()tht.f a~:piritt tt)~~taht dt::S(\'r.~bed itt tlti~ ;,ar~(~.t' ~s titl itthl-Ti}\)\Vth 

nf t"iwJ ''potyn,nrphk'' doinains, \Vi: einphasi.u2 dmt the 
~11tt~·ritrtf¥rth crystaifi are t~xacl~.y that: tht~·y are· ·ac~t sirn:p~y 
rnixHtrt:·:::, nf funn l and limn lL and they arc not twin$, E~ich 
asr~iri:n crystal i~ a~1 inttgrnl ,,,(~1.c~lc .in \Nhich the thJ~11ttins ar-c 
~ntht1atclv ccrnnettt.~jJ i1..titl1 r~iieh .c~th1.::~t ·~v~fh nfrs~.§hlv tn~~11\:· . . - ..; • . . . . ' . . .~ •. • • . •• . r' . . -~• 

H .. irnovet\ <ff d(NJ1ain within a \higlt' trystaL Further, h Se>ern:,; 
tl1at t~1e ra0.f) tJf th:c.~ dcn11ai.ns. ht itspii.iJ1 erystaJs Ss likely tc~ lie 

The evidence of the second bond article show that " [ w ]hat is certain is that the PZ 

description of their crystal as a polymorph distinct from form I is not justifiable". 

Thus, in light of evidence, the claims read on form I as disclosed by Wheatley. 

Conclusion 

No claims are allowed. 

Applicant's amendment necessitated the new ground(s) of rejection presented in this 

Office action. Accordingly, THIS ACTION IS MADE FINAL. See MPEP § 706.07(a). 

Applicant is reminded of the extension of time policy as set forth in 37 CFR 1.136(a). 

A shortened statutory period for reply to this final action is set to expire THREE 

MONTHS from the mailing date of this action. In the event a first reply is filed within TWO 

MONTHS of the mailing date of this final action and the advisory action is not mailed until after 

the end of the THREE-MONTH shortened statutory period, then the shortened statutory period 

will expire on the date the advisory action is mailed, and any extension fee pursuant to 37 
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CPR 1.136(a) will be calculated from the mailing date of the advisory action. In no event, 

however, will the statutory period for reply expire later than SIX MONTHS from the date of this 

final action. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to CLINTON BROOKS whose telephone number is (571)270-
7682. The examiner can normally be reached on Monday-Friday 8:00 AM to 5:00 PM EST. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, DANIEL SULLIVAN can be reached on (571)272-0779. The fax phone number 
for the organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status infmmation for published 
applications may be obtained from either Private PAIR or Public PAIR. Status info1mation for 
unpublished applications is available through Private PAIR only. For more infonnation about 
the PAIR system, see http://pair-direct.uspto.gov. Should you have questions on access to the 
Private PAIR system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). 
If you would like assistance from a US PTO Customer Service Representative or access to the 
automated information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

Cab 

/Daniel M Sullivan/ 
Supervisory Patent Examiner, Art Unit 1621 
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PAPER 

Celecoxib sodium salt: engineering crystal forms for performancet 

.JuHus F. Remenar,:t*" Mark D. Tawa," l\tlatthcw L. Peterson,t Orn Almarsson," Magali B. Hickey" 
and Bruce l\-1. Foxman" 

Receii>ed 31st Jull' 2010, Affepted 14th Septemhel' 2010 
DOJ: 10.l03Wc0ce00475h 

Crystalline hydrates and propylene glycol solvates of celecoxib sodium salt (Cel-:'.,la) were prepared and 
characlerized with lhe aim or improving oral drug absorption by breaking up the I-I-bonding 
interactions present in crystals of the poorly soluble marketed form of the drug (Cel-IH). The hydrate 
grows rapidly from aqueous alkaline solution, forming a thick slurry of thin plates. Thicker plates for 
structure determination were successfully grown by adding up to l '% benzyl alcohol to the solution, The 
structure of the pentahydrate of the sodium salt is comprised of a bilayer motif where three waters are 
coordinale<l lo sodium ions in a discrele layer, v.·hile lhe olher two waters reside in a one-dimensional 
channel. At a given temperature, the hydration state changes rapidly and reversibly as a function of 
rela live humidily (RH). The hydrated salt is physically slabk in a seale<l vial, bul reverls rapidly Lo the 
crystalline free base if exposed to ambient co~ in air at 40%, RU or higher. The propylene glycol (PG) 
solvate of Cel-Na exists in an anhydrous and trihydrate form. The trihydrated PG solvate of Cel-N a is 
physically slable above ~15% RH and does nol react measurably wilh CO2 at 66% RH over 4 days, 
making it the most suitable form for use in solid pharmaceutical formulations. 

Introduction 

Recent papers have demonstrated that the bioavailability of 
celecoxib (Cel, Scheme 1) can be enhanced by dosing forms that 
are lransiently more soluble than the rnarkcled crystalline form, 
Cel-HI. 1

·-• The low solubilily of Cel-IIl, a COX-2 selective anli­
inilamrnat.ory drug,5

•
6 limits bolh the rate and the extent or 

absorption after dosing. Published strategies showing improve­
ment in solubility and/or bioavailability of Ce! have included 
co .. crystals, salt forms, metastable polymorphs, amorphous 
dispersions, and solutions in organic vehicles.1

-'·
7

•
8 Crystalline 

forms of the sodium salt of celecoxib (Cel-Na) were at an early 
stage of characterization at the time we published ;vork 
describing their use as "springs" or high-energy forms for 
creating supersaturated solutions to improve drug absorption 
behavior. 2 Il wab known that the hydrated sodium salt gained 

''Trn11sFor111 Pharmaccuticals, 29 Hartwell ,fre, Lexington, AfA., USA. 
E-mail: Julius. Rcmc1wr(,,;a!kermes. r:om; Fax: +I 781-609-5855; Tel: +I 
781-609-6684 -
"Tra11sFor111 Pharmacewica/s, 29 Hartwell ;fre, Lexington, AJA, USA. 
E-nuri/: pe1er,1·om(,1}amgen.com; Tel: +J 617-444-5267 -
'°Brandeis U11irersiry, Depl. Of Clumti.Hry, lYa//ham. 1WA, USA. E-mail: 
Fo:rnwnl(rj;brandeis.edu: Fax: +l 781-736-2516; Tel: +I 7&1-736-2532 
·j· Electronic supplementary information (ESI) available: Cif file for 
Cel-NaPG(H2O)5 , CCDC reference number 787041. For ESl and 
crystallogrnphic data in CJF or other electTonic fon11at see DOI: 
IO.I0:19/cOcc00475h 
t Current Address: Alkcnncs, lnc. 852 Winter Street, Waltham, MA 
0:2451, lJSA. 
ii CuL"rent address: Amgen, lne. 360 Binney Street, Cambridge, MA 
02142, USA. 
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Scheme l Chemical structure of celecoxib (Cel). 

and lost walers of hydration rapidly as a function of relative 
humidity (RH), but there was no struclurnl basis Lo understand 
this dynamic behavior. Sodium sails of olher drug molecules 
with variable hydration behavior are known,9

•
10 and while detailed 

collections of physical data can be used to characterize them, the 
picture is incomplete without single crystal data. However, three 
years of work on hydrates of Cel-1\'a had yielded only very thin 
plates tmsuitable for X-ray structure determination. 

Growth inhibitors were considered as a means to increase the 
smallest dimension of the crystalline plates. Several studies have 
shown "'tailor-made" additives to successfully inhibit growth 
along spcci1ic crystal foc;:;:s in onl~r 10 modify habit. 11-n A study 
by Davey et al. showed lhat the presence of ulkanoic acids could 
modify the habil of the dicarboxylic add, adipic acid. ln lhis 
study, alcohols were i!dcled to crystallization media in an attempt 
to slow growth by inhibiting hydration of the sodium ion. ln our 
hands, use of the additive strategy elucidated one case, ben1.yl 
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alcohol, where the practice proved effective and successful. 
Crystallization with benzyl alcohol additive enabled structural 
determination of celecoxib sodium pentahydrate (Cel-1'a(H2O)s), 
the structure of which proved crucial to the understanding of the 
complex physical behavior or Cel-Na. 

Creating supersaturated solutions of Cel has been shown lo 
increase lhe rate and extent of drug absorption. 2 Such perfor­
nrnnce improvements offer the possibility of formulations using 
less drug and/or achieving faster pain relief from use of the 
COX-2 inhibitor. Combining a sodium salt ofCel with polyether 
surfactants was particularly effective: the duration of supersatu­
ration increased from less than one minute fr,r the salt alone to 
greater than 60 minutes for the mixtures; plasma concentrations 
after oral dosing were 11igher after 30 minutes for the mixtures 
than they were after even 2 hours for the marketed formulation; 
and total drug absorption increased from around 40'% to nearly 
100'1/,-J,2 Since Celis a weak acid with a pKa of 11.l,14 its salts are 
neutralized rapidly in uq ueous suspension al physiological pH 
(pH "" 1~7), and the neutral drug crystallizes rapidly. Therefore, 
the observed improvements are believed to require both a starting 
form that cannot easily revert lo the thermodynamically stable 
form of Ce! (Cel-HI) without first dissolving, and another mole­
cule that will solvate the dissolved Ce! to prevent or slow down 
the precipitation of Cel-UI. This contribution describes the 
structural findings and insights that have resulted from our effort 
to harness a11d understand the sodium salts of Cel. 

Materials and metlwds 

Celecoxib was obtained from Matrix Labs and used for all 
experiments without further purification. 

Preparation of Cel-l'\a(H20)5 

Bulk material. Ccl (3.2 g) is dissolved in 32 mL of 1.0 N NaOH 
with gentle heating. Solubility is reduced by adding 1.0 mL of 
2.5 N Na OH followed by subsequent addition of crystalline seeds 
of the hydrate. ·without seeding, crystals will grow slowly over 
time. Crystallization is allowed to occur for 30 minutes at room 
temperature. The sample is then cooled in an ice balh for an 
additional 30 minutes and lhc crystals arc collected by suction 
1illralion and rinsed with cold 0.02 N NaOH (2 x 8 mL). The 
solids are allowed to dry for 1--2 minutes under suction on the 
filter and then transfeJTed to a 20 mL scintillation vial. TI1e vial is 
left open and stored inside of a 53%, RH humidity chamber with 
low CO:, until it reaches constant weight. Thereafter, the sample 
remains in the controlled humidity chamber, but with a cap for 
further protection. The humidity chamber is prepared ahead of 
time and consists of a dessicator, the bottom of which is filled 
with a supersaturated solution of Mg(N03h, A 20 mL vial 
containing 2 1nL of concentraled NaOH solution is lefl in the 
drnmbcr lo capture CO 2• The surface area ofthe NaOH solution 
is kept very small relative lo the surface and volume of the salt 
solution so that it does not affect the humidity in the chamber. 

Single crystals. Cel ( 1.3 g) is dissolved in 18 mL of 1.0 N Na OH 
and 50 1tL of benzyl alcohol (0.3% v/v) are added. If a crystal for 
structure determination is required, it is important to avoid 
seeding effects. Crystallization slowly occurs over the course of 
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up to five days. The crystals arc isolated individually from the 
mixture. Seeding the solution will also produce high quality, 
thicker crystals as bulk. Adding only l O /LL of benzyl alcohol fail 
to slow crystallizati011. 

Preparation of Cel-NaPG(H20h 

Cel ( l .55 g) is dissolved in 5.0 111 L of 1.0 N Na OH and 0.65 ml.of 
propylene glycol (PG) was added. J\ 0.90 mL aliquot of 2.5 N 
NaOH was added to induce precipitation. The suspension is 
wanned gently to re-dissolve the solids, the solution is filtered 
into a clean vial, seeds are added, and the suspension is sonicated 
for JO ::;ecoml8. On ;;landing and cooling, the slurry becomes 
a thick pa::;te over 5 minutes. The sample is cooled in an ice bath 
for 5 minutes, lhen Jiltered by suction filtration and rinsed with 
0.02 N NaOH in water containing 5% PG (2 x 2.0 mL). The 
thick paste filters slowly and is left covered under vacuum for l 
hour. The paste remains damp after this treatment. The wet 
solids are suspended in 5 mL of tf'l't-lmtyl methyl ether for I 
minute and suction filtered before drying in a vacuum oven at 
room temperature for 30 minutes with a flow of air through the 
oven. The drying is stopped twice to break up clumps witb 
a spatula, ultimately yielding a dry powder. 

Preparation of Cel-NaPG 

A scintillation vial containing 1.5 grams of Ccl-:'fa PG(H2Oh is 
placed in a vacuum oven at 50 "C for 2 hours and then trans­
ferred to an 80 °Coven for 1 hour. The compound melts in the 
80 °C oven but crystallizes from the melt upon cooling which 
removes only some of the water. The residual Cel-NaPG(H2Oh 
can be removed by suspending lhe solid mixl-ure int-butyl methyl 
ether, filtering, and drying for 1.5 hours in a vacuum oven at 
50 °C. Up Lo two suspension/vacuum drying cycles may be 
necessary to effectively remove all Cel-NaPG(H2 0h, 

ln addition, Cel-NaPG can be directly crystallized from diethyl 
ether in the presence of greater than one equivalent of propylene 
glycol by addition of one equivnlent sodium ethoxide. Crystals 
grow immediately upon addition of base. The product is isolated 
by filtration and washed by additional diethyl ether to remove 
any excess propylene glycol. 

Powder X-ray diffraction (PXRD)-Rigaku capillary 
transmission mode 

X-Ray powder diffraction patterns are obtained using the D/ 
Max Rapid X-ray Diffractometer equipped ,:vith a copper source 
(Cu/K" 1.54056 ;\), manual xy stage, and 0.3 mm collimator. J\ 

sample is loaded into a 0.3 mm boron rich glass capillary tube by 
sectioning off one end of the tube and tapping the open, 
sectioned end into a bed of sample. The loaded capillary is 
mounted in a holder that is secured inlo lhe x y slage. A dif­
fraclogram is acquired under ambient conditions at a power 
setting of 46 kV at 40 mA in transmission mode, while oscillating 
about the frJ-axis from 0~5° at l" s-- 1 and spinning about the 
¢-axis at 2° s- 1

• The exposure time is 5 minutes unless otherwise 
specified. The diffractogram obtained is integrnted over 2 - (} 
from 240" and x (I segment) from n360" at a step size of fJ.02" 
using the cylim utility in the RINT Rapid display soft\vare 
provided with the instrument. The dark counts value is set to 8 as 
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per the system calibration; normalization is set to average; the 
r,J offset is set to 180"; and no x or </i offsets are used for the 
integration. 

Powder X-ray diffraction (PXRD)--Bruker D8 Discover pXRD 

X-Ray powder diffraction patterns are obtained using the Bruker 
AXS D8 Discover X-ray Diffractometer equipped with 
GADDSTM (General Area Diffraction Detection System), 
a Bruker J\XS HT-STAR Area Detector at a distance of 15.05 cm 
as per system calibration, a copper source (Cu/ K,, 1.54056 /\), 
automated x y ;:; stage, tmd 0.5 mm collimator. A sample is 
compacted into pellet form and mounted on the x y ;:; stage. A 
diffractogram is acquired under ambient conditions at a power 
selling of 40 kV and 40 mA in re11ection mode while the sample 
remain;; slalionary. Tl1e exposure time is 5 minutes unless 
otherwise speci1ictl. The diffraclogram obtained undergoes 
a spatial remapping procedure to ace-ounl for the geometrical 
pincushion distortion of the area detector, then is integrated 
along x from -118.8 to -61.8" and2- fJ 2.1--37° ata step size of 
0.02" with normalization set to hin normalize. Diffraction 
patterns obtained on the Bruker instrument are viewed using 
DTFFR/\CP1"' Evaluation softvvare. 

Dynamic Yapor sorption (DVS) 

"tvfoislure sorption analysis was performed using a dynamic 
vapor sorption apparatus (Surface Measurement Systems, 
Monarch Beach, CA), Each sample was placed in a clean glass 
crucible and equilibrated in the apparatus at a specified 
temperature and relative humidity (RH) level. Varying the tlow 
rates of dry nitrogen gas and saturated wet nitrogen gas stream!'. 
controlled RH; the total combined flow rate was kept constant at 
200 standard cuhic metres per minute. After initial temperature 
and RH equilibmtion, RH was varied and change in mass was 
recorded over time as an indication of moisture sorption. Mass 
equilibration at each humidity level was determined as a change 
in mass less than ±2 x 10-5 grams over a time interval of 
I minute (dm/dr of 0.002'}1, per min). After the assay, lhe change 
in mass was malhemalkally convened lo water molar equiva­
lents per dry compound molar equivalent. 

Scanning electron microscopy (SE1\'1) 

Crystals were analyzed using a Fenom FET Scanning Electron 
Microscope. Samples were mounted onto an SEM sample holder 
using carbon tape and sputter-coated with a thin gold layer. Each 
sample was scanned at a medium level of magnification to 
understand the charn-:ler and size distribution of lhe crystals. 
Images were caplured al magnification up lo 10 000x. 

Proton nuclear magnetic resonance spcctrosco1}y ('H .:"lil"1R) 

'H NMR measurements were conduc1ed using a Varian 
400 MHz spectrometer, with averaging of 128 scans. Samples 
were prepared as 10 mg mL - 1 solutions of Cel in CDCl 3 • 
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X-Ray data collection, solution, and refinement for Cel­
Na(H20)5 

All operations were performed on a Bruker-Nonius Kappa 
Apex2 diJfractometer, using graphite-monochromated MoKa: 
radiation. All diffractometer manipulations, including dula 
collecLion, integration, scaling, and absorption correclions were 
carried out using the Bn1ker Apex2 software. 15 Preliminary cell 
constants were obtained fhim three sets of 12 frames. Data 
collection was carried out at 150 K, using a frame time of20 sand 
a detector distance of 37.5 mm. The optimized strategy used for 
data collection consisted of</! and ,,i scan sets, with 0.5'' steps in (j) 

or 1,J; completeness was 99.7'%. J\ total of 1485 frames were 
collected. Final cell constants were obtained from the .xy:: 
centroids of 9276 reflections after integration. From the 
systematic absences, the observed metric constants and intensity 
statistics, space group P2 1fr was chosen initially; subsequent 
solution and refinement confirmed the corree-lness of this choice. 
The structure was solved using dire.cl methods programs in lhe 
Apex2 software. 15 The structure was refined (full-matrix-least 
squares) using the Oxford University Crystal.1· .for ~Vindows 
program."' All non-hydrogen atoms were refined using aniso­
tropic displacement parameters. The H atoms were initially 
refined with soft restraints 011 the bond lengths and angles to 
regularize their geometry (C··· Hin the range 0.93-0.98, N···H in 
the range 0.86 0.89, O···H = 0.82 A and U;so (H) in the range 
1.2 1.5 times Ue4 of the parent atom), :_ifter which the positions 
were refined wilh riding conslrainls. The Jinal least-squares 
reline.men( converged lo R1 = 0.043] (I> 2<r(I), 13 607 dala) am] 
wR2 = 0.1163 (Fl, ull 17 621 data, 580 parameters). The dala 
unequivocally establish the material as a pentahydrate of the 
sodium salt of celecoxib (Cel-Na(H2O)5). 

Results and discussion 

As indicated in the introdnctio11, improving the absorption of Ce! 
requires a shelf-stable form of the drug that will resist con version 
to the stable and poorly soluble polymorph (Cel-Ill) following 
dosing.1-M Our approach requires a form where the packing 
rnolifa ob8erve<l in Cd-III have been disrupted. In the presence or 
polyethers, the crystallization of Cd-HI is inhibited and results in 
increased in l'ivo exposure. Analysis of the packing diagram for 
Cel-UF4 reveals that the structure is comprised of head-to-tail, 
Rs( l 8), Ce-I dimers which propagate along the a axis (Fig. I). 

Fig. 1 View of the pncking of Cel-Ul R~(l8) dimers which propagate 
along the a axis in cryslallographk ah plane. 
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Fig, 2 View of packing ofCel-Hl chains (C4J which propagate along the 
c axis in crystallographic he plane. 

Additional hydrogen bonding consisting of sulfonamide chains 
(C4) ,vhich propagate along the c-axis is shown in Fig. 2.Om initial 
attempts ,,vere centered on salt rormation with a strong base. 

Crystal growth and physical characterization of sodium salt 
hJdrntes 

The formation of phan11aceutically acceplahle celecoxib salts is 
limited by Lhe high acid dissociation constant of the sulfonamide 
group (PKa = 11.1).6 The stnndard guideline for salt preparation 
suggests choosing bases with a pKa at least 2 units higher Lhan 
the acid. 17 Sh1ce no pharmaceutically acceptable b;ises have 
a pK., > 13.1, attempts to make a sail of celecoxib focused on the 
use of excess sodium hydroxide in aqueom, solutions having pH 
over 12. \Vhile the aqueous solubility of celecoxib at physiolog­
ical pH is <0.5 itg mL - 1,-' approximately 380 mg mL - 1 concen­
tration of celecoxib was achieved in alkaline solutions at room 
Lemperature. Evaporalion of Lhese solulions to dryness under 

_Fig.~ SEM images ofCel-Na(H2O)5 grown from 1.0 N NaOH (A and 
B) and 1.0 N NaOH + 0.3% benzyl nkohol (C and D). 
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nitrogen yielded the first crystalline materials, but it was subse­
quently found that allowing the solutions to stand overnight 
would also yield single crystals of Cel-Na(H2O)5 . The crystalli­
zation can be accelerated and the yields improved by cooling in 
an ice bath or by addition of sodium chloride. 

Crystallization from aLJUeous NaOH with or wilhout added 
NaCl yielded crystalline plates that were typically less than 2 pm 
thick (Fig. 3A and B). While larger plates could be grown by 
changing tempernture, sodium content, and Cel concentration, 
the thickness never increased appreciably, leaving material that 
was both difficult to collect and judged unsuitable for structure 
determination by single-crystal X-ray. Since sodium ions are 
generally solvated and Cel-l\'a(H2O)5 has rich hydration 
behavior, it was reasoned that a competing OH group from an 
alcohol co-solvent might interfere with hydrate ordering during 
crystallization, Lhereby slowing lhe rapidly growing faces or Lhe 
plane and allowing thicker crystals to form. Varying levels of 
methanol, ethanol, and benzyl alcohol were added to the crys­
tallization from NaOll; 2-propanol and propylene glycol were 
not added as they were shown to fonn solvates with Ccl-Na in 
early form screening studies. Henzyl alcohol (0.3-1 'Vi,) was found 
to inhibit the crystallization, sometimes for several days while the 
remaining alcohols had little effect. The crystals grown in the 
presence of benzyl alcohol were larger than 10 gm in all dimen­
sions, as shown in Fig. JC and D. 

Structure d1cscription for Cel-l\'a(H2O)s 

The crystal structure of Ccl-Na(ll2O)5 has been solved and 
confirms its composilion as a pentahydrate. Crystallographic 
data for Cel-Na(H2O)5 are shown in Table l with a view of the 
two independent celecoxib anions shown in Fig. 4. Inspection of 
the packing diagram indicates that the material is comprised of 
a bilayer-type crystal structure consisting of a hydrogen bonded 
sodium coordination polymer layer, which blankets two layers of 
celecoxib anions, all in crystallographic he planes (Fig. 5). 

171e stoichiometry was established as a pentahydrate of the 
sodium salt with atom Nal residing on a general position and 
coordinating to the sulfonamide anion, and atoms Na2 and Na3 
which are six-coordinate, bonded only to waler molecules, as 
shown in Fig. 6. Atoms Na2 and Na3 reside on centers of 

Table 1 Crystallographic data for Cd-Na(H2O)s 

Chemical fonnula 
Formula weight 
Temperature 
Wavelength 
Crystal size 
Crystal system 
Space group 
Unit cell <limensions 

Volume 
Z.Z' 
Density (calculated) 
Fi1rnl R indices 

CnH13F3N3O2S1 Na1 ·SH2O 
986.87 g mo1- 1 

150(1) K 
0.71073 A 
0.042 x 0.400 x 0.733 mm 
Monoclinic 
P2 1/c (no. 14) 
a= 25.9317(14) A 
b , 9.0340(5) A 
,. = 19.4396(10) A 
(] = 100,535(2)" 
4477.3(4) ,\' 
8.2 
1.464 l\ofl! 111-3 

Dnta: 1 > 2.0rr(l) R 1 = 0.0431, wR., 
C 0.1065 

All data: R 1 = 0.0623. wR2 = 
0.1163 
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Fig. 4 A view of the two independent Cel anions in Cel-Na(H2O)s. 
showing labeling scheme for the Cel anions (50'};, probability ellipsoids_). 
Na and water oxygen atoms are not shown. but are well ordered, with Ueq 

of water Oat (),()3 ± 0.01 (cf earboxylatc Oat U.021 + 0.006 1\2). The 
molecules are conformationally similar, with the largest difference in 
torsion angles being that between N102-NI03-C104-Cl05 (37.l°) and 
N2-N3-C4---C3 (44.9°). 

symmetry at (0 0 0) and (0 ~;, 0), respectively. Fmther analysis of 
the unit cell contents confirms that six of the ten water molecules 
are coordinated to the sodium atom8, with the remaining four 
molecules hydrogen bonded wilhin a chanuel in the structure, 
abo shown in Fig. 5. Aloms 07, CHO, 011, and 012 are nol 
bonded to Na while atoms 08, 09, 03, 04, 06 and 05 ,ll'e 
coordinated to Na atoms. Specifically, the six oxygen atoms 
coordinated to Na have Na O distances ranging from 2.32 
2.43 A. Of the four non-coordinated oxygen atoms, only 07 is 
closer than 3 A (distance to Na2 of 2.68 A and Na3 of 2.59 A), 

J:<'ig. 5 A view of Cel-Na(H2O)s showing the packing of molecules along 
the b axis. The bilayer-type crystal structurc. consist& ofhydrogen-bonde<l 
sodium coordination polymer layers. which blanket two layers of cc!c­
coxib anions, all in crystallographic be planes. 
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Fig. 6 A view of Cel-Na(H2 O)5 layern, emphasizing ,;odium ion coor­
dination and how atoms Na2 and NR3 are six-coordinate, bonding only 
to water molecules. Atoms Na2 and Na3 reside 011 centers of symmetry al 
(0 0 0) and (0 1;', 0). respectively. 

resulling in a signHicanlly weaker interaction lo Na. Water 
molecules coJTesponding Lo 010, 011, and 012 are all H bonded 
to each other, and 07 is H-bonded !o 012. Water molecules 010, 
011 and 012 are in one dimensional channels, centered a! ca. 

