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CHAPTER 17 -

o ic So utions and. ectro ytic

paul J Niebergall, PhD

professor of Pharmaceutical Sciences and Director
pharmaceutical Development Center

Medical University of South Carolina

Chadesron, SC 29425

E ectro ytes

electrolytes exhibit anomalous colligative properties.

Colligative Properties

1887 when Arrhenius propesed a hypothesis which forms the
basis for our modern theoriés of electrolyte solutions.

inth ss
is as to

du e ) cl
of : m
dissociate as

H-.0
Na*Cl- Na* + CI-

It is evident that each molecule of sodium chloride which is
s n ation is complete,
s p 1d be the case if it
were not dissociated at all. Furthermore, if each ion has the
same effect on osmotic pressure as a molecule, it might be

ex d the o ic e of the solution be
tw at solut on the same molal ¢ ra-
lytes. por-pre
ing-po point d

occurs in dilute solutions of electrolytes.
Van't Hoff defined a factor, 7, as the ratio of the colligative

effect by a conc ,m, yte, divi
by the erved for con of none
trolyte, or
™ AP AT, AT; o)
g =—= = =
(Mo (AP)y (ATy)o (ATpo

ar; AP,
essurel

fer to es ,
-point ee -

Na3zPOy,, etc).

concentration of electrolyte is increased.

The first effect results in less than 2-, 3- or 4-fold intensification of a
¢o e prop is d to interionic tion
be the po yc ions, in conse e of
which the ions are not dissociated completely from each other and:do not
exert their full effect on vapor pressure and other colligative properties.
This deviation generally increases with increasing concentration of electro-
lyte.

The second effect intensifies the colligative properties and is attributed
to the attraction of ions for solvent molecules (called solvation, or, if water
is the solvent, hydration), which holds the solvent in solution and reduces

its escapi cy, a e t of the v
pressure So on s attraction
thereby, further lowers the vapor pressure.
Conductivity

The ability etals to. uct an ele c 1ts
from the mo of elec in the m . of

This is called electrolytic conduc-
tance, an nds are e . While
the fact conduct in the
molten state is important, their behavior when dissolved in a
solvent, particularly in water, is of greater concern in pharma-
ceutical science.

The electrical conductivity (or conductance) of a solution of
an electrolyte is merely the reciprocal of the resistance of the
solution. Hence, to measure conductivity is actually to mea-
sure electrical resistance, commonly with a Wheatstone- bridge
apparatus, and then to calculate the conductivity. Figlisa
repres of the t parts of the ap .

The to be is placedina g quartz
cell having two inert electrodes, commonly made of platinum
or go d coated with sp to ab gases,
acros ch passes an alte gene by an

rather than by electrons.

213
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214 CHAPTER 17
Oscil ator
Slide Wire
R4 Ro
Oscilloscope
Standard
Resistance
Conductivity
Cell
Fig1. Alternating current Wheatstone bridge for measuring conduc-
tivity.

oscillator ‘at a frequernicy of about 1000 Hz. The reason for
using: alternatmg eurrent is ‘to reverse the electrolysis that
ing entand e
ele lead to
of the electrodes and their distance apart may be varied to
or: easevery
cy precision
Thus, solutions:-of high conductance (lowresistance) are mea-
sured in:cells having small-electrodes' relatively ifar :apart,
while solutions of low conductance (high resistance) are mea-
sured in cells with large electrodes placed close to each other.

Electrolytic resistance, like metallic resistance, varies di-
rectly with the length of the eonducting medium and inversely
with its cross-sectional area. The known resistance required
for the is by a co g
calibrat . of the ch y
sliding a- contact over a wire of uniform resistance until no (or
minimum) ¢urrent flowsthrough the circuit, as detected either
visually with a cathode-ray oscﬂloscope or audibly with ear-
phornes.