(0.157, y, -0.0l 3) and others related by symmetry. Water molecule 
07 is located at tbe edge of the channel at (0.053, 0. 744, 0.019). 

Hydration states of Cel-Na(fhO)., 

Despite clear assignment of Cel-l'\a(H2O)5 , the molecule will be 
described as Cel-Na(H20)_,,, except when specilic hydration stales 
are being dis1,;ussed, since lhe pentahydrate exists only in !he 
presence of bulk water or when kept cold. lndeed, understanding 
the behavior of the salt form before the single-crystal structure 
was solved was challenging in that the powder patterns seemed to 
change almost daily, even when powders were equilibrated in 
humidity chambers prior to measurement. Tt was only through 
a combination of teclmiques including single crystal and powder 
diffraction as well as dynamic vapor sorption (DVS) that a more 
complete understanding of the hydration behavior of Cel-Na 
could be attained. 

Consiste111 powder pa!!erns were obtained by two distin1,;t 
methods. In Lhe first method, powder was lilied into 0.5 mm 
capillary Lu bes, etJ uilibra ted in controlled humidity chambers for 
l week, sealed with silicone grease immediately upon removal 
from the humidity chambers, and measured immediately with 
a transmission powder X-ray diffractometer. In the second 
method, a sample was monitored by a reflectance mode powder 
X-ray diffractometer fitted with a controlled humidity stage. The 
two methods were complementary. The capillary method 
provided high resolution patterns without preferred orientation 
effects. However, the humidity control was limited to conditions 
that could be achieved with standard saturated salt solutions. 
The controlled humidity PXRD ~!age showed fewer. more 
intense peaks, but the measurements were made in increments of 
5% relative humidity, during both hydration and dehydration. 

The data obtained from the transmission powder X-ray 
diffractometer are illustrated in Fig. 7. The overlay of the powder 
pat!el'llR indicates that an increase in the shift of the peak at 
~3.6" 2 - fl is observed when the material is subjected to 
decreased humidity conditions. Additionally, peaks representing 
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Fig. 7 PXRD patterns measured by transmission PXRD after packing 
samples into capiHary tubes, equilibration in controlled RH chambers 
(saturated salt solutions), and sealing the tops with silicone grease to 
prevent moisture exchange during the measurement. The "wet" sample 
was transferred into the capillary tube directly from the crystallization 
slurry in aqueous NaOH without filtration. rinsing, or drying, 

the diffen:nl hydration states become apparent as shown m 
Fig. 7. A sample removed from a humidity chamber kept al 
-~11% RH shows a peak at 12.1" 2 - fl corresponrung to the 
hemihydrate, Cel-_:..ia(H2O)0 .5 . When humidity is increased (up 

to 30';~ RH) this peak begins to disappear with emergence of 
a new peak at 13.4" 2 - fJ, corresponding to a monnhydmte, 
Cel-Na(H2O)1. Material stored between 40 and 85% RH results 
in the emergence of peaks al 17.2° and 25.8° 2 - fl for the trihy­
drate, Ccl-Na(H2Oh, and the pattern remains largely unchanged 
when compared to a sample removed from a brine solution which 
is believed to correspond to the pentahydrate, Cel-:'.'fa(H2O)5 . 

Fig. 8 shows a two-dimensional plot of peak intensity vs. 
relativt:: lrnmitlily obtained from tbe reflectance mode powder 
X-ray diffractometer fitted with a controlled humidity stage. 
Examination of the changes in the PXRD pattern as a function 

Fig. 8 PXRD pattern peak intensity map 1•s. '%RH at 25 c C for a sample 
of Cel-Na(H20).r in a controlled humidity chamber of 1.1 reflectance mode 
powder diffractometer. 
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Fig. 9 Vie,v of the packing diagram for Ccl-Na(H2 O)5 with the (1 0 OJ 
family planes Jrawn. inuirnling the distm1ce of 25.495 A hetween the 
planes. Loss of water from the sodium coordination polymer is expected 
to re,ult in a decrease in the distance between hi!ayers along the a-axiB. 
Loss of water from the channel is not cxpec;ted to result in a significant 
change in the crystal packing as supporteu by PXRD pattem8 taken aB 
n function of humidity (see Fig. 7 and 8). 

of decreased humidity indicates that several peaks shift to higher 
2 - () values. The shift is most pronounced from ~35'1:, to ~4% 
RH (lowesl atlainable RH in lhe configuration al 25 "C) with 
minimal change at humidities above 30% RH. For example, the 
ii-spacing for the peak at ~3.5° 2 - 0, corresponding lo a planar 
spacing at (1 0 0) decreases with lower humidity. The shift is 
consistent with the bilayers moving closer to one another in the 
direction of the longest-axis (a), and may be impacled most 
significantly by water loss from the sodium ion layer, aR shown in 
Fig. 9. While a complete mechanistic study is required to deter­
mine the full structural impact of hydration/dehydration of Cd­
Na(H20)x, the PXRD data do suggest that water molecules lost 
from the channel ,viii result in less significant changes to the unit 
cell compared to those coordinated to sodium. 

The hydration of Cel-:\la was additionally studied using 
dynamic vapor sorp(ion (DYS) al 25 °C an<l the data arc illu~­
lrated in Fig. 10. The hydration is reversible throughout the full 
humidity nmge with some hysteresis at the transition points. 
There are two major plateau regions in the DYS profile. The first 
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plateau between 40 and 70''.{, RH is believed to correspond to 
a trihydrate of Cel-Na. Given that the single crystal and PXRD 
data suggesl that a trihydrate is likely to exist and that a stable 
trihydrate would contain 11.8%, (w/w) water, a value of 1.8'% 
weight is added to all poinls and is likely due lo residual waler al 
O"I., RH. l11e smaller plateau between 15 and 30% RH is separated 
from tbe trihydrate plateau by 7.8% weight, or two water mole­
cules, indicating the likely existence of a monohydrate. 'l11e otl1er 
final unique phase region identified by VH-PXRD is between U and 
10'1/t, RH which is consistent with a hemihydrate by DVS. The 
water content of Cel-Na(H20)x continues to change above 70% 
RH, without a dear region of physical stability for the pentahy­
drate. ln summary, the three hydration slates observed by DYS at 
25 °C correspond to: a hemi-hydrate below 10% RH: a mono­
hydrate from 20 30%, RH and a trihydrate from 40 70% RH. It is 
diilkult to directly measure lhe amount or water remaining at 0% 
RH DYS or controlled humidity PXRD experiment. because 
opening eilher chamber to collect samples for techniques such as 
TGA or Karl-Fischer titration exposes the material to atmospheric 
moisture, and water uptake by Cel-1"a is rapid. 

Instability of Cel-Na(lhO).r in air 

When left exposed to the air, Cel-IH begins to appear in samples 
of Cel<'fa(H2 0)_,,, as was initially seen by the peak at 7 .9° :l - 0 in 
the PXRD patterns of samples stored in humidily chambers (see 
Fig. 8). The neutralization of the basic salt increases at high 
humidity and was shown to rcwlt from :reaction with CO2 and 
water in air. The behavior was Hrs! observed when using 
compressed air instead of nitrogen in the dynamic vapor sorption 
experiment, but it was also evidem in sarnples stored open in 
controlled humidity chambers. The neutralization was mini­
mized in PXR D patterns by including small vials of concentrated 
NaOH solution within the closed humidity chambers to adsorb 
CO2 from the air. /\n SEM image, shown in Fig. ] 1, shows 
formation of crystalline Cel-JH on the outside of Cel-Na(H20)5 

cTystals due to neutralization. Throughout the conversion, both 
the Cel-IH and the sodium salt are clearly observed by PXRD 
with Cel-III grow-ing in slowly over time. Cel-HJ peaks emerge 
without appreciable broadening of the PXRD palterns for the 
salt, indicating that lhe conversion occurs primarily al the 
surface rather than throughout the crystal by infiltration of CO2 

into the channels. 

Fig. 11 SEM image ofCcl-Na(H.2Oh indicating the growth ofCcl-lll on 
the outside of the crystals. Note the appearance of needles of the latter on 
the surfol'L' of the plate-like cryNlab of the salt. 
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Propylene glycol (PG) solvate of Cel-Na 

Alternative solvates were sought in an attempt to improve the 
physical stability of Cel-Na, both with respect to changes in mass 
vs. relative humidity, and to improve stability in air. After an 
initial screen yielded a hydrated 2-propanol solvate, it was 
rationalized lhal propylene glycol mighl have several advan­
tages: it has two hydroxyl groups that could solvate sodium ions; 
it has a high boiling point ( 187 °C); and it is commonly used in 
phanrniceutical formulations. Two PU solvates were found: an 
anhydrous solvate (Cel-NaPG) and a trihydrated PG solvate 
(Ce1-NaPG(H20).,). Most importantly, Cel-1"aPG(H2Oh was 
found to resist conversion to neutra 1 Cel compared to Cel­
Na(l-hO)x; no detectable conversion of Cel-l\'aPG(H2Oh to Cel­
III was observed after 4 days at 66% RH. 

Cel-:\TaPG(H2Oh is isolated from aqueous sodium hydroxide 
solutions of Ce! containing at least one et1uivalent or PG. The 
anhydrous form, Cel-NaPG, is prepared from Lhe trihydrale by 
removing the waler of hydration in a vacuum oven al 45-55 'C 
and heating the dehydrated powder to 80 °C for 20-30 minutes. 
Cel-1\ a PG can also be crystallized from alkaline solutions of Cel 
in diethyl ether containing greater than one equivalents of PG. 
TOA data show that PG is retained in Cel-~aPG until approx­
imately 80 "C under a flow of nitrogen. Crystals large enough for 
structure determination have not been grown to date. 

Conversion between Cel-:'laPG and Ce.J-NaPG(H2Oh was 
found to be much less facile than changes in water structure and 
content within Cel-Na(H20)., .. The cly11amic vapor sorplion 
proliles were measured starling with Cel-NaPG al 0% RH, and 
for Cel-:\TaPG(H20h beginning al 20';/o RH to avoid dehy­
drating it prior to the first absorpli011 cycle. The profiles are 
shown in Fig. 12 alongside PXRD pat.terns for samples of Cel­
NaPG stored in controllel1 humidity chambers for 1-2 days. The 
dynamic profiles differ significantly depending 011 the starting 
material, suggesting that they do not reflect equilibrium 
behavior. Cel-1"aPG(H20)3 is relatively non-hygroscopic 
between 10 and 70'% RH at 25 coc, reversibly gaining 1.2% 
weight. In contrast, Cel-NaPG shows complex behavior, gaining 
nearly 14% weight during adsorption and ending with a partial 
loss or PG after desorplion. There are lwo major di1Terences 
between Lhe lwo pro1lles lhat must be explained. First. Cel-NaPG 
and Cel-i\'aPG(H2Oh both appear lo be physically stable from 
10-40';,·,, RH in the dynamic profile, while only one of them can be 
the thermodynamically stable form at a given water activity. 
Second, Cel-;\laPG is already anhydrous at the beginning of the 
experiment, hut it loses an additional 2%, weight after going 
through the entire profile. 

Samples of each form were stored in controlled hum.idity 
chambers at 25 °C and monitored for at least 1 week to determine 
which one is physically stable at each '½,RH. Cel-;•faPG(H2Oh is 
formed from ,amples or Cel-r-iaPG when stored al 18'1/., RH or 
higher, showing lhat the trihydrate is the more stu ble form over 
a wide humidity range. The rate or conversion to Cel-NaP­
G(H2Oh is very slow at 18% RH and increases to the point where 
conversion takes less than one day at 54%, RH or higher. TGA 
shows that Cel-1\aPG gains about 2 equiv. of water within one 
day when stored in a 38'% RH chamber but peaks associated with 
Cel-l\'aPG(H2Ob only begin to appear after the second day, as 
indicated by PXRD. ;\ sample of Cel-NaPG(H2 O)3 showed no 
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Fig, 12 DVS profiles of a sample of Cel-NnPG and Cel-NnPG(H2O)3 m 25 ''C (left). and PXRD patterns for samples of Ccl-NnPG equilibrated in 
controlled humidity chamhern for 1 or 2 days at room temperature.Celis represented as l in the figures. Solid syrnhols in the DVS profile mark the 
adsorption cycles. hollow symbols mark the desorption cycles. The labels to the right of the PXRD patterns indicate the form assignment. The vertical 
grey lines and labels uhovc highlight some characteristic peaks for each form. The %RH values given to the left of the l'XRD patterns refer to the 
humidity of the charnher in which the samples were equilibrated. 

con version lo Cel-NaPG after 4 days or storage over Lhe l 811/., RH 
sall balh, indicaling resislance to dehydration. 

The loss or dry-weighl from Cel-:'faPG during the DVS 
experimenl suggesled Lhal lhe PG could be labile, a properly lhat 
could contribute to physical instn bility. Samples subjected to 
multiple humidity cycles were fmmd to lose additionnl weight 
after each cycle, and the profiles began to look more akin to those 
of Cel-Na(H 20)x. However, no detectable loss \Vas seen in C'el­
l\~aPG(H20):i at 20'% RH after subjecting the form to a single 
humidity cycle, Increased !ability and loss of PG during the 
transition from anhydrous to trihydrate was believed to be the 
most likely explanation for the weight loss. 1H NMR was used to 
determine whether the PG solvale is lost conliirnously 
Lhroughoul the humidity cycle or only during change in the 
hydration state. Cel-KaPG and Cel-:'ofaPG(H2Oh were exposed 
to 0'% RH nnd 40%, RH in the DYS and then dissolved i11 
methanol-d4 for NMR analysis, The Cel: PG ratio was stable at 
l : 1 for Cel-NaPG(H2Oh after treatment for either fom hours at 
40'11, RH or l8 hours at 0%, RH. However, Ce!-NaPG lost 8.2% 
PG equivalents over four hours at 40°/i, RH, while remaining 
stable under a stream of dry nitrogen for 18 hours (0%RH) at 
25 °C. Since the Cel-l\' aPG(H20h has a wide range of conditions 
supporting physical stability, conversion from the trihydrate to 
the anhydrous PG solvate and back to the trihydrate should be 
a rare event. In a dosed system, such as a packaged lableL. PG 
should nol be lost as easily as it is in the dynamic environmenl of 
the DYS where gases continuously l1ow over the sample m1d 
carry away any volatile components. 

Conclusions 

The celecoxib sodillm salt forms that were previously coupled 
with excipients to improve oral absorption of the drug have been 
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studied. Cel-Na exists as a pentahydrate when suspended in 
aqueous alkaline media. Addition of 0.3'),~, bcnzyl alcohol facili­
laled the growth of crystals sunicienlly large for struclurc 
determination by single X-n1y diffraction. The salt crystallizes in 
a bila.yer structure having layers of celecoxib and layers of 
hydrated sodium ions with clrnnnels that hold additional water. 
At room temperature, Cel-Na(H2O).,. exists as a trillyclrate 
between 40 and 70°1., RH, a monohydrate from I 0-30'% RH, and 
a hemi-hydrate below 10% RH; PXRD patterns containing both 
fonns are found at humidity close to the transition between two 
hydration slates. The exchange of moisture is rapid and samples 
must be protected from exposure to air during PXRD 
measurements to gel reproducible powder patterns. Cel­
Na(H20)x must be protected from air in order Lo prevent 
neutralizalion or the sail fom1 by carbon dioxide and water in air. 
Propylene glycol forms a solva te and a trihydrnted solvate of Cel­
Na. Cel-NaPG(H20h is physically stable at room temperature 
above ~10'% RH ,rndhigher, and the t'orm is resistant to reaction 
with CO, and water in the air. Overall, Cel-NaPG(H20h is the 
most shelf-stable form of Cel-Na discovered to date and would 
be the best choice for use in formulations comb:inii1g excipicnts 
with a salt form to potentially enlllmce the rate and extent of oral 
absorption of celecoxib. 
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Abstract 

Crystal form can be crucial to the performance of a dosage form. This is especially true for compounds that have intrinsfc barriers to 
drug delivery, such as low aqueous solubility, slow dissolution In gastrointestinal media, low permeability and first-pass metabolism. 
The nature of the physical form and formulation tends to exhibit the greatest effect on bioavailabflity parameters of water insoluble 
compounds that need to be given orally in high doses. An alternatlVe approach available for the enhancement of drug solubility, 
dissolution and bioavailabi!lty Is through the application of crystal engineering of co-crystals. The physicochemkal properties of the 
active pharmaceutical Ingredients and the bulk material properties can be modified, whilst maintaining the intrinsic activity of the 
drug molecule. This article covers the advantages of co-crystals over salts, solvates (hydrates), solid dispersions and polymorphs, 
mechanism of formation of co-crystals, methods of preparation of co-crystals and application of co-crystals to modify physicochemical 
characteristics of active pharmaceutical Ingredients along with the case studies. The intellectual property implications of creating co­
crystals are also highly relevant. 
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Full Text 

Chemists and engineers in the pharmaceutical industry generally seek to deliver crystalline forms of their active compounds, mainly 
due to the inherent stability of crystalline materials and the well-established impact of crystallization processes on purification and 
Isolation of chemical substances [1] . Increasing attention Is now being paid to the impact of material properties on drug discovery anc 
early development [2] as the drug substances tend to be very valuable materials. The pharmaceutical industry's mission is to rapidly 
advance development programs with good confidence so that fonmulation problems are unlikely to arise and to maximize a compound! 
potential as a therapeutic. This commentary seeks to raise the profile of crystal form studies and the emerging topic of crystal 
engineering in pharmaceutical science by discussing the state-of-the-art relating to pharmaceutical crystals and by expanding on 
possibilities that exist for future developments. In keeping with the common goal of makln11 better products, faster and cheaper, we 
propose a paradigm of pro-active material design in pharmaceutical research. Rather than settling for the physical forms that ~he purE 
compounds intrinsically display, we should be aiming to Identify the physical properties required of the target drug and make 
crystallfne forms to meet those needs. We are not yet actively engaging in crystal engineering in the industry, and therefore we pose 
the question, how can we proceed toward making the crystal form that we want to use? 

Pharmaceutical active ingredients (APls) can exist In a variety of distinct solid forms, Including polymorphs, solvates, hydrates, salts, 
co-crystals and amorphous solids. Each form displays unique physfcochemical properties that can profoundly influence the 
bioavailabilfty, manufacturability purification, stability and other performance characteristics of the drugs [3] . 
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Solid form discovery and design depends on the nature of the molecule of interest and type of physical property challenges faced In it: 
development. The preferred solid form Is generally the thermodynamically most stable crystalline form of the compound [3], [41 • 

However, the stable crystal form of the parent compound may exhibit inadequate solubility or dissolution rate resulting in poor oral 
absorption, particularly for water-insoluble compounds. In this case, alternative solid forms may be Investigated. For ionlzable 
compounds, preparation of salt forms using pharmaceutically acceptable acids and bases is a common strategy to Improve 
bloavailabillty [3],[5],[6]. Like the parent compound, pharmaceutical salts may exist In several polymorphic, solvated and/or 
hydrated forms. 

Crystal engineering is generally considered to be the design and growth of crystalline molecular solids with the aim of Impacting 
material properties. A principal tool is the hydrogen bond, which Is responsible for the majority of directed intermolecular 
interactions in molecular solids. Co-crystals are multi-component crystals based on hydrogen bonding Interactions without the transfer 
of hydrogen ions to form salts; this is an important feature, since Bronsted acid-base chemistry Is not a requirement for the formation 
of a co-crystal. Co-crystallization is a manifestation of directed self-assembly of different components. Co-crystals have been 
described of various organic substances over the years [7],[8] and given various names, such as addition compounds [9],[10] molecular 
complexes [11],{12] and heteromolecular co-crystals [13] . Regardless of naming convention, the essential meaning is that of a multi­
component crystal where no covalent chemical modification of the constituents occurs as a result of the crystal formation. 

Pharmaceutical co-crystals can be defined as crystalline materials comprised of an API and one or more unique co-crystal formers, 
which are solicls at room temperature. 

Co-crystals can be constructed through several types of interaction, including hydrogen bonding, p stacking, and vander Waals forces. 
Solvates and hydrates of the AP! are not considered to be co-crystals by this definition. However, co-crystals may include one or more 
solvent/water molecules In the crystal lattice [14] . Co-crystals often rely on hydrogen-bonded assemblies between neutral molecules 
of API and other component. For nonionizable compounds co-crystals enhance pharmaceutical properties by modification of chemical 
stability, moisture uptake, mechanical behaviour, solubility, dissolution rate and bioavallability [15]. 

Salts, Solvates (Hydrates ), Solid Dispersions, Polymorphs and Co -Crystals 

Pharmaceutical co-crystallization, which has only recently gained widespread attention as a means of modifying the physicochemical 
properties of APls, has two inherent advantages over the salt form. First, because co• crystal formation may potentially be employed 
with all APls, Including acidic, basic and non lonisable molecules and second is a large number of potential ·counter molecules· which 
may be considered to be non toxic possibly increasing the scope of the pharmaceutical co- crystalllzat1on over the salt forms. 

An analogy can be drawn to salt selection In which pKa arguments are used to select acid-base pairs that can be converted to salt 
compounds. Chemistry demonstrates that a pKa difference of at least two units (between an acid and a base) is required to form a sal 
that is stable in water [16] . 

It is also important to remember that salt formation is generally directed at a single acidic and basic functional group, In contrast co• 
crystals can simultaneously address multiple functional groups in a single drug molecule. In addition space Is not limited to binary 
combinations (acid-base pairs) since tertiary and quaternary co-crystals are realistic one [17],[18]. One very Interesting thing was 
observed that co-crystals provide a powerful means to tailor the desired solubility and dissolution-pH dependence of APls, even when 
the API is a non·ionizable molecule [19] . 

The extent of polymorphism of pharmaceutical 1s limited to the handful of the different crystal forms. Primary difference between 
solvates and co-crystals is the physical state of the individual components (20] . If one component 1s liquid at room temperature then 
the crystals are designated solvates, whereas if both components are solids at room temperature then the crystals are designated as 
co-crystals. Solvates are commonplace because they occur as a serendipitous result of crystallization from solution [21) and have the 
potential to enhance drug dissolution rate, as shown for the solvated forms of spiranolactone [22) . Solvated crystals however are 
often unstable, leading to desolvation during storage and such solvent loss may lead to the amorphous phase crystallizing into less 
soluble forms. Solvent levels in solvated crystals are also often at concentrations that are not acceptable to regulatory authorities and 
which may also have toxicological consequences. Co-crystals, however, tend to be a product of more rational design and are more 
stable, particularly as the co-crystallizing agents are solids at room temperature. As with other crystalline systems, polymorphic co­
crystals are not uncommon. At least 20 have been reported to date, inclucl1ng caffeine and glutaric acid polymorphic co-crystals [23] 
whilst co-crystals are defined by a single phase (miscible) multi-component system In the crystalline state, in the amorphous state 
they have been referred to as molecular dispersions {24],[25] with interactions between the components distinguishing them from 
solid dispersions. Co-crystals are not classified as solid dispersions; nevertheless solid dispersions may occur when attempting to · 
prepare co-crystals from solution. The generic term solid dispersions refers to the dispersion of one or more active ingredients in an 
Inert carrier In a solid state, frequently prepared by the melting (fusion) method, solvent method, or fusion solvent-method [26], [27] 
The solid dispersion approach to reduce particle size and therefore increase the dissolution rate and absorption of drugs was first 
recognized in 1961 [26] . In the preparation of solid dispersions, drugs with a poor ability to form the glassy state, and which 
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demonstrate notable propensity to crystallize, have generally been made amorphous by deliberately preventing crystallization. Recen• 
additional preparation techniques have included like rapid precipitation by freeze drying [28] and spray drying [29] and using 
supercritical fluids [30] , often in the presence of intrinsically amorphous hydrophilic polymers and also using methods such as melt 
extrusion [31 J • In these systems, the drug substance is either molecularly dispersed within the polymer matrix to form a solld solution 
or distributed as amorphous drug domains and nanoparticulates. Under appropriate conditions of temperature and humidity, 
amorphous materials can crystallize when sufficient molecular mobility exists. As the amorphous phase is metastable compared to the 
crystalline state, there ls some risk that phase transformation will occur upon storage, limiting their use In pharmaceutical dosage 
forms. Now a question arises; are pharmaceutical co-crystals more or less prone to polymorphism than other pharmaceutical phases? 

Direct answer of this question is not possible because to prove the absence of polymorphism ls tantamount to the proving-the­
negative. If one considers an argument that compounds have a lower degree of self • complementarity than complementarity to a 
rationally selected co-crystal former. Initial indications are that polymorphic substances may provide the good candidates for the co· 
crystals [18]. for example; carnamazepine can exist as four different well-characterized polymorphs and a dihydrate. Co•crystals of 
carbamazeplne and saccharin showed one packing arrangement while the co-crystals along with N,N•bis(parabromophenyl) melamine• 
diethyl barnital demonstrated how a specific heterosynthon between the two molecules is robust, but packing of the tapes in to a 
crystalline arrangement can leads to two discrete polymorphs. Hence there may be opportunity to reduce the practical extent of the 
polymorphism of drug compounds specifically by co-crystals formation although there may be some exception [21] . 

The key benefits associated with co-crystallization approach to modify properties of pharmaceutical solids are the theoretical 
capabillty of all types of drug molecules, including weakly ionlzable and non•lonizable, to form co-crystals, and the existence of 
numerous, potential counter-molecules, including food additives, preservatives, pharmaceutical exciplents as well as other APls, for 
co-crystal synthesis. Major advantage ls that co-crystal synthesis may offer for the pharmaceutical Industry Is an opportunity to 
address intellectual property (IP) Issues by extending the life cycles of old APls (32]. 

Advantages of Co-Crystals 

Co-crystals having advantages like stable crystalline form (as compared to amorphous solids), no need to make or break covalent 
bonds, theoretical capability of all types of API molecules (weakly ionizable/non•ionizable) to form co-crystals, the existence of 
numerous potential counter-molecules (food additfves, preservatives, pharmaceutical excipients, and other APls), the only solid form 
that is designable via crystal engineering patentable expanding IP portfolios and can be produced using solid-state synthesis green 
technologies high yield, no solvent or by-products. 

Design of Co-Crystals 

The crystal engineering experiment typically involves the Cambridge Structural Database (CSD) survey followed by the experimental 
work. Co-crystals designed on the principal of the supramolecular synthesis; it provides a powerful approach for proactive discovery 01 

novel phannaceutical solid phases. Co•crystals consist of multiple components in given stoichiometric ratio, where different molecula1 
species interact by hydrogen bonding and by non-hydrogen bonding. 

The use of hydrogen bonding rules, synthons and graph sets may assist in the design and analysis of co-crystal systems. In general 
though, prediction of whether co-crystallization will occur is not yet possible and must, at present, be answered empirically. Co­
crystal formation may be rationalised by consideration of the hydrogen bond donors and acceptors of the materials that are to be co· 
crystallized and how they might interact. following the extensive examination of preferential packing preferences and hydrogen bond 
patterns in a number of organic crystals, Etter and co-workers proposed the guidelines to facilitate the deliberate design of hydrogen• 
bonded solids [33] . All good proton donors and acceptors are used in hydrogen bonding, six-membered ring intermolecular hydrogen 
bonds form in preference to intermolecular hydrogen bonds, the best proton donor and acceptor remaining after intermolecular 
hydrogen-bond formation will form intermolecular hydrogen bonds to one another (but not all acceptors will necessarily interact with 
donors). These observations help to address the Issue of competing hydrogen bond assemblies observed when using a particular 
cocrystallising agent. 

A detailed understanding of the supramolecular chemistry of the functional groups present in a given molecule is the prerequisite for 
designing the co-crystals because it facilitates the selectfon of the suitable co-crystal former. Supramoecular synthons that can occur 
in common functional group in order to design new co-crystals and certain functional groups such as carboxylic acids, amides and 
alcohols are particularly amenable to formation of supramolecular heterosynthon [34] • The strong hydrogen bond includes (N·H···O), 
(O·H···O), (·N·H···N,) and (O·H···N). The weak hydrogen bonds involves the •C-H···O and C·H···O=C {15] . 

Methods of Preparation of Co -Crystals 
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Co-crystal formation described ln the literature indicates the notoriously difficult situation these systems present with regard to 
preparation It has been known to take 6 months to prepare a single co-crystal of suitable quality for single X-ray diffraction analysis 
[35] . This is partly because such a heteromeric system will only form if the non-covalent forces between two (or more) molecules are 
stronger than between the molecules In the corresponding homomerlc crystals. Design strategies for co-crystal formation are still 
being researched and the mechanism of formation is far from being understood [36) • 

Co-crystals can be prepared by solvent and solid based methods. The solvent-based methods involve slurry conversion solvent 
evaporation, cooling crystallization and precipitation. The solid based methods involve net grinding; solvent-assisted grinding and 
sonication (applied to either to wet or dry solid mbctures) 80 o to 85" [37]. 

Solution co-crystalllzation: 

For solution co-crystallization, the two components must have similar solubility; otherwise the least soluble component will 
precipitate out exclusively. However similar solubility alone wm not guarantee success. It has been suggested that It may be useful to 
consider polymorphic compounds, which exist in more than one crystalline form as co-crystallising components. If a molecular 
compound exists in several polymorphic forms it has demonstrated a structural flexibility and is not locked into a single type of 
crystalline lattice or packing mode, Thus, the chance of bringing such a molecule into a different packing arrangement in coexistence 
with another molecule is increased. Clearly polymorphism alone does not guarantee the functionality of a compound to act as a co­
crystallising agent, whilst the ability of a molecule to participate in intermolecular interactions obviously plays a critical role [38} • 

Small-scale preparation has been described. Scale-up crystallization was performed in a 500 ml water-jacketed glass crystallization 
vessel. Temperature was maintained by a circulating water bath. A reflux column, digital thermometer, and overhead stirrer with a 
glass shaft and Teflon blade were attached to vessel ports. The drug and co-crystal former were added to a reaction vessel. The solids 
were dissolved in ethanol/methanol mixture and heated to 70 0 for 1 h under reflux. Temperature was decreased In 10 O Increments 
to induce precipitation in a stlri-ed, unseeded system. Observe the appearance of the co-crystal. Literate to enhance solids recovery 
decrease the further temperature[21]. 

Grinding: 

When preparing co-crystals, the product obtained from grinding is generally consistent with that obtained from solution. This may 
indicate that hydrogen-bond connectivity patterns are not idiosyncratic or determined by non-specific and unmanageable solvent 
effects or crystallization conditions. Nevertheless there are exceptions. Whilst many co-crystal materials can be prepared from both 
solution growth and solid-state grinding, some can only be obtained by solid-state grinding. An example is that in the co-crystallisatior 
of 2,4,6-trinitrobenzoic acid and indole-3-acetic acid, different crystal forms were obtained from solution compared with grinding. 
Failure to form co-crystals by grinding may be due to an inability to generate suitable co-crystal arrangements rather than due to the 
stability of the initial phases. When co-crystal formation has been successful from solution, but not from grinding, solvent inclusion in 
stabilizing the supramolecular structure may be a factor. Although co-crystal formation by solid-state grinding has been established fo 
some time and a late 19 th century report is often cited as the earliest reference to such a procedure, the recent technique of adding 
small mounts of solvent during the grinding process has been shown to enhance the kinetics and facilitate co-crystal formation and as 
lead to increased interest of solid-state grinding as a method for co-crystal preparation [38] . 

Slurry conversion: 

Slurry conversion experiments were conducted in different organic solvents and water. Solvent (100 or 200 ml) was added to the co· 
crystal (20 mg) and the resulting suspension was stirred at room temperature for some days. After some days, the solvent was 
decanted and the solid material was dried under a flow of nitrogen for 5 min. The remaining solids were then characterized using 
PXRD. 

Antisolvent addition: 

This is one of the methods for precipitation or recrystalization of the co-crystal former and active pharmaceutical Ingredient. Solvents 
include buffers (pH) and organic solvents. For example preparation of co-crystals of aceclofenac using chitosan, in which chitosan 
solution was prepared by soaking chitosan in glacial acetic acid. A weighed amount of the drug was dispersed in chitosan solution by 
using high dispersion homogenizer. This dispersion was added to distilled water or sodium citrate solution to precipitate chitosan on 
drug [39] . 

Influence ot Process Variables on Crystal Habit 

A crystalline particle is characterized by definite external and internal structures. Habit describes the external shape of a crystal, 
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where as polymorph state refers to the definite arrangement If molecules inside the crystal lattice [40] . Supersaturation, nucleation 
and crystal growth are the basic three steps in crystallization. Thermodynamic parameter like solubility, kinetical parameter like 
supersaturation, nucleation rate, dissolution rate, antisolvent addition rate, and evaporation rate phenomenon governs the 
crystallization [41] . 

From the above described methods such as solution crystallization, solvent change that create supersaturation by increasing the solut1 
concentration and decreasing the solute solubility, respectively [41] . There are process variables of crystallization like, 
supersaturation, rate of cooling and degree of solution agitation, nature of crystallizing solvent, temperature of crystallalizing solvent 
and presence of Impurity having possible influence on crystal habit, crystal/dosage form performance [40],[42] • 

In case of increased saturation, rate of nuclei formation ls greater than crystal growth. More growth In one direction produces fine 
needle shaped crystals that exhibit poor folowablltty, while less saturation leads to platy crystals which exhibit greater dissolution 
rate. Cooling a supersaturated solution of drug or pouring it into crystallizing solvent maintained at low temperature Immediately 
decreases the drug solubilfty and results in rapid deposition of drug molecules on the nuclei. Rapid cooling leads to formation of platy 
or needle shaped crystals, slow rate of cooling forms compact, symmetric or elongated prisms. The degree of solution agitation has 
influence on saturation level, high speed of agitation leads to elongated crystals with small particle size distribution having good 
folowablllty and less sedimentation in suspension. Slow speed of agitation or unstirred solution forms large platy crystals. 

The nature of solvent has been found to have a profound effect on crystal habit of ibuprofen. Crystallization of Ibuprofen from ethane 
and acetone having high surface tension, dielectric constant and less specific gravity were thin, platy, and neatly circular In shape, 
while those obtained from propylene glycol and 2-propanol were rod shaped. When pH was decreased by addition of hydrochloric acid 
to sodium hydroxide solution (pH-10) resulted In formation of needle shaped crystals. However, spherical agglomerates were obtained 
when ibuprofen was dissolved in acetonitrile because of limited miscibility with water [43] . 

low temperature of crystallizing solvent produces irregular shaped crystals while in case of high temperature nuclei formation is 
delayed and fine, symmetric crystals are produced. Ions, polymeric molecules, or the other substances present in solute or solvent 
acts as Impurities for the growing crystals and modify crystal habit. Impurity Is known to modify the growing crystals Into a morpholog 
that is desirable from the viewpoint of dosage form design and performance [44] . Grinding fs well known to create lattice defects anc 
amorphous phases, and the formation of polymorphic forms of drugs as a result of these stresses Is well documented in the 
pharmaceutical literature. Co-crystal formation during co-grinding and storage is mediated by amorphous phase, the rate of co­
crystallization Is dependent on the process and storage temperature, glass transition temperatures of reactants and additives, milling 
time and mill type [15],[ 45] . 

Case Studies of Pharmaceutical Co -Crystals 

The earliest example of pharmaceutical co-crystals In the context of APls relates to a series of studies conducted in the 1950s by 
Higuchi and Roy. They studied complex formation between macromolecules and certain pharmaceuticals. However, these would not 
be classified as pharmaceutical co-crystals according to the criteria applied herein [46],[47]. 

Perhaps the first application of crystal engineering to the generation of pharmaceutical co-crystals was a series of studies reported by 
Zerkowskl et al.[48] concerning the use of substituted barbituric acid, including barbital and melamine derivatives, to generate 
supramolecular linear tape, crinkled tape, and rosette motifs sustained by robust supramolecular synthons with three point hydrogen 
bonding [47]. Despite their success in cocrystal formation, the focus of these studies was not so much the physical properties of the 
resulting co-crystals but rather the supramolecular functionality of barbitals and their complementarities with melamine . 
Nevertheless, these studies illustrated very well the potential diversity of forms that can exist for a particular API as more than 60 co· 
crystals were structurally characterized in this series of studies. Clearly, such a diversity of forms could offer an exciting opportunity 
to novel and improved crystalline forms of APls. Herein, we have chosen to focus upon several case studies that involve the formation 
of pharmaceutical co-crystals with altered physical properties of clinical relevance. 

Pharmaceutical co-crystals of carbamazepine (Tegreto!® ): 

Carbamazepine (CBZ) is an important antfepileptlc drug that has been in use for over three decades. Oral administration of CBZ 
encounters multiple challenges, including low water solubility with high dosage required for therapeutic effect (i.e. ,100 mg/day), 
dissolution-limited bioavallability and auto induction for metabolism. In contrast to its simple molecular structure, CBZ exhibits 
complexity in its crystal forms [20],[21]. To date, four anhydrous polymorphs, a dihydrate, an acetone solvate, and two ammonium 
salts of CBZ have been Identified. It is noted that, in the crystal structures of all these forms, the self-complementary nature of the 
amide group manifests itself in a predictable manner. Therefore, CBZ has been used as an ideal candidate to demonstrate how APls 
can be converted to pharmaceutical co-crystals, and how these co-crystals could offer optimized physicochemlcal properties over 
existing forms of an API [20],[43] . Two strategies have been adopted for co-crystal formation of CBZ. One crystal engineering strateg\ 
is to employ the peripheral hydrogen bonding capabilities that are not engaged in the pure form of CBZ. A second strategy for co­
crystallization of CBZ Involves breakage of the CBZ amide-amide dimer and formation of a supramolecular heterosynthon between CB:i 
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and a co-crystal former [43] . Both strategies are successful and have afforded a number of CBZ co-crystals that exhibit improved 
physicochemical properties. For example, the CBZ:saccharin co-crystal shows significantly improved physical s~abHity (i.e. only one 
cocrystal form with equivalent chemical stability to the anhydrous polymorph has been identified after sophisticated form screening) 
[21 J • In addition, the CBZ:saccharin cocrystal possesses favorable dissolution properties, suspension stability, and pharmacokinetics 
using dog models. The pharmacokinetic study reveals that the CBZ:saccharin co-crystal exhibits a higher C max and comparable T max 
when compared with the marketed form, Tegretol®[21) . In short, the CBZ:saccharin cocrystal appears to be superior to existing 
crystal forms of CBZ in the following respects: stability relative to the anhydrous polymorph of CBZ; favorable dissolution and 
suspension stability, favorable oral absorption profile in dogs [49] . 

Pharmaceutical co-crystals of fluoxetine hydrochloride (Prozac® }: 

The availability and marketability of a variety of APls as chloride salts ls well recognized, and, recently, an approach to utilize such 
chloride salts, specifically fluoxetine hydrochloride (fluoxetine HCI}, to generate co-crystals of an amine hydrochloride salt via a 
chloride-mediated carboxyltc actd supramolecular synthon has been reported. Fluoxetlne HCI is the active pharmaceutical Ingredient 
found In the common antidepressant drug Prozac® . It Is a solid under ambient conditions, only one crystalline phase is known, and it 
is available in the salt form. It has been demonstrated that co-crystallization of this API modifies the physical properties of fluoxettne 
HCl while still retaining the hydrochloride salt of the API. Fluoxetine HCI was co-crystall1zed with benzoic acid (1 :1 ), succlnic acid 
(2: 1 ), and fumaric acid (2: 1) v1a traditional evaporation techniques. For all three co-crystals, the carboxyllc acid was found to form 
hydrogen bond to the chloride ion, which in tum Interacted with the protonated amine, thus generating, in all three cases, amine 
hydrochloride salt hydrogen bonding to an additional neutral molecule. Powder dissolution experiments were carried out In water for 
the three novel co-crystals resulting in a spread of dissolution profiles. The fluoxetine HCl:benzoic acid cocrystal was found to have a 
decrease in aqueous solubility by 50%, and the fluoxetine HCl:fumaric acid cocry;tal had only a slight increase In aqueous solubility. 
However, the fluoxetine HCI: succinlc acid cocrystal exhibited an approximately twofold increase in aqueous solubility after only 5 
min. The complex formed between succlnlc acid and fluoxetine HCI falls apart In solution to generate Its pure components after about 
1 h. An intriguing aspect of this study is that by simply hydrogen bonding a hydrochloride salt of an API with similar cocrystal formers, 
one can generate distinctively different dissolution profiles [50] . 

Pharmaceutical co-crystals of itraconazole {Sporanox® ): 

ltraconazole ls a triazole antifungal agent that is prescribed to patients with fungal infections. ltraconazole ls extremely water 
Insoluble and administered both orally and intravenously. The oral .formulation of itraconazole is the amorphous form coated on the 
surfaces of sucrose beads, and marketed as the Sporanox® capsule. In addition, co-administration of acidified HP·B-cyclodextrin 
beverages with Sporanox® capsules Is required to achieve the maximal absorption of the API, even though such a co-administration 
can cause diarrhea [51},[52} . Interestingly, no crysta1l1ne salt of itraconazole has been reported in the patent lfterature, even though 
salt formation using itraconazole and an acidic salt former would seem to be a logical approach to improve the absorption properties 
of the API. In order to improve the absorption of the API and maintain the form crystallinity and stability, the pharmaceutical cocrr.;tc 
approach has been evaluated in the formulation of itraconazole. 

Crystalline phases of itraconazole can be engineered by Introduction of additional molecules to match hydrogen-bond donors and 
acceptors [491,[50}. A number of stable pharmaceutical co-crystals of 1traconazole and 1,4•dicarboxyl1c acids were synthesized and 
crystallographically characterized [451 . Each cocrystal contains two API molecules and one acid cocrystal former, hydrogen- bonded 
through carboxylic acid•triazole supramolecular synthons, to form a trimeric assembly. The aqueous dissolution of itraconazole co• 
crystals was studied in order to assess their potential Impact on bioavailab1lity of the API. The dissolution of itraconazole co-crystals 
was observed to behave more akin to the Sporanox form than to the crystalline form of the pure API. In particular, it was noted that 
the ltraconazole:L-mallc acid cocrystal exhibits a similar dissolution profile to that of the marketed fonnulatlon [49} • In a further 
pharmacokinetlc study of itraconazole co-crystals, it was revealed that cocrystal formulation of the API gives simtlar oral 
bioavailability to the Sporanox form In the animal trial using a dog model {50] • In short; this study demonstrates the use of 
pharmaceutical co-crystals for the improvement of solubility and bioavailability without compromising crystallinity and stability. 

Pharmaceutical co-crystals of sildenafil (Viagra® ) [53] : 

Sildenafil ls a drug used in the treatment of pulmonary arterial hypertension, congestive heart failure, atherosclerosis, conditions of 
reduced blood vessel potency and peripheral vascular disease, as well as male erectile dysfunction and female sexual disorders. 
Sildenafll selectively inhibits cyclic guanosine monophosphate (cGMP)•specific phosphodiesterase type 5 that is responsible for 
degradation of cGMP in the corpus cavemosum, leading to smooth muscle relaxation In the corpus cavemosum, and resulting In 
increased inflow of blood and an erection. Sildenafil citrate, with moderate water solubility, has been commercially developed and 
marketed by Pfizer and is available under the trademark Viagra® . 

It has been observed that sfldenafll in a pharmaceutical cocrystal form could provide an improved solubility of the API under acidic 
conditions. In addition, such an improvement of solubility of slldenafil could be particularly advantageous for Its orally administrable 
formulation. Sildenafil has been successfully co-crystallized with acetylsallcyUc acid (1:1 molar ratio) by slurry or under reflux 
conditions. 

The crystal structure of the cocrystal of sHdenafil and acetylsalicylic acid has been determined by single crystal X-ray diffraction, and 
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in addition, the composition of matter was confirmed by powder X-ray diffraction and infrared spectrometry. Moreover, the 
differential scanning calorimetry and thermo gravimetric analyses indicate that the melting point of the cocrystal is approximately 
1430, and it remains thermodynamically stable up to 1650[31 J • An intrinsic dissolution study in simulated gastric body fluid (pH 1.2) 
shows that the sildenafil: acetylsallcyllc acid cocrystal exhibits an intrinsic dissolution rate (IDR) of ca. 11. 75 mg/min/cm vs. 6.64 
mg/min/cm for sildenafil citrate under the same conditions. 

Co-crystal of melamine and cyanuric acld: 

In early 2007, the FDA received complaints from owners of more than 4000 pets regarding the deaths of animals after taking food that 
was later recalled; it was reported that majority of those deadly incidents were caused by acute renal failure. At first, melamine, 
which was observed In the tainted products, was the suspected contaminant, since this particular chemical could be intentionally 
added to raise the apparent protein content of the food. However, melamine is considered relatively nontoxic with the acute toxicity 
of melamine in rats was reported with oral lethal doses 50 (LD 50) of 3100 mg/kg for the male and 3900 mg/kg for the female. Also, 
the quantity of melamine observed In those incidents was not at levels that would normally kill. In the course of the pet food recall 
Investigation, cyanunc acid, another relatively nontoxic compound, was also identified in the pet food as a co contaminant. Although 
melamine and cyanuric acid are relatively safe Individually, no data could be found In the literature that could determine the 
potential toxicity of melamine and cyanuric acid In combination. From the crystal engineering viewpoint, melamine and cyanuric acid 
(1 :1 molar ratio) form an extensive two-dimensional networks In the solid-state based on the robust three-point molecular recognition 
and it was observed that the resulting melamlne:cyanunc acid cocrystal ls highly insoluble In water. 

As reported by a recent investigation, the combination of melamine and cyanuric acid can result In the Intra tubular precipitation of 
melamfne:cyanuric acid co-crystals in the kidney, even though the mechanism associated with renal damage is not fully understood to 
date. A study conducted at the Bergh Memorial Animal Hospital In New York revealed that co-crystals blocked the tubes leading from 
the kidneys to the bladder in one cat, and a toxicology assessment of melamine and cyanunc acid indicated that a single oral exposun 
of cats to the rnelamine:cyanurlc acid cocrystal at a concentration of 32 mg/kg body weight can result In acute renal failure. It seems 
clear that the formation of a low solubility cocrystal of melamine and cyanunc acid is responsible for these incidents. Perhaps this 
case study of melamine:cyanuric acid co-crystals are the first example showing how co-crystals can significantly alter the relevant 
physical properties in a negative manner [54] • 

Co-crystals of theophylline: 

Theophytllne is useful in treatment of respiratory disease such as asthma. From the physicochemical standpoint, theophylline 
represents challenge to formulators in that it is known to interconvert between crystalline anhydrate and monohydrate forms as a 
function of relative humidity (RH). The possibility of crystalline hydrate formation complicates design of a consistent, reproducible for 
an API in the drug development process. Reversible hydrate formation is particularly problematic, as It indicates that neither the 
anhydrate nor the hydrate Is fully stable across the range of common processing condition. Theophylline is structural analogue of 
caffeine. The co-crystals of the theophyll!ne were prepared with oxalic acid, malonic acid, malelc acid, glutarlc acid by solvent 
evaporation technique. The relative humidity stability comprised of the storage and subsequent PXRD analysis at four specific RH 
levels (0%, 43%, 75% and 98% RH) across four different time points (1 day, 3 day, 1 and 7 weeks). Over the course of 7 week study it 
was found that, at 75% RH and below, theophy!line anhydrate converted into theophylline monohydrate. No formation of theophylline 
hydrate was found in any case. 

The observed RH stability of theophy!line co-crystal demonstrates the physical stability improvement, specifically avoidance of 
hydrate formation. The co-crystals formed by oxalic acid found to be more stable. This study demonstrates use of co-crystals in 
physical property improvement [17]. 

Co-crystals of aceclofenac: 

Aceclofenac is an orally effective nonsteroldal antiinflammatory drug of phenyl acetic acid group, which possesses remarkable 
antlinflammatory, analgesic and antipyretic properties. Aceclofenac exhibits slight solubility in water and as a consequence it exhibits 
low bioavailability after oral administration. Mutalic [39] prepared co-crystals of aceclofenac by simple solvent change approach by 
using chitosan. 

Chitosan has been considered to be one of the most promising biopolymer for drug delivery purpose. Chitosan is a linear hydrophilic 
polysaccharide polymer of D·glucosamine. It is non-toxic natural polcatlonic polymer that ls degraded by the microflora in the colon. I 
Is abundant in nature and is present in the exoskeleton of crustaceans such as crabs and shrimps. Chitosan has been demonstrated to 
be a good vehicle for enhancing the dissolution properties and bioavailabflity of a number of poorly water-soluble drugs [55] . 

Chltosan was precipitated on aceclofenac crystals using sodium citrate as a salting out agent. The pure drug and prepared co-crystals 
with different concentrations (0.05 to 0.6%) were characterized in terms of solubility, drug content, particle size, thermal behavior 
(differential scanning calorimetry, DSC), X·ray diffraction (X•RD), morphology, In vitro drug release, stability and phrmacokinetlc 
study. 

It was observed that particle size of co-crystals was drastically reduced during the formulation process. The DSC showed a decrease in 
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melting enthalpy indicating disorder in crystallinity. XRD also revealed disorder in crystallinity. The dissolution study showed that 
marked increase in dissolution rate in comparison to pure drug. The considerable dissolution rate of aceclofenac from optimized 
crystal formulation was attributed to the wetting effect of chitosan, decreased drug crysta111nlty, altered morphology and 
micronization. The optimized crystals showed excellent stability on storage at accelerated conditions. In vivo study revealed that the 
crystals provided a rapid pharmacological response 1n mice and rat; besides improve in pharmacokinetic parameters in rats [39]. 

Co-crystal of 5-nltrouracll: 

Co-crystals of 5·nltrourac11 wfth solvent molecules, dioxane, pyridine, DMSO, formamide and ethanol as well as with piperazine, N,N'· 
dimethylpiperazine, 3-aminopyridine and dlazablcyclooctane obtained by deliberate inclusion, have been examined by X•ray 
crystallography. The tape structure found In the parent centric form of nitrouracil Is retained with some modlflcatlons in the co• 
crystals with dioxane, piperazlne, diazablcyclo-octane, N,N'-dimethylplperazlne, pyridine and DMSO, with the guest molecules formin\ 
alternate tapes. In co-crystals involving formamlde, ethanol and 3-am1nopyrtdlne, the molecular tapes exhibit mixed compositions. 
The observed bonding patterns have been classified into six schemes. Interestingly, quadruple type hydrogen bonding patterns are 
seen In co-crystals containing 3-amlnopyr1dine or ethanol and water, while a network of acyclic tetrahedral pentamers of water is 
found in the cocrystal containing diazabicyclo•octane and water. This case study reveals that hydrogen acceptors and donors are 
necessary to form cocrystal [56] . 

Co-crystals of lndomethacin: 

lndomethacin, a non-steroidal antilnflammatory drug (NSAID), is widely prescribed for patients with arthritis. It exists as a, y and 
amorphous forms, In the solid state a-form being most stable form at room temperature. lndomethacln ls practically insoluble in wate 
(2.5·4 • g/ml; it belongs to BCS class II) and poses severe challenges in the formulation development. Various cocrystal formers, 
including saccharin, were used in the screening for indomethacin co-crystals In a series of solvents. 

Solution evaporation method was used in the screening phase. DSC, TGA, IR, Raman and PXRD techniques characterized the potential 
new phases. The indomethacin saccharin co-crystal (IND-SAC co-crystal) structure was determined from single crystal X-ray diffraction 
data. Pharmaceutically relevant properties such as the dissolution rate and dynamic vapour sorptlon (DVS) of the IND-SAC co-crystal 
were evaluated. Solid-state and solvent-drop co-grinding methods were also applied to indomethacln and saccharin. 

The IND-SAC co-crystals were obtained from ethyl acetate. Physical characterization showed that the IND-SAC co-crystal is unique vis• 
u-vis thermal, spectroscopic and X•ray diffraction properties. The co-crystals were obtained in a 1: 1 ratio with a carboxylic acid and 
imide dimer synthons. The dissolution rate of IND-SAC was considerably faster than that of the stable indomethacin a-form. DVS 
studies indicated that the co-crystals gained less than 0.05% In weight at 98% RH. lND•SAC co-crystals were also obtained by solid statE 
and solvent-drop co grinding methods. The IND-SAC co-crystal was formed with a unique and Interesting carboxyllc acid and imide 
dimer synthons Interconnected by weak N·H .. ·O hydrogen bonds. The co-crystals were associated with significantly faster dissolution 
rate than indomethacin (a•form) in phosphate buffer pH 7.4 and were non-hygroscoptc[57] . 

Co-Crystals and Patents 

"New" refers to anything under the sun that is made by the man, such as new composition of matter or any useful improvements. Thus 
a necessary condition to claim a new composition of matter is to describe clearly with precision the composition, a great challenge in 
the case of co-crystals [58] . 

Aripiprazole co-crystals [59] , the present invention relates to co-crystals comprising aripiprazole and fumaric acid and processes for 
co-crystal preparation. Aripiprazole is a psychotropic drug useful for the treatment of schizophrenia and is the sixth, and most recent, 
of the second generation antlpsychotic medications. It is available in the market under the brand name Abilify® In the form of tablets 
of 5, 10, 15, 20 and 30 mg strengths. Ariplprazole presents certain challenges for formulation as a rapid-onset dosage form, 
particularly as a rapid-onset oral dosage form. For example, aripiprazole has a very low solubility in aqueous media (being practically 
insoluble) and therefore is not readily dissolved and dispersed for rapid absorption in the gastrointestinal tract when administered 
orally, for example ln tablet form. Towards this end, it has been the endeavor of pharmaceutical scientists to provide new forms of 
ariplprazole, more specifically, a thennodynamlcally stable form which would have the strengths of the crystalline forms, viz. 
thermodynamic stability, and those of the amorphous form, viz. enhanced solubility, rapid onset of action and an enhanced 
bioavailability. 

Consequently, there is a need for soluble forms of aripiprazole that can be readily formulated for use in various modes of 
administration, including parenteral and oral administration. Co-crystal complexes of aripiprazole would add a powerful tool in the 
treatment of central nervous system disorders. The present invention provided co-crystals of aripiprazole and fumaric acid which are 
stable and are reproducible on an Industrial scale. 

TDFA is the co-crystal of tenofovir disoproxil hemi-fumaric Acid [60] . Tenofovir disoproxil fumarate (DF) is a nucleotide rever.;e 
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transcriptase inhibitor approved in the United States for the treatment of HIV·1 infection alone or in combination with other 
antlretroviral agents. Tenofovir dfsoproxil DF is sold under the trade name Viread (GIiead Science, Inc.) and present ln combination 
with other antiviral agents in the Truvada and Atripla. After analysis of several commercially available products containing tenofovir 
OF, it was found that these contained mixtures of solid forms of tenofovir OF in varying ratios. Indications have been found by the 
present inventors that the solid form of tenofovir Df in commercially available products is generally a mixture of at least two forms. It 

has also been found that one of these forms experiences a conversion of its crystalline form Into the other form when put under stress 
such as increased temperature and/or humidity. It is believed by the present inventors that the presence of water will induce or 
enhance the conversion of one form into the other. This suggests that the solid form currently used in the marketed product is not 
stable or at least has a reduced stability. The bulk molar ratio of tenofovir disoproxll to fumaric acid in the commercially available 
products Is generally Indicated as 1: 1. The TDFA 2: 1 co-crystal of the invention is more stable and is less hygroscopic than the 
presently known crystalline form of tenofovir. 

Theophylline crystallized rapidly from a hot ethylene glycol solution forms theophylline co-crystals [61] • This technique was confirme, 
as being functional by testing for a known co-crystal of theophylline and p-nitrophenol. Salicylic acid, p-hydroxybenzoic acid, sorbic 
acid, 1-hydroxy·2•naphthofc acid, glycolic acid, and 2,5·dihydroxybenzoic acid were all tested as guest compounds and in each, a co­
crystal formation had occurred. Raman spectra of the pure guest acid, theophylline, and the co-crystal were obtained and compared 
to confirm co-crystal formation. This invention provides information regarding a new method for co-crystallization i.e ethylene glycol 
based method. 

As one aspect, novel co-crystals are provided. The novel co-crystals comprise one or more active agents, particularly of the salts of 
such active agents. Novel fonns of salts of active pharmaceutical ingredients are provided. For example, the present invention 
provides novel co-crystals of fluoxetine HCI and benzoic acid; fluoxetlne HCl and succinlc acid; and fluoxetine HCI and fumaric acid. 
Novel forms or solid state phases of active pharmaceutical ingredients may be prepared for which there are no known polymorphs, 
solvates or hydrates, or where such polymorphs, solvates or hydrates were disfavored [62] • Co-crystals fulfill the criteria for patent 
eliglbil!ty: novelty, utility, and non obviousness. 
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Crystal engineering of binary crystals that contain pharmaceutical molecules 

By: Fleischman, Scott; Morales, Leslie Ann; Zaworotko, Michael J. 

Abstracts of Papers, 223rd ACS National Meeting, Orlando, FL, United States, April 7-11, 
2002 (2002), lEC-076 

The design of binary compds. using complementary mols. represents an example of an 
application of crystal engineering. Pharmaceutical mols. are inherently predisposed for such 
crystal engineering studies since they already contain mol. recognition sites that bind selectively 
to biomols., and they are prone to supramol. self-assembly. Pharmaceutical mols. that we have 
explored and have been able to form co-crystals include ibuprofen and flurbiprofen. The co­
crystals of ibuprofen/4,4'-dipyridyl, flurbiprofen/4,4'-dipyridyl and flurbiprofen/trans-1 ,2-bis( 4-
pyridyl)ethylene have been characterized by various techniques and exhibit phys. properties 
different from the parent compd. as a direct result of hydrogen bonding interaction. These cryst. 
assemblies could afford improved drug soly., dissoln. rate, stability and bioavailability. 
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Binary Crystals by Design 

By: Zaworotko, Michael J. 

Abstracts of Papers, 223rd ACS National Meeting, Orlando, FL, United States, April 7-11, 
2002 (2002), lEC-030. 

The design of binary cryst. compds. relics upon understanding how complementary suprarnol. 
synthons influence compn. and structure in the solid state. In this paper we shall present details 
concerning a range of new binary cocrystals that involve carboxylic acid, amide or ether 
moieties. The mol. components generate the expected stoichiometry and, in some cases, 
predictable crystral packing motifs. An anal. of the structure and phys. properties of the new 
binary cocrystals will be presented. The results ,vill be discussed in the context of how one 
might exploit our results in order to generate novel pharmaceutical phases. 
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Molecular complexes of sulfonamides .. 2. 1 : 1 complexes 
between drug molecules: sulfadimidine-acetylsalicylic acid and 
sulfadimidine-4-aminosalicylic acid 

Mino R. Caira1 

Received July 15, 199!; accepted AugusE 5, 199! 

The preparation and crystal structures of the 1; 1 complexes sulfadimidine-acetylsalicylic acid (I) 
and sulfadimidine-4-aminosalicylic acid (II) are described. Each complex unit is maintained by 
two intermolecular hydrogen bonds, namely N-H · · · O=C and N · · · H-O, involving the 
N atom of the sulfonamide group and one pyrimidine N atom of the sulfonamide and the carbox­
yllc group of the acid. Molecular parameters for protonated complexed aspirin, as found in I, are 
reported for the flrst time and reveal a significantly different confo11natio11 from that of the uncom• 
plexed aspirin molecule, The structure of the 4--aminosalicylic acid molecule does not change 
significantly on complexation with sulfadimidine. Variation in the hydrogen bonded N · · · 0 
distances in these complexes and their analogs is discussed. 

Introduction 

The first article in this series (Caira, 1991) outlined 
the relevance of molecular complexes of sulfonamides 
and reported the preparation and crystal structures of the 
l: 1 complexes between sulfadimidine [4-amino-N-(4,6-
dimethyl-2-pyrimidinyl)benzenesulfonamide] and 2- and 
4-aminobenzoic acids,_ respectively. An earlier report on 
the structure of the 1: 1 sulfadimidine-•saHcylic acid 
complex (Patel et al., 1988) prompted the present study 
in which two pharmacologically-active salicylic acid 
derivatives, acetylsalicylic acid (asphin) and 4-amino­
salicylic acid (PAS), were found to form analogous 
complexes with sul fadimidine. 

The important therapeutic properties of these acids, 
namely analgesic, anti-inflammatory and antipyretic for 
aspirin, and tuberculostatic for PAS are well known. 
Both PAS and sulfonamides inhibit bacterial folic acid 
synthesis as analogues of p·aminobenzoic acid (PABA), 
but the binding sites for PABA on the enzyme dihy­
dropteroate synthetase are quite specific. Thus, sulfon­
amides are ineffective against tubercle baciHi while PAS 

'Department of Chemistry, Private Bag, Rondebosch 7700, South 
Africa. 
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is ineffective against most bacteria (Jawetz, 1984; Wil­
liams and Kruk, 1981). Complex fonnation between dif­
ferent drug molecules continues to receive attention 
because the resultant species may display synergism and 
couid therefore be clinically useful. Representative 
examples of complexes containing sulfonamides which 
have recently been studied in the solid state include tri­
methoprim-suifamethoxazole (Nakai et al., 1984), var­
ious antipyrine-su!fonamide complexes (Jeanjean et al., 
1985) and aminacrine-sulfadimidine (Ghose et al., 
1988). Although stmctural data for metal complexes or 
salts containing the anionic acetylsalicy!ato- and p-ami­
nosalicylato-species have been published (e.g., Bandoli 
and Clemente, 1981; Greenaway et al., 1984; Nishioka 
et al., 1984; Sabirov et al,, 1982; Sequeira et al., l968), 
no crystallographic results for molecular complexes 
containing aspirin or PAS in their unionized forms have 
hithe1io appeared in the literature (Cambridge Structural 
Database, l 991). 

Experimental 

Colorless single crystals of I grew within 2 days 
from a mixture of sulfadimidine and acetylsalicylic acid 

0277,8008192/0400-0193$06.5010 © 1992 Plen"m Publishing Corporalion 
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in l; I molar ratio in acetonitrile. Brown prismatic crys­
tals of U were obtained after 3 weeks from a mixture of 
sulfadimidine and p-aminosalicylic acid in 1: l molar 
ratio in ethanol. Elemental analyses confirmed the l : 1 
stoichiometry of both complexes. Preliminary unit-cell 
dimensions and space group data were obtained from 
precession photographs. Intensity data were collected at 
294K in the w-2{} mode on an Enraf-Nonius CAD4 dif­
fractometer with Mo Kcv.-radiation O, = 0.71069 A). 
Accurate cell parameters were in each case determined 
by least-squares analysis of accurate setting angles in 
the range 16° :S 0 ::5 17°. Reflections in the range 1" 
:::,; 0 :::,; 25" were collected using a variable scan speed 
depending on I and a(/) with a minimum recording time 
of 40 s per reflection. Intensity control was performed 
every hour and orientation control every 200 measured 
reflections. Both data sets were corrected for Lp-effects 
and for absorption (North et al., 1968) using the pro·· 
gram EAC of the Enraf~Nonius Structure Determina­
tion Package (Frenz et al., 1982). Data-collection 
parameters and details of structure refinements are listed 
in Table 1. The structures were solved by Patterson and 
Fourier methods. For II, the Patterson-derived S atom 
position was nearly identical to that in the I : 1 complex 
between sulfadimidine and PABA (Caira, 1991) whose 
unit-cell dimensions agreed with those for H within 2 % . 
The nearly isomorphous relationship between the com­
plexes allowed the atoms of the P ABA complex to be 
successfully used as a trial model for II, atom 0(30) of 
the PAS molecule being subsequently located from a dif­
ference Fourier synthesis. Refinement by full-matrix 
least-squares using the program SHELX76 (Sheldrick, 
1976) involved minimization on::: w(lf'al - lkF,,j)2 with 
anisotropic thermal parameters assigned to all non­
hydrogen atoms. H-atoms were located in difference 
Fourier syntheses but were generally included in ideal­
ised positions (C-H = LOO A..). H•atoms which were 
refined included those of the amino, phenolic, and car­
boxylic groups and that attached to the N atom of the 
sulfonamide group. Location and refinement of H atoms 
in the latter two categories were deemed essential to 
establish unequivocally the tautomeric form of sulfad­
imidine present and the charged or protonated state of 
the complexing acid components. Complex neutral 
atomic scattering factors (International Tables for X-Ray 
Crystallography, 1974) were used. Other programs used 
were PARST (Nardelli, 1983) and PLUTO (Motherwell, 
1979). Fractional atomic coordinates and equivalent 
isotropic thennal parameters ( U0 q = (½) l:; r;j U ual a/ a; 

BNSDOCID: <:XP' __ 55032899A_,_,. 
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· aj) for nonhydrogen atoms are listed in Tables 2 and 
3. H-atorn coordinates are listed in Table 4. Structure 
factors, U;J values, torsion angles and mean-plane data 
have been deposited. 

Results and discussion 

Perspective views of the structures of the com­
plexes I and I.I are shown in Figs. land 2, respectively. 
In each complex unit, molecular association occurs 
through hydrogen bonding involving the carboxylic 
group of the acid component and two N atoms ( one 
pyrimidine N atom and the N atom of the sulfonamide 
group) of sulfadimi.dine. The aspirin and PAS molecules 
are in their unionized fomts. The specific arrangement 
ofC=O · · · H---N and O--H · · · N hydrogen bonds 
shown in Figs. 1 and 2 results in an eight-membered 
ring which occurs invariably, having now been observed 
in seven complexes between sulfadimidinc and substi­
tuted aromatic carboxylic acids (Caira, 1991 ; Patel et 
al., 1988), including p-chlorobenzoic acid and 
o-phthalic acid (Caira, 1992). 

Sulfadimidine conformation 

lnteratomic distances and bond angles in sulfa­
dimidine (Tables 5 and 6} are in the expected range. The 
sulfadimidine molecule adopts significantly different 
conformations in I and H. The values of the torsion 
angles r 1-r3 (Table 7) for I are within a few degrees of 
those previously found in sulfadimidine-2-aminoben­
zoic acid. Those for II resemble closely the correspond­
ing torsion angles in sulfadimidine-4-aminobenzoic 
acid, as expected for nearly isomorphous structures. The 
occurrence of both conformations with equal frequency 
in these complexes suggests that they are energetically 
similar, which accords with the finding (Kalman et al., 
I 98 I) that rotation about the S-C bond is not hindered 
in N-substituted aryl-sulfonamides. The confonnation 
in which the plane of the phenyl ring approximately 
bisects the O-S-0 angle (as in ll, 7 1 ""' 160°) is 
nevertheless unusual since the reported clustering range 
for -r 1 is 70-120°. 

Aspirin and PAS structures 

Because of their chemical significance, the crystal 
and molecular structures of both aspirin (Kim et al., 
1985; Wheatley, 1964) and PAS (Bertinotti et al., 1954; 
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Table 1. Ciystal data, data-collection parameters, and details of the structural analyses 

I II 

Formula C12H 14N.02S · C9H50. c,,H .. N.o,s • C7H1NO, 
M,. 458.4 43!.5 
Sp~ce group P2 1/c Pl 
a/A 7 .696(1) 8.205(6) 
bf A 21.988(7) 9.449(3) 

c!A 13.432(2) [4.161(2) 
a/deg 90 107.02(2) 
{l/deg !02.66(1) 92.29(4) 
y/deg 90 !05.85(4) 
VIA 3 2218.1(8) 1001.3(9) 
z 4 2 
D)g cm- 3 l.373 r .431 
µ(Mo Ko:)/cm - i 1.82 1.94 
F(OOO) 960 452 
Crystal size/mm 0.38 X .44 X .44 0.13 X .33 X .43 
Index range -9, 9; 0, 26; 0, 16 -9, 9; -11, !l; 0, 16 
Standard 

reflections 6 4 3, 2 7 10, T 16 s 1 l 10, 6 4 2, 2 7 1 
Intensity 

variation/% +2.4 -·0.5 
Scan width in 

w/deg 0.85 + 0.35 tan I) 0.85 + 0.35 tan /J 
Vertical 

aperture/mm 4 4 

Aperture width/ 
mm l.12 + '1.05 tan 0 l.12 + 1.05 tan 0 

Reflections 
me~sured 4185 3667 

Unique 
reflections 3485 3179 

Rirtl 0.013 0.02! 
Absorption 

corrections: 
min. 0.9887 0.9741 
max. l.0000 0.9997 
mean 0.9959 0.9848 

Observed 
reflections l 
> 20-(/) 2933 2679 

Parameter;; 
refined 316 302 

R 0.040 0.051 
R., 0.040 0.055 
s 2.859 J.703 
w [o-2{F,,)]-' [o-1(F0 ) + 1.545 

X to-,F~]- 1 

Max Cl/1Jfor 
non-H atoms O.L6 0,21 

t!i.pleA -, 

min. -0.28 -0.60 
max. 0.18 0.53 

BNSDOC ID: dP ___ 55032899A_l_> 
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Table 2. Fractional atomic coordinates (X 10") and thermal 
parameters (A 2 x 103

) with esd's in parentheses for Complex I 

Atom 

C(l) 
C(2) 
C(3) 
C{4) 
C{5) 
C(6) 

N(7) 
S(8J 
0(9) 
0(10) 
N(li) 
C(!2) 
N(l3) 
C04) 
C(l5) 
C(16) 
N(17) 
C(l8) 
C{l9) 

C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
0(27) 
0(28) 

0(29) 
C{30) 
0(31) 
C(32) 

xla 

700(3) 
- 1005(3) 
-2467(3) 
-2249(3) 

-543(4} 
919(3) 

-3696(4) 
2523(!) 
2164(2) 
4109(2) 
2557(3) 
2833(3) 
3255(3) 
3547(3) 
3392(4) 
2940(3) 
2653(3) 
4059(4) 
27 l9(4) 
1465(3) 
1637(3) 
1309(4) 

818(4) 
666(4) 
996(3) 

1728(3) 
1938(3) 
1717(3) 
2075(3) 
3741(4) 
4837(3) 
3957(5) 

yib 

2823(1) 
2904(1) 
2694(1) 
2395(1) 
2307(1) 
2525(1) 
2173(2) 
3097(0) 
3040(1) 
2831(1) 
3837(1) 

4133Cn 
3802{1) 
4lll(I) 
4740(1) 
5043(1) 
4742(1) 
3746{1) 
5725(1) 
5505(1) 
527!(1) 
5622(!) 
6220(1) 
6467(1} 
6115(1) 
5127(1) 
5437(1) 
4573(1) 
4662(1) 
4475(1} 
4812(1) 
3810(1) 

z/c 

4772(2) 
4940(2) 
4243(2) 
3368(2) 
3218(2) 
3902(2) 
2673(2) 
5664(0) 
6664(1) 
5475(1) 
5502(2) 
4642(2) 
3905(2) 
3093(2) 
3043{2) 
3844{2} 
4661(2) 
2264(2) 
3844(3) 
7866(2) 
8845{2) 
9641(2) 

9456(3) 
8498(3) 
7712(2) 
6995(2) 
6202(2) 
70!2(1) 
9083(1) 
9027(2) 
8840(2) 
9229{3) 

40(1) 
48(1) 
55(1) 
53(1) 
53(1) 
47(1) 
83(1) 
47(0) 

59(1) 
62(1) 
53(1) 
46(!) 
51(1} 
54(1) 
60(1) 
56(1) 
49(1) 
75(1) 
74(1) 
50(1) 
53(1) 
63(1) 
70(1) 
70(1) 

58(1) 
54(]) 
69(0 
74(1) 
60(1) 
57(1) 
68(1) 
82(2) 

Lin et al., 1978) have been sn1died in some detail. Fur­
ther reference to either of these compounds here cites 
data from the more recent structure redetermination. 
Crystals of both aspirin and PAS contain centrosym­
metric dimers hydrogen bonded through their carboxylic 
groups. In aspirin, the carbonyl group of the -COOH 
function is anti-periplanar to the acetoxy group. For 
aspirin complexed to sulfadimidine in I, the relationship 
is syn-periplanar with the torsion angle 
O(28)-C(26)-C(20)-C(21) 16.7(4) 0 compared with 
-178. 8(1)" in uncomplexed aspirin. The acetoxy 
groups in uncomp1exed and complexed aspirin have a 
high degree of planarity but conform differently. 1n 
complex I, the acetoxy group is folded towards the car­
boxylic group with C(20)·-C(2l)-~O(29)--C(30) 
67 .2(3)°, while in free aspirin the corresponding torsion 
angle is 85.2(2)", i.e., a nearly perpendicular relation-

8NSOOCIO: <XP __ 55032899A__L_> 

Caira 

Table 3. Fractional atomic coordinates ( x lo') and thermal 
parameters (A 2 x lOJ.) with esd's in parentheses for Complex H 

Atom 

C(l) 
C(2) 
C(3) 

C(4) 
C(S) 
C(6) 
N(7) 
S(8) 
0(9) 
0(10) 
N(ll) 
C(l2) 
N(i3) 
C(l4) 
C(15) 
C(l6) 
N(l7) 
C(!8) 
C(i9) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
0(27) 
0(28) 
N(29) 
0(30) 

x!a 

2492(3) 
1377(4) 

-343(4) 
-971(3) 

!65(3) 
l886(3) 

-2706(3) 
4682(1) 
5502(3) 
5292(2) 
4908(3} 
4738(3) 
3824(3) 
3740(4) 
4563(4) 
5482(4) 
5557(3) 
2749(5) 
6447(5) 
8759{3) 
9685(4) 

10733(4) 
10898(4) 
10002(4) 
8950(4) 
7625(4) 
7491(3) 
6822(3) 

11924(4} 
8125(4) 

y/b 

370{3) 
622(3) 

- t55(3) 
-1 (89(3) 
-1474(3) 
-686(3) 

-1982(3) 
1318(1) 
407(2) 

1718(2) 
2866(2) 
4268(3) 
4252(2) 
5644(3) 
6976(3) 
6889(3) 
5491(2) 
5687(4) 
8268(4) 
4479(3) 
:5911(3) 
6053(4) 
4720(3) 
3283(4} 
3145(3) 
4349(3) 
5661(3) 
3089(3) 
4869(4) 
1729(3) 

1502(2) 
2200(2) 
1944(2) 
1002(2) 
317(2) 
564(2) 
747(3) 

1788(!) 
2178(2) 

945([} 

2728(2) 
2665(2) 
1872(2} 
1852(2) 
2615(2) 
3414(2) 
3443(2) 

961(3) 
4266(3) 
5981(2) 
6637(2) 
7458(2) 
7646(2) 
6995(2) 
6168{2) 
5126(2) 
50:'i3(2) 
4511(2) 
8475(2) 
.5567(2) 

32(1) 
40(1) 
41(1) 
38(1) 
40(1) 
36(1) 
49(1) 
33(0) 
49(1) 
42(1) 
35(1) 
30(1) 
34(1) 
37(1) 
45(1) 
40(1) 
34(1) 
55(2) 
60(1) 
38(1) 
40(1) 
43(1) 
40(1) 
49(1) 
45(1) 
40(1) 
53(1) 
53( I) 
55(1) 
80(1) 

ship between the phenyl ring and acetoxy group mean 
planes in the latter case. This conformational difference 
may be traced to participation by keto oxygen atom 
0(31) of I in a weak intermolecular hydrogen bond to 
sulfadimidinc, 0(31)" • · · H(l5)-C(15) (Table 8). 
The corresponding O atom in uncomplexed aspirin is 
not hydrogen bonded. Distances and angles for aspirin 
in the two environments are generally in excellent 
agreement, the largest difference being that for 
C(26)-O(28), which is 1.218(3) A in I and 1.239(2) 
A in uncomplexed aspirin. Since the carboxyHc acid 
groups are engaged in different hydrogen bonding pat­
terns in the two cases, a difference of this magnitude is 
not unexpected. Accurate parameters for protonated 
aspirin hydrogen bonded to a molecule other than itself, 
as in complex I, have not been reported previously. 
Aspirin molecules included as guests in /,3-cyclodextrin 
are probably present as carboxylate anions (Nishioka et 
al., 1984). 

UM00017119 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 3976 of 4460



Molecular complexes of sulfonamides 197 

Table 4. Fractional atomic coordinates ( x 104 for idealised H 
atoms, x llY for refined H atoms) and isNropic thermal parameters 

(A 2 x IO') in Complexes I and JI with estl ·s in parentheses 

Atom xla ylb zk uj~ll 

Complex I 
H(2) -1173 3119 5570 69(4) 
l-1(3) -3689 2757 4367 69(4) 
H(5) -372 2081 2600 69(4) 
H(6) 2139 2468 3771 69(4) 
H(7l) -371(5) 213(2) 205(3) 132(1i) 
H(72} -474(5) 232(2) 277(3) 132(11) 
.H(l I) 219(4) 404(1) 598(2) 83(11) Fig. 1. Molecular structure of I. C atoms are labeled with numerals 

H(15) 3605 4968 2436 128(5) only, Dotted lines indica1e hydrogen bonds. 

H(l81) 4221 4005 1679 128(5) 
H(l82) 3217 3407 2004 128(5) 
H(183) 5235 3574 2617 128(5) 

H(191) 3102 5888 3230 128(5) 
H(l92) 3477 5905 4474 128(5) 
H(193) 1445 5835 3805 128(5) 
H(22) 1426 5443 10338 !04(5) 030 

H(23) 569 6478 10022 104(5) 
H(24) 316 6903 8373 104(5) 
H(25) 897 6299 7021 104(5) 
H(27) 211(5) 514(2) 565(3) 155(17) 
H(32l) 5234 3687 9321 104(5) 

H(322) 3225 3585 8636 104(5) 
H(323) 3528 3709 9860 104(5) 

Complex n 
Fig. 2. Molecular structure of II. C atoms are labeled with rmmem!s H(2) 1819 !363 2886 54(4) 

H(3) - [147 31 2447 54(4) only. Dotted lines indicate hydrogen bonds. 

H(5) --268 -2254 -358 54(4) 
H(6) 2693 -879 64 54(4) 
H(71) -298(5) -231(4) 13(3) 54(4) 
H(72) -323(5) -157(4) 114(3} 54(4) 

ular O-H · · · 0 hydrogen bond locks the phenyl and H(U) 549(4) 292(4) 327(2) 43(9) 
H(l5} 4491 8003 2587 l 10(6) carboxy planes into near coplanarity. The least-squares 
H(181) 2865 6807 l069 l !0(6) planes through these sets of atoms intersect at l. 5" in 
H(182) 1516 5100 908 110(6) PAS and 2.9(2)° in H. Complexation with sulfadimi-
H(l83) 321! 5256 333 110(6) dine thus has no remarkable effect on the dimensions or 
H091) 6230 9212 4171 ! !0(6) 

confonnation of the PAS molecule. H(l92) 7695 8380 4285 110(6) 
H(l93) 6063 8148 4907 ll0(6) 
H(21) 9586 6871 6508 63(4) Hydrogen bonding and crystal packing 
H(22) 11375 7103 7924 63(4) 
H(24) 10118 2327 7124 63(4) Hydrogen bond data are listed in Table 8. One 
H(27) 686(5) 557(4) 444(3) 63(4) objective in investigating the series of l ; 1 complexes 
H(291) 1255(5) 571(5) 876(3) 63(4) between sulfadimidine and variously substituted aro,. 
H(292) 120l(S) 406(5) 856(3) 63(4) matic catboxylic acids was to seek possible correlations 
H(30) 747(5) 192(4) 503(3) 63(4) 

between the N · · · 0 distances for the hydrogen bonds 
N-H · · · 0 and N · · · H-·O and the acid pKa val-
ues. The fonner distance parameters may be taken as a 
measure: of the strength of molecular association between 

Molecular dimensions for PAS in complex II are sulfadimidine and the carboxylic acid and might there .. 
very similar to those in uncomplexed PAS. The only fore be expected to depend on acid strength. Significant 
noteworthy differen~ is in the bond length variations in the distances N ( 11) · · · 0(28) and N (17) 
C(25)-0(30), which is 1.329(2) A in II vs 1.361(2) · · · 0(27) do occur in this series. The respective ranges 
A. in uncomplexed PAS. In both cases, the intramolec- are 2.779(3)-2.841(4) A and 2.639(3) -2.724(4) A for 
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Table S. Bond lengths (A.) with esd's in parentheses for Comp!exe~ I and U 

(a) Sulfadimidlne I II {b) Acetylsalieyc!ic acid (I) 

C(l)-C(2) 1.392(4) L387(4} C(20)-C(26) l.484(4) 
C([)-C(6) l.382(4) 1.382(3) C(21}-C(22) l .386(4) 
C(l)-S(8) l. 742(2) 1.745(3) C(2[)-O(29) 1.401(3) 
C(2)-C(3) !.377(3) l.378(4) C(22) - C(23) l.376(3) 
C(3)-·C(4) l .389(4) 1.38!{3) C(l3)-C(24} 1.378(5) 
C(4)-C(5) l .385(4) U92{4) C(24)··C(25} l.377(5} 
C(4)-N(7) [.377(4) 1.392(3) C(26)-O(27) 1.304(4) 
C(5)-C(6) 1.374(3) l.380{3) C(26) ·- 0(28) L218(3) 
S(8)--0(9) 1.436(2) 1.437{3) O(29J-C(30) 1.365(4) 
S(S)-O(10) I .425(2) l.424(2) C(30)-0(3l) l.!89(4} 
S(8)-N(l l) l.643(2) 1.624(2) C(30)-C(32) l .490(3) 
N(l l )-C(l2) l.382(4} l .397(4) 
C(l2)-N(l3) l .325(4) l.319(4) (c) p--Aminosalicydic acid (l[) 
C(l2)·~N(J7) 1.347(3) !.331(3) 
N(l3) ·C(l4) l.345(4) l .345(4) C(20}-C(21) 1.385(3) 
C(l4)-C(l5) 1.389(3) 1.373(3) C(20)-C(25) 1.408(5) 
C(14)-C(!S) J .494(4) l.491(6) C(20)-C(26) I .452(4) 
C(!5)-C(l6) 1.373{4) 1.370(5) C(2l)-C(22) l .370(4) 
C(l 6)··- N( 17} 1.341(4) l.351(4) C(22)-C(23) ! .400{5) 
C(i6)-C(l9) 1.509(3) 1.490(4) C(23)-C(24) l .379(4) 

C(23)-N(29) 1.366{4) 
(b) Acetylsalicydic add (I) C(24)-C(25) 1.379(5) 

C(25}-O(30) l .329(3) 
C(20)··· C(21) J.391(4) C(26)·-O(27} L307(5) 
C(20)··-C(25) l.393(3) C(26}-··O(28) l.236(3) 

Table 6. Bond angles ( 0
) with esd's in parentheses for Complexes land II 

(a) Sulfadimidine I II (b) AcetyL~alicyclic acid (I) 

C(6)-C(l)-S(8) !21.1(2) 118.3(3) C(21)-C(20)-C(2.5) ll7.7(2) 
C(2)-CO)-S(8) 119.4(2) 12 L.6(2) C(20)- C(21 )-0(29) 122.5(2) 
C(2)-C(l}-C{6) 119.5(2) 120.1(4} C(20)-C(21)-C{22) 121.9(2) 
C(l)-C(2)-C{3) 120.4(2) 119.7(3) C(22) · C(21) ·--·O(29) ( 15.6(2} 
C(2)-C(3)·-C(4) 120.2(2) 120.8(4) C(2 l)--C(22)-C(23) l 18.8(3) 
C(3)-C(4)-N(7) 120.8(3) 120.8(3) C(22)-C(23)-C(24) 120.6(3) 
C(3)-C(4)-C(5) 118,9(2) 119. 1(3) C(23)-C(24J-C(25) 120.2(2) 
C(S)-C(4 )-N(7} l20.3(2) 120.1(3) C(20)-C(2SJ-C{24) 120.9(3) 
C(4 }-C(5)-C(6) 121.2(3) 120.4(3) C(20)-C(26)-O(28) 122.8(2) 
C(l)·-C(6)-C{S) 119.8(2) 119.9(3) C(20) .. -C(26)-O(27} l 14.4(2) 

C(l)-S(8)-N(l 1) 106.6(1) !06.3(2) O(27)--C(26) ·-O(28) 122.7(3) 
C(l)-S(8)-0(l0) !09.2(1) 108.6(2) C(21)-O(29)-C(30) l ! 7.2(2) 
C{l)-S(!l)-0(9) 108.9(1) 109.3(2) O(29)-C(30)-C(32) l 10, 7(3) 
O(IO)-S(8)-N(l l) l lO. l(I) l !0.7(2) 0(29) -C(30) -0(3 l) [22.8(3) 
0(9)-S(8)-N(l l) 102.9(1) 104.0(2) 0(3 !)-C(30)-C(32) [26,5(3) 

O(9)·-S(S)-·O(!0) 118.6(1) 117.4(3) 
S(8)-N(I l)-C(l2) !25.9(2) 125.3(2) 
N(l l)-C(l2)~·N(l7) 114.7(2) I 13.8(3) (c) p-Aminosa!icydic acid (II) 

N(l l)-C(l2)-N(l3) 118.3(2) I 18.6(3) 
N(l3)-C(l2)-N{l 7) l27.l(3) 127.6(3} C(25) ·-C(20}--· C(26) !20.8(3) 
C(l2)-N(B)-C(l4) ! !6. l(2) l 15.4(3) C(2 l) ·-C(20J-C(26) l2l .3(3) 
N(13)-C(!4)-C(l8) l 16.8(2) !17,3(3) C(2 l )-C(20)- C(25) f 17.9(.3) 
N(l3)-C(14)-C(l5) 121.0(2) 121.3(3) C(20)-C(2l)-C(22) 122.0(3) 
C(l5)-C(l4)-C(l8) 122.2(2) 121.4(3) C(2l)-C(22)-C(23) ! 19,7(3) 
C(!4)-C{IS)-C{l6) ! J 8.6(2) 119.6(3) C(22)-C(23J-N(29) 119.4(3) 
C(!5)-C( 16)-C(19) 122.0(2) 123.6(3} C(22)-C(23)-C(24) ! 19.2(3) 
C(l5)-C(16)-N(17) 12!. 1(2) 119.4(3} C(24)-C(23)-N(29) [21.4(3) 
N(17)-C(l6)-C(l9) l 16.9(2) !!7.0(3) C(23)·-·C(24)-C(2.'.l) [21.0(3) 
C(l2)-N(l7)-C(!6) l J6. l(2) 116.7(3) C(20)-C(25)-C(24) [20.2(3) 

C(24)-C(25)-O(30)e I !8. l(3) 
(b) Ace1ylsalicycHc acid (l) C(20)-·C(25J--O(30} 121,6(3) 

C{20)-C(26) -0(2 8} [22.8(3) 
C(25)-C(20)-C(26) l !9.9(2) C(20)-C(26)- 0{27) l 15.4(3) 
C(2l)-C(20)-C(26) l22.S(2) 0(27)-C(:16)-0(28) l2L9(3) 
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Molecular comp]exes of sulfonamides 

Table 7. Selected torsion angles(°) with esd's in parentheses for Complexes I 
and II 

I 

r, C(6)-C(l.)-S(8)-N(l l) 104.2(2) 

T1. C(l)-S(B)-N(l l)-C(l2) -64.7(3) 

'J S(8)-N(l l)-C(l2)-N(l3) -5.9(4) 

C(2l)-C(20)-C(26)-0(27} - l64.5(3) 
C(2l)-C(20)-C(26)-0(28) 16. 7(4) 
C(20)-C(2 l)-0(29}-C(30) 67.2(3) 
C(21 )-0(29)-C(30}-0(3 l) 4.0(4) 

Table 8. Hydrogen bond data 

D-H ··· A 

N(ll)-H(1l) · · · 0(28) 
0(27)-·H(27) · · · N(l7) 
N(7)-H(7l) · · · O(W)' 
C(15)-H(l5) · · · 0(31t 

0.88(3) 
1.02(4) 
0.84(4) 
!.00(4) 

Complex I 

2.779(3) 
2.724(4} 
3.065(3) 
3 276(4) 

L91(3) 
I. 72('1) 
2.40(3) 
2.35(4) 

JI 

159.8(3) 
-82.8(4) 

23.0(5) 

-3.0(5) 
177 .7(4) 

D--H · · · A 
(") 

171(3) 
l69(4) 
137(3) 
154(3) 

()) = - I + x, 0.5 - y, -0.5 + Z (ii) = I - x, I - y, 1 - l'. 

Complex II 

NOl)··-H(U) · · · 0(28) 0.87(4) 2.842(4) l .97(4) 179(3) 

O(27)-H(27) • · • N(l7) 0.97(4) 2.664(4) 1.71(4) 172(4) 
0(30)-H(30) • · • 0(28) l.00(5) 2.603(5} 1.68(5) 153(4) 
N(7)-H(72) · · · 0(9/ 0.79(4) 3.277(4) 2.51(4) 163(4) 
N(29)- H(291) · · · 0( JO)'! 0.79(3) 3.251(4) 2.49(4) 160(4) 

(i) = -1 + x, y, z (ii) = 2 - x, 1 - y, l - z: 

199 

seven complexes, with acid pKa values spanning the 
mnge 2.89--6.97. When all the available data are con­
sidered, however, no systematic change in either of the 
N · · · 0 distances with pKa is found. It is concluded 
that any subtle variations fa N · · · 0 distance that may 
arise from differences in acid strength are over.shadowed 
by the requirements of crystal packing. This was recently 
confirmed by the finding (Caira, 1992) that i.n the 1: 1 
complex sulfadimidine-p-chlorobenzoic acid (space 

group P2 1!c, Z = 8), the crystallographicaHy indepen­
dent but chemically equivalent N · · · 0 distances in 
the N-H • · · 0 hydrogen bonds differ by as much as 
80-, compared with a difference of 12u for the observed 
distance range quoted above. 

BNSDOCID: <XP __ 55032899A_ __ I _ _;,-

Figures 3 and 4 are stereoscopic views illustrating 
the molecular packing in I and ll. For clarity, the 
hydrogen bonds indicated include only the N-H · • • 
0 and N · · · H -0 bonds referred to above, the C-H 

Fig. 3. Stereovlew of the molecular packing and principal hydrogen bonds 
in L 
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Fig. 4. Stereoview of the molecuiar packing and principal hydrogen bonds in ll. 

· · · O bond which stabilizes the conformation of the 
acetoxy group of aspirin in I, and the intramolecular 
0-H • · · 0 bond of PAS inn. There are additional 
weaker intermolecular N-H • • · 0 (sulfonyi) hydro­
gen bonds involving the - NH2 functions in both com­
plexes (Table 8). 
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Molecular complexes of sulfonamides. 3. Structure of 
5-ntethoxysulfadiazine (Form m and its 1: 1 complex with 
acetylsalicylic acid 

Mino R. CairaU) 

Received August I I, 1994 

The X-ray structure of the biologically most active polymorph (Fonn U) of 5-methoxysulfadiazine 
U) and that of the I : I complex between this sulfonamide and acetylsalicyllc acid (2) are reported. 
The polymorph 1 is monocllnic, space group P2 1/c with a ,;, l3.086(2)A, b == 5.583( I) A, c = 
l7 .222(3)/\., (3 "" 99.98{1 ) 0

• Z = 4 and occurs as centrosymmetric hydrogen bonded (N-H · • · N) 
dimers in the crystal. This arrangement differs from that observed in other polymorphs of the 
drug. Complex 2 is triclinic. Pl. a= 8.102(1).A. b = 12.033(1).A. c = l2.l70{2)A, a = 
111.670) 0

• fJ = 93.77{])", 'Y"" !03.82(1) 0
, Z = 2. Complexation involves lincarintennolecular 

hydrogen bonds, N-H· · ·O=C and N· · ·O-H, between the amide group and pyrimidlnyl N 
atom of the sulfonamide and the carboxylic group of the acetylsa!icylic acid. On complexation 10 

fonn 2, neither molecular component undergoes any major structural change. 

KEY WORDS: Key Words: Molecular complexei;, sulfonamides, acetylsalicylic acid. 

Introduction 

In earlier parts of this series we described the struc­
tures of 1: l complexes between sulfadimidine {4-amino­
N-(4,6-d imethyl-2-pyrim idinyl)benzenesul fonamide] 
and various aromatic carboxylic acid derivatives indud­
ing 2- and 4-aminobenzoic acids, 1 4-aminosalicylic acid 
(p-aminosalicylic acid or PAS) and acetylsalicylic acid 
(aspirin). 2 These studies have been extended to an in­
vestigation of the complexing behaviour of the related 
drug 5-methoxysulfadiazine [4-amino-N-(5-methoxy-2-
pyrimidinyl)benzeneulfonamideJ (hereinafter SMD). 
Only one molecular complex containing SMD has been 
structurally characterized. 3 Various aspects of the poly­
morphism of this drug have also been reported during 
the last 25 years, including the identification of various 
polymorphs,4

-
1 their interconversion, 8 · 

9 and the X-ray 
crystal structures of two polymorphs designated Forms 
land HI. 10 

Reaction between SMD and aspirin produces a l: l 

"'Department or Chemistry, University of Cape Town, Rondebosch 
7700. SDuth Africa. 

BNSDOCID: <XP --····-·55032900A ___ I_> 

695 

molecular complex. analogous to that formed between 
sulfadimidine and aspirin. However, in our attempt to_ 
obtain a complex between SMD and PAS, large single 
crystals of a polymorph of SMD were obtained instead. 
We identified these as Form II, the biologically most 
active form of the sulfonamide, 8 which when prepared 
by the usual method involving recrystallization from 
ethanol by rapid cooling to -12'-'C, is obtained as small 
particles with little or no geometrical fonn. ~ This prob­
ably accounts for the fact that the crystal structure <>f 
this important polymorphic species has not hitherto been 
determined. 

We report here the crystal structures of (l) SMD 
Form lI and (2) the l: l complex between SMD and 
aspirin. The results allow several useful comparisons: 
the confonnatfon and hydrogen bonding scheme for 
SMD in Form II with corresponding features in Fonns 
I and m. the confom1ations of uncomplex.ed SMD and 
SMD complexed with aspirin, and finally the structures 
of the SMDwaspirin complex and its sulfadimidine ana­
log. A possible reason for the crystallization of SMD 
Form II during the attempted preparation of a SMD­
PAS complex is also discussed. 

!074-! 54Zl'l4/!000-0695S07 .00/0 «) 1994 Plenum Publia,hing Cmpor.iliun 
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Experimental 

Crystal preparation 

SMD was purchased from Aldrich-Chemie. Stein­
heim. X-ray powder diffraction analysis of the unground 
material matched the published pattern for Fonn I. 5 A 
solution containing 0.05 g of SMD in 6 cm3 CH3CN 
was mixed with a solution containing 0.027 g PAS in 2 
cm; CH;1CN and the mixture heated to 323K with stir­
ring for IO min. On evaporation, the residue consisted 
of unreacted PAS and several large columnar crystals. 
The latter were tentatively identified as SMD Form U 
from the resemblance between the unit cell data ob­
tained photographically with those reported in the lit­
erature. 5 Confirmation of this assignment was obtained 
after the single crystal X-ray analysis had been per­
fonned, by calculating the XRD pattern and finding that 
it corresponded with that published for Fonn H. 5 A so­
lution made by mixing 0.05 g SMD in 6 cm3 CHJCN 
and 0.032 g aspirin in 1.5 cm:i CH 3CN and heating to 
323K with stirring for ten minutes yielded. after slow 
evaporation, yellow prismatic crystals of (2) the I : I 
SMD-aspirin complex. Preliminary unit cell data for 2 
differed from those reported for the starting materials, 
confirming that a compound had been fom1ed. The l: l 
complex stoichiometry was confinned by single crystal 
X-ray analysis. 

Single crystal X-ray analyses 

Analogous procedures were used for the crystal 
structure determinations. Preliminary unit cell dimen­
sions and space group data were obtained from preces­
sion photographs. Intensity data were collected on an 
Enraf-Nonius CAD4 diffractometer with MoKo:--radia­
tion (}. = 0.71069 A). Accurate cell parameters were 
detennined by the least-squares analysis of accurate set­
ting angles in the 0-range 16-17" _ Reflections in the 
0-range 1-25'' were collected by the w-20 scan mode 
using a variable scan speed depending on / and u(l) 

• with a maximum time of 40 s per reflection. A variable 
scan width w of {0,85 + 0.35 tan 0) 0 and a variable 
aperture width of ( l . 12 + l . 05 tan 0) mm were used. 
Intensity control was performed every hour and orien­
tation control every 200 measured reflections. Both data 
sets were corrected for Lp-effects and for absorption' 1 

using the program EAC of the Enraf-Nonius Structure 
Determination Package. 12 Data-collection par.arneters 
and details of structure refinements are listed in Table 
l. Intensity statistics indicated that PT is the correct 
space group for the complex 2. The structures were 
solved by direct methods using program SHELX86 13 and 

BNSDOCID: <XP __ B5032900A_I_,-

Caira 

Table l. Crystal data. details of da!a•collectlon and refinement 

1 2 

Fonnula C 11 H1"N,03S C ,.HI JN,O,S · CoHRO, 
M,Jg mol- 1 280.3 460.5 

a/A. 13.086(2) 8.102([) 
blft. 5.583(L) 12.033(1) 

di>. 17.222(3) !2.170(2) 

a/ 0 90.0 I I 1.67(1) 
{31• 99.98(!) 93. 77(1 l 
110 90.0 103.82(1) 
V!A 1 1239.2(4) 1055.0(3) 
z 4 2 
Space group P2 1/c Pf 

µ.(MoKa)/crn - i 2.59 l.94 
F(OOO) 584 480 
D,Jg cm-·' !.502 1.450 

Crystal size/mm 0.28 X 0.34 X 0.41 0.28 X 0.34 X 0.34 
Index mnge -15, 15; 0, 6; 0, -9, 9; -14, I4; 0, 

20 14 
Standard intensity 

variation/% +0.5 + 1.4 
Absortpion correc1ion 

factor range 0.9899. 1.0000 0.9934. 0.9992 
Reflections measured 25t9 3896 
Unique reflections 2064 3391 

R,., 0.015 0.033 
Observed reflections, 

I > 2u(/} 1905 2971 

LS variables 188 315 
Mean shift/error O.QI 0.01 
Weighting scheme [0'2( F,,Jl-1 {a"( F;,W' 
R 0.041 0.037 

R~ 0.041 0.038 
s 3.918 2.764 
Final ti.pie A -3, min, 

max --0.42, 0.27 -0.34, 0.20 

refined by full-matrix least-squares using SHELX7614 

and minimizing Ew(IF,,I - !kF,j)2. Al! H atoms were 
located in difference Fourier maps. Those attached to 0 
or N atoms were allowed to refine freely while the rest 
were added in idealized positions with C-H l.00 A. 
Anisotropic thermal parameters were employed for 
non-H atoms and common variable Uiso values were as­
signed to H atoms in different chemical groups. The lat­
ter refined in the ranges 0.046-0.090 A 2 and 0.054-
0.103 A 2 for l and 2, respectively. Complex neutral 
atomic scattering factors 15 were used. Program PARST16 

was used for geometrical calculations and PLUTO 17 for 
molecular drawings. Fractional atomic coordinates and 
equivalent isotropic thermal parameters (Ucq = (I/ 

3)E;'E1 Uuaf a/ a;· a1 ) for nonhydrogen atoms are listed 
in Tables 2 and 3. Hydrogen atom positions, U;i values, 
torsion angles and structure factor tables have been sub­
mitted to this joumaL 
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Molecular complexes of sulfonamides 697 

Table 2. Fmctional atomic coordinates ( x 10\ x 10~ for S) and Table 3. Continued 
equivalent isotropic thermal parameten. (Ai x 10·') with esd's in 

parentheses for l Atom xfa ylb ::.k u.,~ 
Atom :r:/a ylb z/c u.~ Ct8) 3779(3) 9253(2) 6664(2) 49(1) 

C(9) 4702(3) 10468(2) 7372(2) 42(1) 
S(I} 25849(5) I 5494(13) 53683(4) 32(0) COO) 5761{3) 10652(2) 8398(2) 39(1) 
O{l) 2719(1) -309(4> 5956(1) 4l(l) C(ll) 5323{4) 12623(2) 7795(3) 65(1) 
0{2) 2815([) 396!(4) 5618(1) 42(]) C(!2) 9642(3) 9713(2) 11990{2) 39(1) 
0{3) -929(2) 7023(5) 2829(2) 91(1) CO3) 9810(3) 8844(2} 12460(2) 42(1) 
N(I) 1366(2) 1251(5) 4966{1) 38(1) C(l4) !0914(3) 9184(3) 13510(2) 54(1) 
N(2) 1266(2) 4468(5) 4087{1) 45(1) C(l5) l l906(3) 10401(3) 14102(2) 60(1) 
N(3) -230(2) 2321(4) 4293(]} 36(1) C(l6) 11796(3) 11278[2) 13653(2) 52( I} 
Nt4) 5198(2) -813(5) 2997(2} 43(1) C(17} !0668(3) !0944(2) 12607(2) 46(1} 
CO) 3314(2) 862(5) 4639(1) 29( I) C(l8} 8400(3) 9374(2) 10887(2) 41 (I) 
C(2) 3182(2) - 1305(5) 4242(2) 35([) C(l9) 9230(3) 6832(2) 10946(2) 46(1) 
COJ 3802(2) -18:5!(5) 3695(2) 36(1) C(20) 7886(3) 5605(2} 10391(3) 58(1) 
C(4} 4581(2} -293(5) 3559(1 l 33(1} 
Ci5) 4718(2) 1858(5) 3970(2} 35(1) 
C(6) 4086(2) 244](5) 4506(2) 33{1) 
cm 783(2) 2775(5) 4425(2)' 33{1 l 

Bond lengths (A) with esd's in parentheses C{8) 655(2) 5834(6) 3570(2) 56(1) Table 4. 
C(9) -401(2) 5520(6) 3380(2} 48(1) 
C(IO) -820(2) 37 l4(6) 3759(2) 42(!) 1 2 
C(II) -1984(2) 6628(8) 2570(2) 63(1) 

S(l}-0(1) 1.439(2) 1.435(3) 
S{l)-O(2) L430(2) l.437(3) 
S(l)-N(I) ! .634(2) 1.641 (2) 

Results and discussion so;-C(l> i.746(2) I. 741(2) 
O(3)-C{9l 1.362(4) 1.349(4) 
O(3)-C{!I) 1.393(4) 1.424(3) 

Bond lengths and bond angles for 1 and 2 are I isted N(l)-C(7} 1.388(4) !.392(4) 

in Tables 4 and 5; hydrogen bond data appear in Table N(2)·--C(7) 1.326(4} l.329(3) 

6_ N(2)-C(8~ 1.329{4) !.327(4) 
N(3 ► -C(7) 1.330(4) 1.327(3) 
N(3)-C(10) 1.342(4) i.342(4} 
N(4)-C(4) 1.394{4) l .372(3) 
C{l)-C(Z> 1.386(4) 1.383(4)· 

Table 3. Fractional atomic coordinates ( x rn•) and equivalent C(l)·-C(6) l .389(4) 1.389(3) 
isotropic themial parameters (A~ x I 03

) with esd ·s in parentheses C(2)--C(3) 1.381(5) 1.373(3) 
for 2 C(3)-C(4l 1.390(4) 1.395(3) 

C(4)-C(5) 1.390(4} l.391{4) 
Atom xla y!b <.IC u.q C(5J-C(6) 1.38 l (5) 1.367(3) 

C(8)-C{9) 1.375{4) 1-379(3} 
SO) 4639(1) 6 !52( I} 7383( l} 41(0) C(9)-C{l0) l .367(5) l .382(4) 
On) 5298{2) 5604(1) 8117(2) 58(lJ 
0(2) 5398(2) 6082(2) 6334(2) 54(1) 
0(3} 4496(2} 11363(2) 7004(2) 63(1) 

Acety!sallcylic acid moiety in 2 0(4} 7540(2) 8323(1) 10275(2) 60(1) 
0{5) 8275{2) l0339(2) 10656(2) 53(!) 0(4)-C(l8) 1.206(2) 
0{6) 8774(2) 76l3(1) 119330} 46(1) O(5)-C(t8) 1.3!6(4) 
0(7) 10542{2) 7 i35(2) 10606(2) 69(1) O(6)-C(B) 1.394(2) 
N(l) 4967(2) 7608(2) 8311(2) 40(1) 0(6)-C(l9) 1.361(3) 
N(2) 3853(2) 8292(2) 6936(2) 42(1) 0(7)-C(!9) 1.191(3) 
N(3) 5859(2) 9694(2) 8688(2) 36(!) CO2)-·C( 13) 1.392(4) 
N(4) -2830(3) 3783(2) 5784(2) 55(1) C(l2)-C(l7) 1.399(3) 
C(l) 2413(3) 5522(2) 6949(2) 37(1) C(l:;!)-C(l8) 1.484(3) 
C(2) 1249{3) 5968(2) 7648(2) 43(1) C(13)-C(l4) 1.374(3) 
C(3) -485(3) 5384(2) 7267(2) 47(1) C(14)-C( 15) 1.376(4) 
C(4) -1096(3) 4349(2) 6181(2) 41(1) C(l5)-C(l6) 1.373(5) 
C(5) 99(3) 3893(2) 5508(2) 44(!) C(l6)-C(l7) 1.382(3) 
C(6) 1826(3) 4477(2) 5878(2) 43(1) C{!9)-C(20) 1.490{3} 
cm 4886(3) 8568(2) 7950(2) 34(1) 
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Table 5. Bond angles ( 0
) with esd's in parentheses 

2 2 

N(l)-S(1)-C(I) 106.7(1) !06.3{1) 0(3)-C(9}-C(8} 117.1(3) 117.6(2) 

O(2)-S(l)-C(I) 108. l(l) 108.6(1) C(8)-C(9)-C(IO) 116.8(3) 116.4(2} 

0(2)-S(l)-N(I} 111.3([} l 10.8(2) 0(3J-C(9)-C( 10) 126.2(3) 126.1(2) 
0( l)-S(I )-C( I) l09.4(1) I I0.5(1) N(3)-C( l0}-C(9) 121.6(3) 121.3(2) 

0(!)-S(l)-N(I) 102.5(]) 103.4(1) 
0(1)-S(l)-0(2) 118.3(1) 116.7{1) Acetylsalicylic acid moiety in 2 
C{9)-O(3}-C(l l) 118.7(3} 117.1(2) 
S(!}·-N(IJ-C(7) 127.2(2) 124. !(2) C(B)-O(6)-C( 19) 117.1(2) 

cm-N(2)-C<S> l 15.2(3) 115. 7(2) C( l 7)····C(l2}-C( 18) 120.1(2) 
C(7)-N(3)-C(I0} t 16.4(3) l 17.0(2) C(13)-C(l2J-C(l8) 122.1 (2) 
S(l)-C(l)-C(6) I 18.9(2) 116.8(2} C03)-CCl2J-C07) 117.8(2} 
S(l)-C(l)-C(2J 120.6(2) 123.1(2) 0(6)-C(l3)-C( 12) 121.3(2) 
C(2)-C( I }-C(6} 120.3(2) 119.9(2) C(!2)-C(l3J-C(l4) 121.4(3) 
C(l)-C(2)-C(3) 119.5(3) 119.6(2) 0(6)-C(l3}-C{l4) 117.1 (2) 
C(2)-C(3)-C(4) 120.8{3) !21.1{2) C{U)-C( 14)-C( 15) 119.7(3) 
N(4)·-C(4J-C(3) 121.1{2) 121.2(2) C{l4)-C( 151-C( 16) 120.4(2) 
C(3)-C(4)-C(5) 119.3(2) 118.4{2) C{l5)-C(l6)-C(l7) 120.0(2) 
N(4)-C(4)-C(5) l 19.6(2) 120.5(2) CO 2)-C(I 7)-C(l6J 120 6(2) 
C(4J-C(5J-C(6) 120.3(3) 120. 7(2) 0(5)-C{l8)-C(12) 113.6(2) 
C(t)-C(6)-C{5) 119.8(3) 120.2(2) 0(4)-C{ 18)-C( 12) 123.8(2) 
N(2)-C(7)- N(3) 126.7(3) 126.3(3) 0(4)-C(lS)--0(5) 122.6(2) 
N(l)-C(7)-N(3) 114.4(3) I 15.2(2) 0{6)-C(l9)-0(7} 122.3(2) 
N(l)-C{7)-N(2) I 18.9(3} l 18.5(2) O(7)-C(l9}-C(20) 126.9(3) 
N{2)-C(8)-C (9) 123.3(3) 123.4(2) 0(6)-C( l9)-C(20l J I0.9(2) 

Table 6. Hydrogen bond data with esd's in parentheses 

D-H· · ·A 

N(IJ-H(I)· · ·N(3)' 
N(4)-H{41)· · •N(4);' 
N(4)-H(42) · · ·0(1 )'" 

Compound l 

0.86(3) 
0.85(4) 
0_92(3) 

2.911{4) 
3.269(4) 
3.061(3) 

2.05(3) 
2.48(4) 
2.22(3) 

D-H· · ·A("l 

176(3) 
156(3) 
152(3) 

(i) = -x. -y. I - z; (ii)= l - x. - l/2 + y, l/2 - ;;; (iii)= l - x, -y, l - z 

O(5)-H(5l}· · ·N(3) 
N(IJ-H(ll· · ·0(4) 
N(4)-H(41)· · ·0(2}' 
N(4)-H(42)· · ·0(2)'' 
N(4)-H(42)- · ·N(2)" 

Compound 2 

0.86(3) 
0.92(2) 
0.91 (3) 
0.88(3) 
0.88(3) 

2.730(3) 
2.787(3) 
3.290(4) 
3.28!(4) 
3.230(3) 

1.87(3) 
1.87(2) 
2.48(3) 
2.72(3) 
2.38(2) 

178(3) 
178(2) 
149(2) 
123(2) 
162(3) 

(i) = - I + x, y, z; (ii) = -x. 1 ·- y. l - z 

Polymorphism of SMD 

The nomenclature used here to designate different 
polymorphs of SMD is that of Bettinetti et al. 5 The mo­
lecular confonnation adopted in l (SMD Fonn II) is 
shown in Fig. l . Bond lengths and bond angles for l 

BNSDOCID: <XP __ 55032900A_l_> 

(Tables 4 and 5) are generally in excellent agreement 
with those reported for SMD Forms I and HI. 10 The 
overall confonnation of l is described by the torsion 
angles r 1 C(6)-:-C(l}-S(l)-N(l) 130. 1(2)°. r2 

C(l)-S(l)-N(l)-C(7) 73.5(3)". and T3 

SO)-N( l)-C(7)-N(2) 11.6(4)"', which differ signif-
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Molecular com pl exes of sulfonamides 

Fig. L Confonnation of the SMD molecule in I, (SMD Form II}. 

icantly from those observed in the other known poly­
morphs of SMD. This is due to the different hydrogen 
bonding arrangements occurring in Forms I, II, and m. 
In each polymorph, SMD forms dirneric hydrogen 
bonded motifs (non-centrosymmetric in Fonn I, centro­
symmetric in Forms H and HI). These motifs, shown 
sche.maticaHy in Fig. 2, involve different combinations 
of N-H · · · 0 and N-H · · · N hydrogen bonds. lt has 
long been recognized that the tendency for sulfonamides 
to form polymorphs is due to the variety of hydrogen 
bonding possibilities afforded by the presence of the sul­
fonyl (S=O), amide (N -H) and pyrimidinyl (N) func­
tions.1 s, 19 The SMD dimer reported here for l contains 
two identical N - H · · · N hydrogen bonds and also oc­
curs in three solvates of SMD. 20 The crystal packing in 
1 is shown in Fig. 3. A distinctive feature for this poly­
morph is the formation of a hydrogen bond 
N(4)-H· · ·N(4') which links the amino groups of 
screw-related molecules. Repetition of this interaction 
by the 2 1-axis (parallel to the short unit cell b-axis) gen­
erates an infinite chain (· · ·N-H· · ·N-H· · ·) in 
which each N atom is both. hydrogen bond donor and 
acceptor. There is significant pyramidization at N(4) as 
a result of this interaction (Fig. ]). 

We have confirmed by X-ray powder diffractome­
try that the raw material used in our experiments is SMD 
Form L We have also noted that when this form is re­
crystallized from acetonitriie, the same fonn results. 
However, in attempting to prepare a complex between 
SMD and PAS in acetonitrile, no complexation oc­
curred and the unreacted SMD consisted of Form U, 
whose structure is described above. These observations 
do not explain the failure of SMD and PAS to complex 
under the conditions described, but it can be inferred 
that the presence of PAS induces crystallization of SM D 
Form U rather than Form L A possible explanation is 
that the growth of nuclei of Form I are inhibited by pref-

BNSDOGID: dP __ 55032900A_ __ L> 
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Fig, 2. Hydrogen bonded dimers in SMD poiymorphs. Top: Form 
!"': Middle; Fonn Il {presenl study), Bottom: Foim IIL '" 

Fig. J. !OlOJ projection of the structure of l showing principal hy­
drogen bonds (dashed lines). 
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erential surface adsorption of PAS, thus favoring the 
crystallization of a different polymorph. Further exper­
iments are necessary to confirm this hypothesis. Such a 
mechanism is likely, however, since Ebian et al.,9 who 
studied the effect of additives on the interconversion of 
SMD crystal forms, have shown that molecules which 
are structurally related to SMD (e.g .. p-arninobenzoic 
acid) retard the transfonnation of Form II to Fonn min 
aqueous suspension by their ability to fit onto growing 
sites on nuclei of Form UL Attempts are being made to 
obtain a complex between SMD and PAS using different 
conditions from those described above. 

Structure of the complex 2 

The structure of complex 2 is shown in Fig. 4. The 
carboxylic acid group of the aspirin molecule engages 
in complementary hydrogen bonding with the SMD 
amide group and pyrimidinyl N atom. This mode of 
complexation is identical to that previously reported for 
complexes of the related drug sulfadimidine with sub­
stituted aromatic acids, and in particular, with acetyl­
salicylic aci<l. 2 There are no significant changes in bond 
lengths and bond angles in SMD upon complexation 
(Tables 4 and 5). The torsion angles for SMD (defined 
above) in the complex are r 1 157.9(2) 0

, -r2 - 78.4(2)", 
and TJ. 28,9(3) 0

• Molecular parameters for the aspirin 
molecule are identical to those for aspirin in its I : I 
complex with suffadimidine~ and the carbonyl group of 
the -COOH function is again syn-planar to the acetoxy 
group. The intramolecu!ar N-H · · · 0 and N · · · H-0 
hydrogen bonds in 2 are identical in length to those in 
the sulfadimidine complex but are more linear in 2. Ta­
ble 6 lists these and other hydrogen bond data for 2. 

Fig. 4. Structure of !he complex 2. 

Caira 

Complexation by solid-solid reacrion 

Thus far, all of the l : l sulfonamide-aromatic car­
boxylic acid complexes reported in this series have been 
recovered from reactions occurring in solution. using 
either acetonitnle or ethanol as common solvent for the 
reacting components. However, we have recently ob­
tained evidence for complex formation on co-grinding 
the solid reactants in a t: l molar ratio. These results 
will be published shortly. 

Appendix 

Hydrogen atom positions. anisotropic thermal pa­
rameters, torsion angles and structure factor tables for: 
t 5·methoxysulfadiazine (polymorphic Form II) and 2 
I: l complex between 5-methoxysulfadiazine and ace­
tylsalicylic acid, 
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Selective Crystal Growth of the Anhydrous and Monohydrate Forms of 
Theophylline on Self-Asse1nbled Monolayers 
Jason R. Cox, Marta Dabros, Jeanne A. Shaffer, and Venkat R. Thalladi* 

Polymorphs and solvates of pharmaceuticals frequently 
exhibit differences in physicochemical properties such as 
bioavailability, comminution, and shelf life_[iJ The control of 
polymorphismf•I and pseudopolymorphisml3l is, therefore, 
critical to pharmaceutical formulation and distribution. l4l 

Classical methods for the screening and selective growth of 
polymorphs or pseudopolymorphs involve altering conditions 
such as the solvent, temperature, and rate of evaporation_l5J 

Crystallization, however, is often mediated by heterogeneous 
nucleation, which can occur on the surfaces of dust particles, 
glass vials, or other foreign templates.l61 It has long been held 
that crystal growth can be influenced by the structure of the 
nucleating surface.f7l Accordingly, Langmuir monolaycrs/81 

thiol self-assembled monolayers (SAMs),191 silane monolay­
ers,!101 single-crystal substrates,P 1l and polymer particlesil•l 
have been used in the growth of organic and inorganic 
crystalsY3l Herein, we report the effect of lhe hydrogen­
bonding ability of thiol SAMs on the crystal growth of the 
anhydrous and monohydrate forms of theophylline,114! a drug 
widely used as a bronchodiiator in asthma therapy. We show 
that the disparity in the number of hydrogen-bond donors and 
acceptors in theophylli.ne and the geometric complementarity 
at the growth interface are critical to the observed selectivity 
in the crystal growth. 

The monohydrate (space group P21/n) and anhydrous 
(space group Pna21) forms of theophylline crystallize con­
comitantlyPSJ from ethanol at 70 % relative humidityY6l 
Figures :l and 2 show the calculated and experimental mor­
phologies of the two forms. The thiol SAMs used in this work 
were fabricated on gold-coated glass slides by immersing the 
slides in ethanol solutions of w-functionalized alkanethiols.f171 

Hydrophobic SAMs were made from 1--dodecanethiol (1) and 
1-hexadecanethiol (2), and hydrophilic SAMs from 11-
mercaptoundecanol (3), 11-mercaptoundecanoic acid (4), 
and 16-mercaptohexadecanoic acid (5). 

Crystallizations were carried out in ethanol solution at 
20°C and approximately 70 % relative humidityY81 A nearly 

['<] J. R. Cox, M. Dabros, J. A. Shaffer, Prof. V. R. Thalladi 
Department of Chemistry and Biochemistry 
Worcester Polytechnic Institute 
Worcester, MA 01609 (USA) 
Fax: (+ 1) 50&-831-5933 
E-mail: thalladi@wpi.edu 

@ Supporting information for this article {characterization of the SA Ms 
by contact-angle goniometry, ellipsometry, grazing-angle IR spec­
troscopy, and cyclic voltammetry; characterization of the crystalline 
forms oftheophylline by ATR-iR spectroscopy, thermal methods 
(DSC and TGA), and powder X-ray diffraction; structural and epitaxial 
analysis) is available on the WWW under http://www.angewandte. 
org or from the author. 

a) c) {111°1 
{110 

{101} · . 

{020ri; · .•. ·••··· 
%{ ( 

Figure?, a) The chemical structure of theophylline. Morphologies of 
b) the anhydrous form and c} the rnonohydrale forrn oftheophylline 
calculated using the Sra11ais-Friedel--Donr.ay-H arker (BF0H) theory. 
Symmetry-independent faces are labeled. 

saturated ethanol solution of theophyUine was heated at 60 °C 
for 30 min to ensure complete dissolution. After cooling, the 
solution was transferred to vials containing SAM substrates 
and allowed to evaporate to yield crystals. All the experi­
ments were performed at least five times, and the results from 
the repeated trials were qualitatively similar. 

Substrates bearing hydrophilic SAM-3, SAM-4, or SA..l\.1-5 
selectively nucleated the anhydrous form of theophynlne. 
Figure 2 a shows the crystal growth on carboxy-termlnated 

Figure 2. Optical micrographs showing a) the selective growth of the 
anhydrous form of theophyHine on carboxy-terminaied SAM-4. and 
b) the growth of the monohydrate form on methyl-terminated SAM-2. 

SAM-4. We found that crystals of the monohydrate form of 
theophyUine grew on the inner surfaces of the glass vial 
containing SAM,04. Similar results were obtained with SAM-3 
and SAM -5. In the case of SAM-1 and SAM-2, crystals of the 
monohydrate grew on the SAMs, as well as on the surfaces of 
the glass vials. We note that the conditions· under which the 
crystale-growth experiments were performed were indistin­
guishable, save for the differences in the SAl\1s. These results 
suggest that SAl\11s with exposed hydrogen-bonding func­
tional groups act as templates for the selective growth of 
anhydrous lheophylline. In the absence of a SAM, under 
similar conditions, the crystallizations yielded both the 
monohydrate and the anhydrous forms, with the monohy­
drate being the predominant form. 

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. fnl Ed. 2007, 46, 1988-1991 
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Noting the int1uence of hydroxy and carboxy groups on 
the crystal growth, we evaluated the hydrogen-bonding 
characteristics of theophylline in both crysta1line forms. 
Theophylline has two acidic hydrogen-bond donors (the 
imidazole NH and =CH groups) and three acceptors (the two­
coordinate imidazole nitrogen atom and the two carbonyl 
oxygen atoms). Given that each carbonyl oxygen atom can act 
as an acceptor to two hydrogen bonds, there is a shortage of 
donors in the theophylline molecule. In the anhydrous 
crystalline form, the two donors interact with two acceptors, 
forming hydrogen-bonded bilayers (Figure 3). 'These bilayers 

,l} 

Figure J· The crystal structure of the anhydrous form of theophyiline.1161 

a) The hydrogen bonds around a single mo!ernle; the red and blue 
arrows indicate two distinct hydrogen bonds. b) A molecular bilay·er 
parallel to the be plane; C gray, H yellow, N blue, 0 red; the green 
dotted lines indicate hydrogen bonds. Note the presence of exposed 
non-hydrogen-bonded carbonyl groups at the (200) plane. 

are parallel to be plane and expose the third acceptor at (200). 
Figure lb shows that the {200) faces are among the largest on 
the crystals, and Figure 2 a shows that the crystals lie on the 
j200j faces on the SAM substrates. We tSUrmised that hydro­
gen-bond donors, such as hydrox')' and carboxy groups on 
SAMs, interact with the carbonyl acceptors exposed at the 
j200} faces of the crystal nuclei. These interactions lower the 
nucleation barrier and promote the selective crystallization of 
the anhydrous form, though it is thermodynamkaily less 
stable than the monohydrate form under the experimental 
conditionsP61 Powder X-·ray diffraction analysis of the crystals 
showed that the intensities of the (200) and re.lated higher­
index reflections are increased compared to those of other 
reflections (Figure 4), indicating that SAM-3, SAM-4, and 
SAM-5 nucleated the {200} faces of the anhydrous form. 

To test whether the geometry ( that is, the two-dimensional 
periodic structure) of the SAMs played any role in the 
observed selectivity in the crystal growth, we performed 
crystallizations of theophylline (under similar experimental 
conditions) using glass slides with exposed hydroxy groupsP9l 
Unlike hydrogen-bonding SAM-3, SAM-4, and SAM-5, the 
hydrophilic glass slides consistently yielded a concomitant 
mixture of the anhydrous and monohydrate crystalline forms. 
The hydroxy groups on the glass slides promoted the growth 
of the anhydrous form, but not as exclusively as SAM-3, 
SAM-4, and SAM-5. These results show that the geometry of 
the thiol SAMs enhances the selective growth of anhydrous 
form of theophylline. 

We evaluated the geometric complementarity between 
the SAMs and the crystal faces of both crystalline forms of 
theophyl!ine using the lattice-matching program EpiCalc,[201 

anhydrous 
calculated 

2e1 Q ....-.... 

monohydrate 
,;alculated 

experimamal 
grown on SAM-2 

J
monohydrnte 

__,LU ..... :J\..._,-...,N\,.J~ 
15 25 3.5 

2fJI~.........,.. 

Figure 4, Top: powder X-ray diffraction patterns of the anhydrous (left) 
and mono hydrate (right) forms of theophylline calculated from their 
crystal strudures.f' 61 Bottom: experimental powder X-ray diffraction 
patterns of the anhydrous form grown on SAM-5 (left) and the 
monohydrate form grown on SAM-2 {right). Note the differences in the 
relative intensities of various peaks, particularly those labeled, in the 
calculated and experimental patterns of the anhydrous form, 

All the SAMs used herein have the same two-dimensional 
lattice (a1 =a2 =4.97 A and a= 120°).1211 The program deter­
mines the lattice registry by rotating an overlayer lattice (b 1, 

b2, {J) on a substrate lattice (a;, t.l:!, a) through a series of 
azimuthal angles (0; see the Supporting Information, Fig­
ure S7). For each azimuthal angle, the program calc.ulates a 
dimensionless potential (VIV0 ), whose value depends on the 
type of epitaxy between the two lattices (Table S2). Analysis 
of the results shows that the {200), {201), {111}, and {011} faces 
of the anhydrous form, and only the {011) and {10ij faces of 
the monobydrate form exhibit ideal coincident epitaxy; other 
faces deviate from the ideal value of V!V

0 
= 0.50 (Table S3 in 

the Supporting Information). Of all the faces that show the 
ideal V!V0 value, the {200} faces of the anhydrous form have 
the smallest superce!l area; that is, these faces exhibit the best 
epitaxial match with the SAM substrates. 

Unlike in the anhydrous form, all the donors and accept­
ors in the monohydrate form of theophylline are involved in 
hydrogen bonding. The water molecule provides the missing 
hydrogen-bond donors; that is, there is no shortage of donors 
within the crystal structure of the monohydrate. In terms of 
geometric epitaxy, the {101} faces displayed the smallest 
supercell area (Table S3). Figure 5 shows that the molecules 
are arranged in a corrugated pattern at the (101) plane, such 
that =CH and CH3 groups are exposed. Hydrogen-bond 
acceptors are not easily accessible at this plane; that is, the 
{101} faces are less likely to be nucleated by hydrogen­
bonding SAM-3, SAM-4, and SAM-5. Further analysis 
showed that all the growth faces in the monohydrate display 
structural features (corrugated packing or inaccessible 
donors, Figure S9) that are not conducive to template­
induced nudeation by the hydrophilic SAMs. The exclusive 
growth of the monohydrate form on hydrophobic SAM-1 and 
SAM-2 is difficult to rationalize. As noted above, the (101) 
and other planes expose =CH and CH3 groups, which can 
interact favorably with CH3-terminated SAMs. In addition, 
the growth of the anhydrous form is probably hampered in the 
presence of hydrophobic SAMs, leading to the enhanced 
growth of the monohydrate form. Powder X-ray diffraction 

© 2007 Wiley-VCH Vedag GmbH &. Co. KGaA, Weinheim www.angewandte.org 
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Figure 5. The crystal structure of th€ monohydrate form of theophy!­
line.P61 a) The hydrogen bonds around a single molecule; the red, 
yellow, and blue arrows indicate three distinct hydrogen bonds. Note 
that all potential donors and acceptors participate in hydrogen bond• 
ing. b) The corrugated packing of the molecules; C gray, H yellow, 
N blue, 0 red; the green dotted lines indicate hydrogen bonds. Note 
the absence of exposed acceptors at the (l 01) interface. One of the 
hydrogen atoms of the water molecule is disordered. 

analysis showed that the relative intensities of the exper­
imental and calculated (with no preferred orient.at.ion of 
crystals) patterns are similar in the case of the monohydrate 
(Figure 4). This observation indicates that face-selective 
crystal growth does not occur in the case of the monohydrate. 
In other words, all faces of the crystals of the monohydrate 
form exhibit similar growth rates on hydrophobic surfaces. 

We showed that hydrogen-bonding SAMs act as templates 
for the selective growth of the thermodynamically less stable 
anhydrous form of theophylline. We believe that several 
properties inherent to the anhydrous form led to this 
selectivity: an imbalance in the numbers of hydrogen-bond 
donors and acceptors, a layered arrangement of molecules 
that exposes the excess acceptors at the largest growing faces, 
and a serendipitous coincident epitaxy with the hydrophilic 
SAMs. Polymorph selection by surface templates is currently 
in the discovery phase. We hope that our work and the recent 
work by others will enable future research in this area to enter 
the design phase, where templates can be created for the 
growth of a desired polymorph. We discovered a previously 
unidentified or unnoted problem in the surface-induced 
crystallization of polymorphs: the growth of unwanted 
polymorphs on adventitious templates. Crystalhzations are 
typically performed in a container, and the surface of the 
container is always a potential nucleation site for polymorphs. 
We are currently exploring several approaches to minimize or 
eliminate this problem of polymorph growth on surfaces other 
than the desired templates. 
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ABSTRACT: Mebendazole (MBZ) is a common benzimidazole anthelmintic that exists in 
thrne different polymorphic forms, A, B, and C. Polymorph C is the pharmaceutically 
preferred form due to its adequated aqueous solubility. No single crystal structure 
determinations depicting the nature of the ci.-ystal packing and mokcufar conformation 
and geometry have been performed on this compound. The crystal structure of meben­
dazole form C is resolved for the first time. Mebendazole form C crystallizes in the 
t.ridini.c cenl;i·osymmetric spac1~ group and this drug is practically planar, since the least­
squares methyl benzimidazolylcarba:mate plane is much fitted on the forming atoms. 
However, the benzoyl group is twisted hy 31(1)" from the henzimidazole ring, likewise 
the torsional angle between the benzene and carbonyl moieties is 27(1)°. The formerly 
described bends and other inl.;eresting i.ntramoleculm· geometry foatLu'es were viewed as 
consequence of i.he intermolecular contacts occurring within mebnndazole C s(:ru.ct.ure. 
Among these features, a conjugation decreasing through the imine nitrogen atom of the 
benzimidazole core and a furthm· resonance path crossing the carbumate one were 
described. At last, the X-ray powder diffractogrnm of a form C rich mebendazole mixture 
was overlaid to i;he calcu.lal:ed one wit.h the mebendazole crystal structure.@ 2008 Wiley­
L'iss, Inc. and the American Phaxmadsts Association J Phann Sci 98:2336-2344, 2009 
Keywords: crystallography; crystal structure; polymorphism; crystallization; X-ray 
powder diffrad:mm~try; mebe.ndazol.e; polymorph C; benzi.midazole dedvati.vi~; nnthol­
rni.ntic drugs 
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Mebendazole [ (5-benzoy 1-lH-benzimidazole-2-yl)­
carbamic acid methyl ester, MBZ] is a potent, 
orally active, broad-spectrum anthelmintic which 
is intensively used in the treatnient of ascariasis, 
uncinariasis, oxyuriasis, and trichuriasis. As with 
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other benziroidazole anthelrnintics, MBZ primary 
mechanism of action is consistent with tubulin 
binding. 

lv.IBZ belongs to class II of the biopharmaceutics 
classification systems (BCS), polymorphism i;,tu~ 
dies being then essential for this compound. 
Several authors have investigated the polymorph­
ism and physical stability ofMBZ solid phases. 1

·-
3 

Three polymorphic forms (A, B, and C) disp]ayi.ng 
significantly different solubilities and therapeutic 
effects have been identified and characterized:1•

5 

Diverse techniques have been applied to feature 
particular polymorphic forms in samples, infrared 
spectroscopy being the most commonly used 
method in the literature to identify MBZ solid 
state phases, whereas X-ray powder diffraction is 
preforred to quantify MBZ polymorphic mixtures 
and reforences.:.,e,7 

Even though some discrepancies are reported in 
the literature concerning the relative solubility of 
forms Band C, all the authors agree that form A is 
the most abundant and stable and then the least 
soluble one.1 ·5 Thus, form C is pharmaceutically 
preferred since its solubility is enough to ensure 
optimal bioavailahility without exhibiting the 
toxidty associated to form B.'3•

8 ,rJ Furthermore, 
it was determined that at least 30% of form A in 
the formulation is enough to suppress the desir­
able pharmacological activity, rn,n thus indicating 
the high polymorphism dependence of the anthel­
mintic efficacy of MBZ. 

Regarding physical properties, the three poly­
morphs have been mainly studied in relation to their 
therroru stability and dissolution behavior in several 
solvents. In addition, some MBZ solvates deter­
mined by single crystal X-ray diffraction have been 
reported. Mebendazole hydrobromide was found to 
crystallize in a monoclinic space group, P21/c,12 

whereas recrystallization of :MBZ in propionic acid 
yields a 1: 1 molecular complex crystaHizing in the 
noncentrosymmetri.c tridinic space group, Pl.13 

Complete crystal structure data of IyIBZ poly­
morphs are not found in the literature because 
single crystals seem to be hard to obtain. In an 
attempt to obtain adequate crystals for single 
crystal X-ray diffraction we have recently 
reported a new stable salt, mebendazole hydro­
chloride which was also fully characterized by 
structural, vibrational and thermal analysis. 14 

In the present work we report the crystal 
strncture solved by single crystal X-ray diffraction 
of .MBZ C, which was obtained by recrystallfaation 
of the commercially available corresponding 
polymorph. f<'inaHy, the elucidation of the crystal 
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structure of MBZ form C can contribute to 
approach the crystal structures of forms A and 
B, that still remain unknown, and the structure­
property relationships of lVIBZ will be stated. 

EXPERIMENT Al 

Materials and Preparation of MBZ Polymorph C 

Polymorph C single crystals were obtained by 
recrystallization of microcrystalline MBZ C from 
methanol at 15"0, The r:nethanolic solution (20 mg 
MBZ C in 100 mL) was let to stand in the dark for 
about 1/5 days until extremely thin, colorless 
prismatic crystals suitable for sing-le crystal X-ray 
analysis were obtained. Howeve1·, the crystals 
seem to be twinned by optical microscopy, due to 
the individual thin plates g.rowing nearly. After 
the crystal structure solving, this mebendazole C 
behavior was related to its characteristic crystal 
packing. The mebendazole polymorph A was 
prepared from a glacial acetic add solution 
acco:rding to a recrystallization protocol described 
in the Hterature.3 All used chemicals were of 
analytical grade. Concerning the X~ray powder 
diffraction analyses, the used samples, a raw 
material which is an MBZ form C rich mixture and 
a polymorph A sample, were obtained from the 
Institute Nacional de Controle de Qua1ida<le em 
Sa(1de, Funda¢o Oswaldo Cruz (FIOCRUZ, 
Manguinhos, Rio de ,Janeiro, Brazil), and from 
the Funda~ao Ezequiel Dias (FUNED, Gameleira, 
Belo Horizonte, Brazil), respectively. Both J\,IBZ 
materials are certiflt.1d as reference standard 
chemicals by the drug manufacturers. Never­
theless, the X-ray powder diffractograms of these 
samples were previously compared to that 
reported in the literature for the different MBZ 
polymorphs in order to ensure the expected 
contents. 

Single Crystal X-Ray Diffraction Experiment 

RecrystaJlizations of raw mebendazole (MBZ) in 
meth anolic solution yielded a crystalline material, 
from which a well~shaped dear single crystal was 
selected for the X-ray diffraction experiment. 
Intensity data were coJlected at low temperature 
(150(2) K) kept by a cryogenic device (Oxford 
Cryosystem) and with graph\te monochrornated 
Mo Ko.: radiation (;l = 0. 71073 A), using the Rnraf­
Nonius Kappa-CCD diffractometer. The cell 
refinements were performed using the software 
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Collect15 and Sca1epack, 16 and the final cell 
parameters were obtained on all reflections. Data 
for MBZ were measured up to 50.900 in 20, totaling 
4498 Bragg reflections. Data reduction was 
carried out using the software Denzo-SMN and 
Scalepack15 and XdisplayF for visual representa­
tion of data. A negli_;iible absorption coefficient of 
0.103 nun··1 was observed, Although the Interna­
tional Union of Crystallography (IUCr) states that 
there is no need of absorption correction if the 
product flX, where µ is the absorption coefficient 
value (0.103 mm·· 1) andx is the medial crystal size 
(0.10 mm for the measuredMBZ crystal, Tah. 1), is 
below 0 .1, 17 trial refinements were employed 
considering this procedure. However, significant 
statistica1 .improvements were not obtained and 
we have preferred to comply with IUCr recorn­
mendations, ruling out the absorption correction 
since the product µ.,x was 0.0103 for the experi• 
mented mebendazole C crystal. 

The structure was solved using SHELXS-9718 

and refined using SHELXL-97 software.19 The C, 
N, and O atoms were clearly solved and full­
matrix least-squares refinement of these atoms 
with anisotropic thermal parameters was 
carried out. The G--H hydrogen atoms were 
positioned stereochemically and were refined 

with fixed individual clisplaceme:nt parameters 
[UisoCH) =, 1.2U(lq(C;P) or l.5Ueq(C;r>)J using a 
ridin~ model with aromati.c C-H pond kmgth of 
0.95 A and methyl C--H one of 0. 98 A. The amine H 
atoms were located by difference Fourier analysis 
and were set as isotropic (U,80(H) "' 1.2U,.q(N)). 
Wherefore, the positional parameters of these H 
atoms were not constrained during refinements. 
An attempt was made to cousider the twinning 
with the ROTAX procedure, which is able to 
identify possible twin laws using trends in the 
indices of the poorly agreeing data group wherein 
the observed structure :factor values are quite 
gTeater than the cakulated ones.2° The twin 
orientation matrix and the refined twin ratio 
(defined as the fractional contribution of each twin 
component) allowing the structure solving are 
found to be (100, 1,-1,0, 1,0,--1) and 0.17, 
respectively. 

'rable l presents a summa1-y of data and 
structure refinement that was prepared with 
WinGX (version 1.70.01).2

t ORTEP-322 and 
M.E.RCURY23 were also used in order to prepare 
the crystal data for publication, as well as the 
MOGUL,22 a useful program to check the mole­
cular conformation and geometry. This last tool 
performs substructure searches for chemicals 

Table 1. Crystal Data and Structure Refinement for Mebendazole (MBZ) 

Empirical formula 
Formula w0igM 
Temperature (K) 
Wavelength (A) 
Crystal zystem 
Space group 
Unit cell dimensions 

Volume (A.3) 
z 
Density (calculated) (Mg/ma) 
Absorption coefficient (mm -1) 

F(OOO) 
Crystal size (mm) 
0-Range for data acquisition n 
Index ranges 
Reflections collected 
Indep1:mdent reflections 
Completeness to 0=25.45'' 
Refinement method 
Data/reskaints/parameters 
Goodness-of-fit on ~ 
Final .R for l > 2a(I) 
R for all data 
Largest diff. peak and hole (e.A - 3) 

JOURNAL OF i-'HARMAO:UliCAL SCENGS, VOL 'lit NO_ 7, JULY 200"l 
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CrnH1sNsOs 
295.29 
150(2) 
0.71073 
Triclinic 
P-1 
a= 5.1480{9) A, b = 7.8779(15) A, c = 17.907(3) A, 

a= 82.425(6)◊, /3= 82.743(7)°, v= 71.091(13)0 

678.3(2) 
2 
1..446 
0.103 
::J08 
0.25 X 0. J.0 X 0,05 
4.20-25.45 
-- 6 sh.$ 5, --·9 s k :S 9, ·· 21 :S l :S 21 
4498 
2434 [R(int) = 0.1502J 
96.7% 
:Full-matrix least-squares 011 F 2 

2434/0/20? 
1.348 
Rl=O.1325 
wR2=O.4O89 
0.281 and -0.373 
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deposited at Camhridge Crystallographic .Data 
Centre (CCDC)23 that are composed of moieties 
similar to those of the query compound inputted 
either manually or by at1other computer software 
via an instruction-file interface. 

The crystallographic information file (CIF) 
loading the data sets (excluding the structure 
factors) for :MBZ form C has bee.n deposited with 
the Cambridge Structural Data Base under 
deposit code CCDC 690724 (copies of these data 
may be obtained free of charge from The Director, 
CCDC, 12 Union Road, Cambridge CB21EZ, UK, 
fax: +44-123-:336-033; e-mail: deposit@ccdc.cam. 
ac.uk or http:www.ccdc.cam.ac.uk). 

X-Ray Powder Diffraction (XRPO) Matching 

The X-ray patterns of the mebendazole raw 
m.ab.:,dal, a form C rich mixture of polymorphs A 
and C, and form A were recorded at room 
temperature (293 K) on a Riga-ku Denki diffract­
ometer using Cu Ka radiation(),,'"'' 1.5418.A), 50 kV 
and 400 mA genera.tor settings, RIN'I'2000 wide 
angle goniometer and continuous scan mode. The 
samples were finely ground, mounted on a grooved 
glass slide employed as sample holder and exposed 
to the X-tay beam with scan .speed 1. 000 "/min, 
sampling width 0.020", scan axis 0 ... 2(·), 20 range 
3-40°. It is key to highlight that polymorphfo 
transformations surely did not occur due to 
grinding procedure and that significant particle­
size effects were not observed in the powder 
diffraetion patterns; the measured diffractof,>rams 
of a form A sample and raw materia! are in good 
agreement with those reported in the literature,3 

l<'urthermore, there is a need of a simple care not to 
introdtwe a preferred orientation of.MBZ crystals. 3 

The experimental X-ray powder diffraction 
CXRPD) patterns of mebendazole raw material 
and polymorph A were indexed with the data base 
PDF-2 Release 2006 (International Center for 
Diffraction Data@-ICDD), entries number00-039-
1606, 00-037-1627, and 00-034-1570 utilizing the 
program M.A..TCH! a software for phase identifica­
tion from X-ray powder diffraction data. 24 

The theoretical XRPD peak positions were 
simulated wi.th .MERCURY25 inputting the .MBZ 
CIF file created after the structure refinement has 
been 6.naJized. The u.nit cell parameters from the 
single crystal structure were slightly adjusted with 
the use of PowderCell software, w in an attempt to 
avoid bias dttE! to the fa,,mperature discrepancy 
between the experimental powder analysis (room 
temperature) and single crystal measurements 
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Figure 1. The ORTEP view of MBZ. Ellipsoids reprfil• 
sent 50% probability level and an atom labeling scheme 
ls arbitrarily adopted. 'I'he hydrogen atoms are shown 
as spheres of arbitrary radii. 

(150 K). Afterwards, the subtly shifted X-ray 
diffraction peak positions from the crystal struc­
ture were then used for comparisons with the 
experimental X-ray powder diffradogra.ms, which 
were also performed with PowderCell. 26 

RESULTS AND DISCUSSION 

The asymmetric unit of MBZ is depicted in 
Figure 1, an ORTEP-3 view.27 Among aH the 
likely taumedc forms lllustrated in Figure 2 for 
MBZ, it was concluded by XRD analysis that 
tautomer 1IBZ1 is predominant in the crystalline 
state. Such specific tautomer plays a decisive role 
in the crystal packing due to its intermolecular 
hydrogen bond pattern. As it can be seen in 
Table 2, where the details of the classical and 
nonclassical hydrogen-bond contacts in the net­
work of M.BZ are presented, and F'.igure 3 
exhibiting the solid-stah~ packing representation 
of MBZ onto the plane (12 8), a strong inter­
molecular hydrogen bond involving the atoms 
N(l)-H(l)• • -N(2) contacts two inversely related 
molecules in the lattice to form a dimer in which 
the nitrogen atom of the carbamate moiety is the 
hydrogen donor and tho imine nitrogen one of the 
benzimidazole group is the acceptor. Into this 
same plane, the dimers are bonded to each Qt.her 
by a weak nonclassica.l hydrogen bond involving 
the atoms C(6)-H(6)· • •0(2), which gives rise to 
the infinite one-dimensional chains along the 
[2,-l,-3J direction (Tab. 2). These chains form 
stacked plane layers that explain the crystal 
morphology in agg1·egated thin plates and the 
tendency for the lattice twlnn.ing. Furthermore, 
the crystal structure solving and the final .R 
factors of the refinement w~ire just possible if a 
twinned structure model is taken, as it was 
described in the FJxperimental part. 'l'he previous 
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Figure 2. Tautomers ofl\IBZ. The XRD structural determination has proved to be the 
tautomeric form MBZl present in the polymorph C crystal. 

contact is shown in .Figure 4, together with the 
nondassical C(l)---H(lC), • -0(3) H~bond connect­
ing the 3.5 A distanced parallel layers (Pig. 5). 
Another important interaction between two mole­
cules of adjacent layers is the charge transfer from 
e1€Ctron-rich C(6) carbon atom of the benzimida­
zolyl group to the electronically depleted C(2) one 
of the carharnate moiety. A key observation 
provides evidence for this contact and its impor­
tance for crystal packing: the geometry of the sp2 

-

hybridized C(6) carbon atom is partially tetra­
hedral as result of the intermolecular bond 
formation between C(2) and C(6), which can be 
affi1·med accounting the marked contraction of the 
valence angle C(5)-C(6)-C(7) (115.4(7)"). An 

Table 2. Hydrogen-Bonding Geometry (A, 0
) for MBZ 

D-H---A D--H 

N(3)--HG3)- - -0(2) 0.82(9) 
N(l)-H(l)• · -N(2)'' 0.81(7) 
C<6}--H{6)· · -0(2)" 0.95 
C(l)-H(lC)· - -0(3)" 0.98 

expected corresponding value for a perfect trigo­
nal geometry is 120(2)0

, as it was found by 
MOGUL analysis of 1160 hits in CSD. 

The 0(2) oxygen atom also acts as an intramo­
lecular hydrogen acceptor from the amine N(3)­
H(3) group present in the benzimidazo1e core 
(Tab. 2, Fig. 3). The classical moderate N(3)­
H(3)· -•0(2) hydrogen bond closes a chelating six­
membered system composed by 0(2)-C(2)-N(l)­
C(3)-N(a)-H(3) atoms. •rhe highest deviation 
from the least-squares plane passing through 
the six cyclic atoms above mentioned is 0.11(3) A 
for H(3) (root mean square deviation (r.m.s.d.) of 
fitted atoms is 0.0636 A), showing that such 
system is appreciab.ly planar. However, since the 

H- ··A D-··A 0.--H···A 

2.31(7) 2.720(9) 112(6) 

2.09(7) 2.877(9) 165(6) 
2.51 3.35(1) 147 
2.70 3.56(1) 147 

The symbols '11" and "A" mean hydrogen donor and aixeprm:, respe<:tively. 
~symmetry: -x, 1-.Y, -z. 
(,Symmetry: 2---x, --y, --z. 
"Symmetry: .l ··· x, ---y, --z. 
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CRYSTAL STRUCTURE OF MEBENDAZOLE POLYM:ORPH C 2341 

Jt, 
L 

Figure 3. MBZ dimer projected onto the plane (12 3) 
showing the s!;rnng inter-mok>eular N(l).-H(l)· · -N(2) 
hydrogen bond connecting the molecules, likewise the 
moderate intramdecular N(3).-H(3)·. -0(2) ii1tera.ction 
can be evidenced. Double dotted lines illustrate the 
hydrogen bimds. The H-atoms involved in the hydrogen 
bonds are shown as spheres of arbitrary radii. Symme­
try code: (i) -x; 1 - y; -z. 

noncovalent interaction between the amine and 
carbonyl groups is not strong (N(3)· • -0(2) sepa1·9;,­
t:ion and the N(3}-I1(3)· • •0(2) angle are 2. 720(9) A 
and 112(6)'", respectively), a planarity decrease 
was already expected in a chelating ring wherein 
an amine sp3-hybridized nitrogen atom, the N(3), 
is present. The highest deviation from the least• 
squares plane fitted on this cycle for H(3) 
hydrogen atom reveals that the geometry of the 
nitrogen atom bonded to it, N(3), lies between 
trigonal-planar and trigonal-pyramidal, distort­
ing slightly the planarity of the intra.molecularly 
hydrogen bonded system. Purthermore, this 
chelating system is also weakened because the 
intermolecular C(6)-H(6)· · -0(2) hydrogen bond­
ing contributes to take the carbonyl 0(2) o:irygen 
atom away from the sh-membered moiety. 

a O(J1i''•• t-c 

•,, H(1C) 

(61' 
r, 

~ 

'.rhe carbonyl group of the be:nzoy.l moiety is 
twisted from the benz:imidazole plane, which can 
be :noted by looking at the C(7)-C(8)-C(10)-0(3) 
torsional angle value, 31(1Y, a value that is 
significantly greater than expected for a perfectly 
conjugated "TT-system, about 0''. Similarly, the 
carbonyl group is noncoplanar with the phenyl 
ring, since the dihedral angle C(12) .... c(11) ... .C(10)·­
O(3) measures 27(1Y' instead 00, an approximate 
vaiue that is required to consider them as 
coplanar. Strengthening the statement concern­
ing the absence of planarity between the carbonyl 
bridge and the two cyclic systems bonded to it, the 
0(3) oxygen a.tom deviates 0.60(1) and 0.61(1) A 
from the least-squares benzimidazole and phenyl 
planes, respectively. 'l1herefore, there are no 
resonance effects between the C(l0):,::O(3) carbo­
nyl and benzimidazolyl groups, likewise this 
carbonyl motif is not conjugated with the phenyl 
one. A cause for these interesting conformational 
features is in the occurrence of the intermolecular 
C(l)-H(lC)· • ,0(3) hydrogen bonding that bends 
the 0(3) oxygen atom to accept the donated 
hydrogen by the side chain methyl group of a 
ac\iacent moleeule packed along the layer over• 
lapping direction [12 3]. Indeed, the C(l0),"O(3) 
carbonyl twisting is a consequence of the C(l)­
H(lC) hydrogen donor pulling the 0(3) oxygen 
atom to optimize the hydrogen bond orientation. 

The determined intramolecular geometry of 
compound JMBZ was analyzed using MOGUL,22 

and all bond angles and distances are in agree­
ment with what is expected for good structural 
solving and refinement. However, the MOGUL 
evaluation showed some notable deviations from 
the expected values for intramolecular bond 
distances that can be .rationalized taking in 

~ C(1)' 

H("!C); 
Q.,, 

,❖ .. , 0(3) 

%~1..--=C'-.)J .. /t::t'-.:.-......r-,~ 

,. 

0 

~ 

Figure 4. Weak nonclassical hydrogen bonds contributing to MBZ crystal packing 
along the directions [12 3] (symmetry operator: (i) 1-x; -y; -z) and [2,-1,-81 (sym­
met~t"Y operator: (ii) 2 - x; •"-y; --•z). Double dotted lines represent the intermolecular 
hydrogen bonds. The H-atoms involved in the hydrogen bonds are shown as spheres of 
arbitrary radii, 
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Figure 5. Mebendazole layers separated by 3.5 A in 
t.he polymorph C crystal packing. 

account the influence of the intermolecular 
contacts on the MBZ electronic properties. rrhe 
N(2) nitrogen atom accepting hydrogen in the 
strong intermolecular N(l)-H(l)· · -N(2) interac­
tion has its free electron pair hindered to be 
donated to the C(4) carbon atom in a resonance 
path passing through the benzimidazole ring, 
once these two electrons are directly implicated in 
the hydrogen acceptance from the amide N(l)­
H(l) group. So, the conjugation is decreased 
through the N(2) nitrogen and carbon atoms 
bonded to it, C(3) and C(4). The detached double 

] 
n:ir;---··········"'>······ 

bond chaTader of the N(2)=C(3) binding (1.30(1) 
A) and the N(2)-C(4) one (L42(1) A)· with an 
enhanced single bond feature have allowed us to 
get this insight, since the N(2)::=-C(3) distance is 
markedly shorter than the average value in query, 
1.33(2), and the single bond .ti(2)---C(4) ls longer 
than the measurement 1.39(2) A averaged on 12(i6 
.MBZ-like compounds returned by MOGUL sur­
veys in the Cambridge Structural Database 
(CSD).23 In Figure 6, a MOGUL histogram 
exhibits the comparison of the N(2)-C(4) single 
bond distance with equivalent N--C bond lengths 
of MBZ-like structures deposited in the CSD. In 
an opposed behavior, the mono-substituted amide 
NO) nitrogen has a tendency to conjugate the free 
electrons since this atom if; a hydrogen don.or in 
the N(l)--•H(l), • -N(2) intermolecular interaction. 
In this way, a further conjugated system occurs 
through the carbamate moiety, which was 
revealed by the double bond feature of the single 
N(l)-C(2} bond that is shortened in MBZ (1.33(1) 
A compa;ed to a MOGUL mean value of L37(2) A). 

Regarding the poJymorphism of MBZ, at least 
three true polyn,orphs are known to exist, that is, 
c1ystalline forms A, B, and C. 4,

7 In this context, we 
have analyzed samples of purified form A and 
polymorph C rich mixture by X-.ray powder 
diffraction (XRPD) at room temperature to 

Figure 6. Histogram comparing the N(2)--C(4) bond length ofMBZ with the equiva­
lent', distances of rBsembled compounds found in CSD. 
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Figure 7. Comparison among the X-ray powder peak 
positions from MBZ single crystal structure (wirtical 
bars) and diffractograms (full line) of a form C rich 
mb,ture containing the mebenda:1.ole polymorphs A 
and C (a) and raw mehendazole polymorph A (b). The 
aslerisks represent the most intense Brn:gg reflections 
of phase A that appear in the form C rich mixture. 

identify which one was determined using single 
crystal X-ray diffraction. After the structure 
rnfinen1ent end, an MBZ CIF file was then 
generated. From this file, the theoretical 
XRPD peak positions were simulated with 
MERCURY.23 They were compared with the 
experimental diffractograms of: (a) a mixture of 
MB Z forms A and C containing the polymorph C in 
higher proportion CF'lg. 7a), and (b) a pure 
polymorph A sample (Fig. 7b). AH simulated 
diffraction peaks were overlaid to those of the 
form C .rich mixture diffractogram. Just two Bragg 
reflections detected in the mixture XRPD profile 
were absent in the theonitical diffraetogrrun. 
These diffraction peaks are the most intense ones 
of phase A (asterisk marked). It is important to 
emphasize that MBZ crystal transformations do 
not occur at low temperatures3 and therefore the 
calculated XRPD peak positions have been fitted 
with PowderCell program~6 by adjusting the 
crystallographic unit cell parameters. With this 
procedure, peak position discrepandes potentially 
caused by temperature difforences (crystal struc­
ture diffractogram is at 150 K and the experi­
mental measurements are at 293 K) are avoided. 
Concluding, the XRPD profile n1.atchillg has 
assigned the MBZ single crystal stl'ucture del:er­
mined here to be the pharmaceutically preferred 
form C. 

001 1 0. 1 002/jps 

CONCLUSIONS 

'l'he crystal structure of mehendazole polyn:1-0rph 
C was deter.mined for the first time in this work, 
resulting in a complete characterization of intra­
and inter-molecular geometries. In the solid state 
of mebendazole form C, the featured tautomer 
shows an intermolecular contact pattern with 
nonclassical and classical hydrogen bonds, includ­
ing a strong hydrogen bond involving the amide 
and .imine groups of the carbamate and benzirni­
dazole moieties, .respectively. Such intermolecular. 
interaction connects two inversely related mole­
cules to form dimers that are repeated infinitely 
into layers hydrogen bonded by the methyl group 
and carbonyl one of the henzoyl port.ion. Further­
more, the supramolecular assfJmbly noncovalent 
bonds have influenced the mebendazole C electro­
nic properties and structure conformation. The 
availability of this full crystallographic analysis 
let us to go deeper into the vibrational-structural 
relationship of MBZ C. Additionally, a more 
reliable assignment of the IR and Raman spectra 
is currently on progress. 
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1163. The Crystal and Molecular Structure of Aapirin. 

By P. J. WHEATLEY. 

The crystal structure of aspirin (acetylsalicylic acid) has been detennined 
by three-dimensional X-ray diffraction methods. The crystals are monoclinic, 
space gronpP21/c. with a= ll·446, b = fN596~ c = 11•388 A, 13 = 95° 33". The 
final parameters were obtained by a least~squares refinement of 2055 intensities 
collected with a. Hilger-Watts linear diff:ra.ctometer. The eight h.ydrogena.tOn:lS 
wer,e located from a three-dimensional difference synthesis and included in the 
refinement. The tinalR factor, including 287 planes of zero intensity, was 10· 8 % • 

THE crystal structure of aspirin (I) has not previously been determined, although it is known 
that a number of attempts have been made.1 This investigation was undertaken to provide 

(I) 

adequate structural knowledgE;i which might form a basis for an interpretation of the mode 
of operation of this remarkable drug. 

Expsrim1mial.-C9He0,1. M = 180·2. Monoclinic. a= ll·446 ± 0·013, b = EH596 ± 0·006, 
c = 11·388 ± 0·009 A, f3, = 95° 33' ± 2'. U.= 865·'7 As. Drn = 1·40. Z""' 4. D., = 1·398. F(OOO) = 
378. Space group P21/o (Cm/\ No. 14}. 

Excellent crystals (m. p. 143°) can be obtained :from many common organic solvents with (b] 
as the axis of elongation. Those used in the present analysis were grown from benzene. The ccU 
dimensions, obtained :from oscillation photographs (Cu-Ktt, j\ = 1·5418 A), yield the axial ratio: 
a: b:c:: 1·75.33: 1: 1·7265, ~ = 95° 33', They may be compared with the optical results of Niini: a 
a:b:c:: 1·7322: 1: 1•7322, ~ = 95° 42·l>", and with those of Nitta. and Watanabe obtained by 
X-ra.ys: 3 a= 11·37, b = 6·54-; c = 11·37 kX, a: b :c:: 1·7385: 1: 1•7385, (3 = 95° 27'. 

Thein tensities were collected round [b] with Mo~K« radiation on aHilger-Wa tts linea.r<liffracto-

1 Private communication from Dr. J .. H. Robertson. 
2 R. Niln.i, Z. Krist,. 1031, 79, 532. 
a I. Nitta and T. 'Watanabe, Sci. Papers lnsf. Phys. Chem. Res. (Tokyo), 1937, 81, 126. 
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meter equipped with SrO-ZrOa balanced. filters:' On the Ji01-h2l layers, ea.ch reflexion was 
measured three times, and on h31-h.9J five times, with each filter. The h0l-J.5l intensities were 
collected with a 3"\ and th.e li6t--h9l with a 4/' osciUa.tion angle. About thirty reflexions had to be 
hand-measured. For these, a 4° oscillation was used. The maximum recording angle was 6 = 30°. 
A ·half-minute motor was used. The scale of the intensities so obtained was such tb.at. when 
corrected for Lorentz and polarization factors:, the resulting observed structure factors were on a 
scale slightly greater than absolute, In these circumstances it was ielt justified to include all 
planes with the actual correeted count obtained, except when such a count was negative, in which 
case the reflexion was allotted zero intensity. In this manner 20155 independent reflexions (ex­
cluding OkO) were obtained, of which. 267 {13%) were zero. The analysis is based on these 2050 
planes, and all values of R and R' include the zero refl.ex:ions. · · 

The structure was solved from a sharpened three~dimensional Patterson synthesis, The 

TABLl,; 1. 

Final atomic co-ordinates in. A. Standard deviations are given as units in the. last place. 

Atom X y z 

T 
0•1209 (27J 1•237'1 (28~ 1·1004 (28) 

0 2) 1·3764 (26 0·9148 ts -0·5786 27) 
0 3) 3•2839 (23) 2-7176 26) -1·0070 23} 
0 4) 4.•6127 (29) 1·4508 33) 0·3906 87) 
Cil} 1•7513 r 2•8796 ~34) 0·7679 33) 
C 2) 2•8180 33) 3•8762 34) 0·1047 33) 

T 
S•-4249 36) 4•5825 {'39) 0•4774 4.0) 

C 4) 2·9845 39) 5•3062 40) 1·5338 43) 
C 6) :u142s 39} 4·8260 40~ 2•2077 ~:~~ C 6} 1•3357 (34) 3•~315 {37 1•8242 

C 7l 1·0279 r2) l-6944 t4) 0·4241 (33) 
C{8 4•1795 83) 1•7228 30) -0•7189 {36) 
C(9) 4·5424 45~ 1•067ii 52) -Hn91 (42~ 
H(l) 0•8160 f390 -0•0133 794! -O·Y20• r87 H(3) 4•1336 446) 4·8674 41H 0·0168 44.7) 
H{4-) 3,434:9 446) 6·1985 501) 1•8538 446) 
H~5) 

1•641' r•I LM\156 498} 2·9276 4.46i 
H 6) 0•6357 44.4) 3•3448 494} J.Ml67l 443 

ii!i! lNi432 572) 0•'7956 667) - ~Ml885 p574) 
4·9306 572) 0•2440 046) -1 •9382 57 8) 

H 9} 4•9193 566) HH89 (643) - :'H.623 (57 3) 

TABLE 2. 
Thermal para.meters in A2. Standard deviations a.re given as units in the last place. 

Atom Uu. U2:a Uso 2U1.:a 2U23 2Uu op) ..... , r5) 0•0458 !'"l 0·0562 16) - 0·0372 {26} -O·OHIO r-6) 0·0418 (25) 
0 2) 0·0465 14) 0·0480 15~ O•OiH8 15) -fr•t•• rl -0·0285 26) 0•0253 (24) 
0~3) 0·0392 12) 0·0416 13 O·OlHi9 12) 0•0016 21~ 0•0094 21} 0•0136 (19) 

l! 0·0589 17) 0·0729 21 O•Q4l3 14) 0•0662 32~ 0·0125 (211} 0·0040 r5) 
0•0292 15) 0•0332 ~16) 0•0:3-84 16) 0·0005 25 0·008.2 27~ 0•0032 25) 

C2 0·0366 (16~ 0·0822 16} 0·0875 17) 0·0127 27} 0•0084 27 0•00.20 26) 
C 3} 0·0398 18 0•0394 !19} O·Ol'i47 22) -0•0131 vu) O·OHn 34) 0·0119 32~ 
C 4'} 0·0471 20 0•0380 19~ 0•0609 (.24) -0•0040 33) -0•0036 36) 0·0058 (35 
C 5} 0·0488 21) 0·0403 10 0·0510 (21) 0·0080 (83) -0•0164 84} 0·0124 (33) 
C 6} 0·0341 16) 0·0806 18} 0·04.36 flB) -0•0022 ~29) -••oo•• '"l 0·0128 t8) 
C 7) 0·0335 16) 0•0339 (16) 0•0366 HI) 0•0057 26) 0•0078 27 0·0027 26i 
C(B) 0•0309 16) 0•0476 !20) 0•0431 (19) - O·OO!H) ~30) 0·0057 32 0·0112 27 
C(9) 0·0682 {26) 0•0721 80) 0·0481 (22) g:T 46) 

- 0·0199 f 43 0•0286 (38} 

fii~l 0·12 {6} 0·12 {7) 0·12r O•O {l) -0•023 (99) 
0-04 ta> •·Mr 0•04 3) 0•O 5) O•Ot 0·008 ~50) Rr) 0•04 3) 0•04 3} 0•04 3} O·O o) O•O 5) 0·008 50) 

ii g~ 0·04 t} 0·04 8) 0·04 8) O·O 5) -0·0 l'i) 0·008 (50) 
0•04 3 0·04 3} 0·04 (3) O·O o) O•O (ti) 0·008 (60) 

H[7} 0•08 5 0·08 (5) 0•08 (5) O·O (8} {HJ ~8) O•OllS (7o} 
H 8) 0•08 t> O·OS (-15) o,os ?5l O·O {S O·O 8) 0•015 (75) 
H(9) O·OS 5) 0•08 ('3) 0·08 5 O·O (8) -0·0 (8) 0•016 ('To} 

4 U. Arndt and D. C. Phillips, Acia CrysJ., Ul61, 14, 80'1. 
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T.,un:,:a: 3. 
,; k I F,. F.~ A h A, I F~ F. il h A I F,, Fo A 
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[1964] Molecular Structure of Aspirin. 6043 

TJ\Bt:E 8---continued. 
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6044 -Wheatley: The Crystal and 

TABLE 3--continued. 
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t 7 -,:i -2,0 -i2 2 a :) ~229 -,;) - 6 a 0 ~,6, ~)!IZ 2:,1 
i -7 0 · 62 -6.2 2. a 2. 20:;l n, JO G a -1 184 4(i 1Jl:I 

u 7 -4 ~622'. -469 -t):J, 2 a 1 ~1z:, -,0-1 -1:l' 6 6 -2 -455 .. 417 -,~ 
t'I 7 J -2;2 -169 -Gi ,! ll Cl .0 '71, ... 76, 6 B ~J 0 54 ... 54 
u 7 2 {l -17 " 2 !I -, 111> 10~ n -~ u 0 --!:i79 .. 656 '1:J 
11 ; 1 -2t4 ~na ... ) ~ B, -z -51 -4 -!:I (l 9 , 0 -~ .. 4:;: 
B 7 0 '")21 -1w1 -40: 2: Ii .-;) -H -:-cl --ii (I 9 2 (I ;, 
l} 7 -1 -164 .r".:i) -3, 2 D -4 0 -6tl 0 i 1 91 17 ·74 
8 l -2 146 z '146 2 ~ -5 61 ':17 -11> -1.· , •21!1 -,.:n 16 

~ -, •15~ '2J no , (i 0 ~r ii 1: 9• 2 14) 9~ 44 
--1 ••U 534 ""55 , a !:i 210 1 6 } 9 1 4) _;i -11 

6 7 -5 J26 296 ;;o 
~ fl. 4 -146 -54 -!14 9 0 0 9Z , 7 2 0- -:ia 3a 8 , A4ll '466 -41> 1 9 ~1 180 24t -61 

9 7 1 -)06 -202 -104 , u z -1uo -1>5 -9~ 1 9 -a -u, -2zfi. -~J 3 7 ('). 0 -;:;i; !16 , I.! 1 1)0 211 -ij, 1 9 .. ;:i .zu 2 1 
9 7 -1 ")01 -n~ -122 l' l;I !J -zh -2-n: 11 2 9 2 164 170 14 
9 7 -'2 -4:lO -.121 -:l J tl, --r 1)1l 176 -,11;: 2 9 1 0 1~6 -14!$ 
9 7 -) 0 :,e -31.1 

3 
l.l -2 0 -1)4 t:,4 2 , 0 0 

"f~~ 
-25 

0 If l 1 <I) 1)6 ·7 ll -, -100 -10 -:10 ~ ~ ►1 .lO ~113' 
0 a 207 ZH -'iJ7 a ,.4 -116 -,o -)a ';I 9 " -!-i\l ~2.:14 liG 

fourteen pea.ks within 2·8 A of the origin due to the salicylic acid residues were resolved and identi~ 
fi.ed. This gave the orientation of the molecule. It was then assumed that the molecules would be 
linked into dimers across·ceutres of symmetry by hydrogep. bonds of length 2•65 A. This assump­
tion, which proved to be justified, yielded positions for ten of the thirteen heavier atoms, and the 
chosen co-ordinates ga.ve R = 45% .for the-182 hOl reflexions. A Fourier synthesis with the hOl 
phased structure factors showed plausible positions for the three heavier atoms of the acetyl 
group, and this projection was then rapidly refined to R = 15% by Fourier and difference syn­
theses. They co-ordinates could be chosen from a model of the molecule, and immedia.tely ga.ve 
satisfactory agr~ement for the 300 planes with sin 8/X < 0•35. The structure was then refined by 
a least-squares procedure which uses the block diagonal approximation. At first only the nine 
carbon and £our oxygen atoms were io.clnded !lntil R for t};i.e 2055 planes fell to 13·3% and 
R'[ = ~ w(1F0 J -1Fct)2/ l; w!F0 12] to 1·33%, A three-dimensional difference map was then cal­
culated with the 300 low-order planes and yielded positions fQr all eight hydrogen atoms, though 
the hydrogen atom involved in the hydrogen bond was a low peak showing considerable elongation 
towards the oxygen atoms with which it interacts. The hydrogen atoms were included in the 
refinement until R finally dropped to 10•6% and R' to 0•75%, Refinement was concluded when 
the maximum value o£b./rr for a. co~ordinate of a hydrogen. a.tom had fallen to O· a. By this time the 
heavier atoms had stopped moving completely. Constant weights were used, as we have found 
them more sa. tis factory for diffractometer intensities than a Cruickshank weighting scheme, which 
was devised for photographic ;intensities. 6 ln all twenty-one three-dimensional least-squares 
refinement cycles were performed. · 

The least-squares programme necessarily refines the hydrogen atoms with, anisotropic thermal 
factors if the heavier atoms are so re.fined, As might be expected, the thermal factors·of the hydro­
gen atoms were often meaningless, merely reflecting the inadequacy of the data. Consequently 
a final set of structure factors was calculated with anisotropic thermal factors for the carbon and 
oxygen atoms, and mean isotropic thermal factors for the three i;.l.ifferent types of hydrogen atoms. 
The final vaJ.ue of R was 10·8%. The scattering £actors were taken from Intel'national Tables. All 

5 H. Lipson and W. Cochran, "The Determination of Crystal Structures," 1953, G. Bell and Sons 
Ltd., London, p. 189. 

a D. W. J. Cruicks1ia.nk e.t' al., " Computing-Methods and the Phase Problem in X-ra. y Crystal Analysis," 
1961, Pergamon Press, London, p. 45. 

BNSDOCID: <:XP ___ 908S424A_!_:. 

UM00017152 

NOVARTIS EXHIBIT 1517 
Novartis v. Regents, IPR2023-01347 

Page 4009 of 4460



XP009085424 

[1964) Molecular Structure of Aspirin. 6045 
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TABLE 4. 

Analysis of observed and calculated structure factors as a :function o:f the index of the 
fayer line. AU figures are on an absolute. scale. 

~!Fol l:!Fcl ~Ill.I N R :E!~IJN 
1'957·35 HH59•.25 H,2•02 182 0•073 0•780 
2843•60 2868•88 229·90 332 0•0S1 0•603 
2474·82 2400·10 221•04 328 0•089 0·674 
1890•09 1873•04 170•58 804 0·096 0·591 
1327•80 1406•83 165·09 269 0•124 0•614 

9l.U·2l 988•13 154•60 231 0•168 0•669 
'111·04 64.9·85 132·69 181 0·18'7 0·733 
418•06 407•14 91•04 140 0•218 0·060 
163•78 157·69 48•87 73 0·298 0•670 

15·00 20·55 8•19 Hi 0•546 0•64.0 

All 12'122·75 12730·48 1372•97 2065 0•108 0•668 

calculations were ca.med out on an Elliott 803 computer with the programmes of Daly, Stephens, 
and Wheatley. 7 

Results.-The :final atomic co-ordinates are given in Table 1, and the final thermal parameters 
in Table 2. Table 3 gives the observed and calculated structure factors obtained from the para­
meters given in Tables land 2, In Ta.ble 4 an analysis is given of the structure factors in terms of 
the index of the layer. It will be seen that, al1hough R increases substantially a.t higher equi~ 
inclination angles, the. absolute error in a structure :factor remains approximately constant 
throughout. 

TABLE 5. 

Analysis of observed and calculated structure factors as a function of the magnitude of 
the observed structure :factors, All figures are on an absolute scale. 

Range of f.F.,I :El.Fol :I:IFcl I:llll N R :EJlll/N 
0 0 241•58 24:NiS 267 0•905 

0·0- 5·0 2781•64 2637•72 616•60 1082 0·222 0·598 
o·O- 10·0 2880·01 2885•18 212·01 405 0•074 0•525 

10·0- 15·0 2021•92 2004•49 94•39 ma 0·04'7 0•569 
15•0-- 20·0 1260·86 l2a7•36 6:MH 72 0•060 0·879 
20·0- 25·0 713·18 70.fH.)0 21·72 32 0•080 0·679 
.25•0- 30•0 960·'72 938·46 8'7·44 So 0•089 1·070 
30·0- 35·0 448•23 440•28 12•39 14 0•028 0•885 
3lH>-- 4.0·0 228·22 219·30 8·92 6 0·039 1·4;87 
40·0- 45·0 41Ch57 404·08 14·32 10 0·034 1·4.82 
45·0- 60•0 188•48 189·87 6·7'1 4 0•036 1•693 
50·0- M·O 210·60 200·82 10•04 4- 0·048 2·510 
M·O- 60·0 !>7·02 54-1}4 2·08 l O·OI.UJ 2·080 
60·0-. 65·0 61·:23 58•05 3·18 l 0•052 3·180 
66·0- 70•0 67•04 68•60 1·46 1 0•022 1·460 
'10·0- 75•0 1,17.gg 152•66 4·77 2 0·032 2·385 
'15·0- 80·0 
80·0- 85·0 
85•0- 90•0 1715•43 183·49 8·96 2 O·OIH 4•480 
90•0-- 95•0 
95·0-100·0 9iHH 108·04 12·43 l O· 130 12•430 

In Table 5 a. similar analysis is given, but in tenns of the magnitudes of the observed structure 
factors. R is poor for the very weak reflexions (and, a£ course, infinite, for those that are accident­
ally absent), but again, in terms of absolute errors, there is no reason to reject these weak planes. 
Indeed the evidence suggests that the twenty or thirty strongest planes should be down-weighted 
with respect to the weak planes. We feel that such satisfactory results for the weaker planes can 
be achieved with the di:ffractom-eteronlyif the size of the crystal or the counting time is so adjusted 
that the intensities yield structure factors tha.t are on about absolute scale. 

The bond lengths are given in Fig. 1, which also shows the labelling of the atoms. The bond 
angles are given in Table 6. Fig. 2 shows the structure as it appears when projected down the [b) 

1 J, J. Daly, F. S. Stephens, and P. J. Wheatley, H}63, MRSA Fi-nal Report, No. 52. 
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axis. The bond lengths are in fair agreement wil::h those found in salicylic acid by Cochran, 8 

though there are some very significant difierences. The i-esults for ;the two molecules a.re coxn­
pared in Fig. 3, There a.re some very definite angular distortions within the molecule, both in the 
benzene ring a.nd the carboxyl group, but. mo:re particularly, :in the acetyl group. The benzene 

Fm. 1. Bond lengths in aspirin with their standard deviations, and the labelling of the 
atoms. 

:J,6 ◄ ff 

"'-o ..... 
I I 

r _,,.,..·~--- I 

I ' I I 

I a...._ }) : o..._ ___ zA 
1 

~ 

:72 ,f : 
..f _~ ___ ;r. ___ .9izj 

C ' Fm. 2. The structure of aspirin as it appears in projection down [b], 

a \V. Coch.ran, Acta Cryse., 1953, 6, 280. 
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Bond angles (0
). 

H(l}O(:2)C{7) 120·7 (37) 

Of2)C(7}0(l} 122•!) !3l 0 2)C(7)C(l} 118·1 3 
0 l)C(7)C{l) IHM 3 
C!7}C l)C(2) 124•6 3 
C 7)C l)C{0 H '7•'1 8 
C 0)C l)C{2~ U 7·7 ~3i 
C l!C 2}0(3) 121•6 8 
C 3 C 2)0(3) 117·8 3 
C(l C 2)C(3} 121·0 (3} 
C{2)0{3)C(8) llti-7 (3) 

Molecular Structure of Aspirin. 

TABI.l!: 6. 

O(3)C(8)O{:4) 
O(3)C(S)C 9) 
O(4)C(S)C 0) 
C{8)C(9}H(7) 
C 8)C(O H(B) 
C S)C(9 H{9) 

H~7}C{91H~8} H 7 CG H 9} 
H 8 C 9 HO} 
C{2)C(3)H(3) 
C{4)C(3)H(8) 

XP009085424 · 

6047 

119·8 (4) 
12HJ (26) 
118•4 (26) 
120·0 {4l 
120·0 {29 
120•1 {29 
119•9 (4 
118·5 (20 
119·9 (29) 
121·6 (3) 

Fm. 3. Comparison of the bond lengths and angles in aspirin (above) a.nd salicylic 
acid (below). 

ring has the appearance of being pulled out by the carboxyl group so that the internal a.ngies at 
C(2) and C(6) are greater than 120.:,, and that at C(l) is less. The carboxyl group is bent away from 
the acetyl group, possibly by repulsion, between 0(3) and 0(2), so that there is a. substantial 
increase iu the angle C(2}C(l)C(7}, and a decrease in C(0}C(l}C(7). The angle O(l}C(7)0(2) is 
greater than 120"". again suggesting repulsion between oxygen atoms. The angular distortions at 
the central atom of the acetyl group are en.onnons, the angles being 110·7, 122·9, and 126·4", 
instead of the expected 120"'. There appears to be no simple explanation for these distortions in 
tenns of intramolecular contacts. 

Except for hydr-ogen a.toms on the methyl group, the :molecule is composed of a.toms lying 
approximately in two planes. The weighted least-squares equation for the plane of the four atoms 
i.n the acetyl group, referred to orthogonal axes a, b, and c', is 

+0·7512 X + 0·657'1 Y-0·0564 Z' = 4·3680. 

The departures 0£ the atoms from this plane a.reO(3), +0•0007; 0(4), +0•0009; C(8), -0•003-0; 
C(9), + O•OOll A., none o:l which is significant. Thus, de$pite the large angular distortions within 
the plane o:f this group, there is no out-o£~plane bending. On the other hand no satisfactory plane 
can be constructed through all ten of the heavier atoms of the salicylic acid residue. A number oi 

UM00017155 
NOVARTIS EXHIBIT 1517 

Novartis v. Regents, IPR2023-01347 
Page 4012 of 4460



XP009085424 

6048 Wheatley: The Crystal and Molecular Structure of Aspirin. 

planes we:re calculated, starting fu"st with the benzene ring, and then adding one or more of the 
remaining four atoms. As soon as any other single atom was added. the departures from the plane 
increased, and these departures grew worse as more atoms were added. There seems to be no 
question that significant out-of-plane distortions do occur in the salicylic acid residue. It was 
particularly noticeable that one of the oxygen atoms of the carboxyl group always la.y above the 
plane, and the other below, leading to the conclusion that the plane of the ca.rboxyl group was 
twisted with respect to the plane of the benzene ring. In view of these various distortions it was 
felt that the most representative plane was the one through the six ca:rbon atoms of th.e benzene 
ring, the equation of which is 

+ 0·5945 X - 0·4849 Y + 0•6415 Z' = 0·0941. 

The departures of the atoms from this plane are given in Table 7. It will be seen that none o:£ the 
carbon or hydrogen atoms of the benzene ring departs :from this plane, whereas the other atoms, 

TABLE 7. 

Departure in A of the atoms of the salicylic acid residue from the plane of the benzene 
ring. 

Atom Atom Atom 
C(I) -0·0031 Hr -O•l3S 0(1) +0-1016 Cr} +0·0050 H 3) +0·012 0(2~ -0·0555 
C 3) -0·0026 H 4) +0•019 Ot3 -0•0565 
C 4} -0•0016 H(5) +0•009 C 7} -0·0097 
C(l.i) +0·0034 H{6) -0•021 
C(6) -0-0011 

with the exception of C(7), do. The angle between the plane of the benzene ring and that of the 
a.cetyl group is 84" 45'. 

The equation of the plane through the ca.rbox.yl gro11p is 

+ 0·0091 X - 0·502.2 Y +0·6139 Z' = 0·0596, 

H(l) departs from. this plane by - 0·064 A, which is not significant. The angle between the plane 
of the benzene ring and that of the carboxyl group is 2° 2'. 

Molecules of aspirin are. as expected, dimerized by hydrogen bonds across a centre of symmetry. 
The length of each hydrogen bond fa 2•645 A. The perpendicula:r distance between the two planes 
defined by the carboxyl groups in the dimer is 0• 119 A1 which places aspirin roughly halfway down 
the table given by Jeffrey and Sax.~ The weighted least-squares plane through the six heavier 
atoms of the eight-membered dimer ring is 

+0·5901X-0·5348 Y+0·6084.Z' = 0. 

The departure 0£ the atoms from this plane are 0(1), +0·0089; 0(2), + 0·0077; C('7), -0·0151: 
H(l), -0·013 A. Thus the eight atoms are very nearly coplanar, as would be expected from 
Robertson's argumen.ts.10 

All non-bonded intramolecular con tacts we:re calculated in order to disclose any unusual features 
within the molecule. If hydrogen atoms are excluded, the two shortest in.tramolecular contacts 
are 0(1)·•"0(2), 2·215; 0(3)····0(4), 2·239 A. Other d:istances of interest in connexion with the 
possibilityofrepulsionareO(2) .... 0(3), 2·674:; 0(3)•·" C(O}, 2•354; 0(4) ... ,C(9), 2·395; C(2) ... , C(8), 
2·342 A. Inclusion of the hydrogen atoms results iu a number of contacts of slightly less than. 2 A 
between hydrogen atoms on the benzene ring and next-nearest carbon atoms, and three shorter 
contacts between hydrogen atoms on the methyl group. 

All van der WaaJ.s's contacts up to a limit of 4 A were calculated both with aud without 
hydrogen atoms. There is a large number of these distances, but no unusual :features appea:r. If 
hydrogen atoms are excluded, the shortest contact, a.part from the hydrogen bond, is 8·306 A. 
between two oxygen atoms. The shortest contact between hydrogen atoms is 2·60 A. 

MONSANTO RES~ARCH S.A., B:tNZSTRASSE, 39, 8045 ZtlR!CH, SwrrZERLAND, 
£Received, July Slst, 1964.] 

II G, A. Jeffrey and M. Sa:,c, Acta Cry.st,, 1963, 16, 4'30. 
10 J. H. Robertson, Acta Cryst., 1984, 17, 316. 
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