The resistance, in ohms, is calculated by the simple proce-
dure used in the Wheatstone-bridge method. The reciprocal
of the resistance is the conductivity, the units of which are
reciprocal ohms (also called mhos). As the numerical value
of the conductivity will vary with the dimensions of the conduc-
tance cell, the value must be calculated in terms of specific
conductance, L, which is the conductance in a cell having
electrodes of 1-cm? cross-sectional area and 1 cm apart. If
the dimensions of the cell used in the experiment were known,
it would be possible to calculate the specific conductance, but
this information actually is not requireéd, because it is pos-
sible—and muc¢h more convenient—to ¢ rate a cell by

in it the S n of

cific eon scell

constant.””  Since this constantisa funcmon only of the dimen-
s of the ce allm
cellto spe ns.of

tration of pure potassium chlorlde are used as standard solu‘
tions for this purposé. '
Equivalent Conductance—In studymg the variation’ of

This may be achieved by expressing con-
ductance meas mlents in terms of equivalent conduc-
tance, A, is'obtained by multiplyingthe specific condue-
tance, L, by the'volume in milliliters, V., of solution cont g
1 g-eq of selute. : Thus

amounts of solute.

A=LY,=

\ RS

[€))
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where C is the concentration of electrolyte in the solution in
g-eq/L, ie, the normality of the solution. For example, the
equivalent conductance of 0.01 N potassium chloride solu-
tion, which has a specific conductance of 0.001413 mho/cm
may be calculdted in either of the following ways:

A = 0.001413 x 100,000 = 141.3 mho cm?/eq
or

A 1000 x 0.001413 14i 5
- 0.01 T
Strong and Weak Electrolytes—It is customary to clas-
sify electrolytes broadly as strong electrolytes and weak
electrolytes. The former category includes solutions of
strong acids, strong bases and most salts; the latter includes
weak acids and bases, primarily organic acids, amines and a
few salts. The usual criterion for dlstmgulshmg between
strong and weak electrolytes is the extent of ionization. An

exh n. ) )
T ces of anumber of electrolytes, at
ent con giv
electro g2,

tance is plotted against the square root of concentration. By
plotting the data in.this manner a linear relationship is ob-
served for strong electrolytes, Wwhile a steeply:rising curve is
noted for weak electrolytes; this difference is a characteristie
which distinguishes strong and weak electrolytes:: The inter-
pretation of the steep rise in the equivalent conductance: of
weak electrolytes is that the degree of ionization increases
with dilution, becoming complete at infinite dilution:
Interionic interference effects generally have a minor role in
the conductivity of weak electrolytes: With strong electrot
lytes; which usually are completely ionized, the increase in
equivalent conductance results not from increased ionization
but rather from diminished ionic interference as the solutionis
diluted, in'consequence of which ions have greater freedom of
mobility, ie, increased conductance.

The value of the equivalent conductance extrapolated to
infinite dilution (zero concentration), designated by the sym-
bol Ay, has a special significance. It represents the'equiva-
lent conductance of the-completely ionized electrolyte when
the ions are so far apart that there is no interference with their
migration due to interionic interactions. It has been shown,
by Kohlrausch, that the equivalent conductance of an electro-

lyte at infinite is s e
tances of its ¢ nt d
symbolically as v e
Ay = ly(eation); + lgfanion) o . 3)
The h's , at
nite tic éth
Table 1—Equivalent Conductances at 25°
g-Eq/L  HCI HOAc  NaCl KCI ' Nal @ Kl NaOAC
Infdil  426.1 3906* 126.5 149.9 1269 '150.3 91.0 "’
0.0005 " ©422:7  67.7 1245 147:8 1254 89.2
'0.001 © 4214 49:2. 123.7 146.9 124.3 88.5
0:005 415.8 . 22:9 120.6 143.5 121.3: 144.4 85.7
0.01 412.0 16.3 118.5 141.3 1192 142.2, 838 -
0.02 11.6 115.8 138.3 116.7 .81.2
0.05 7.4 111.1 133.4 1128
0.1 5.2 106.7 129.0 108.8
aThe equivalent conductance at infinite dilution for acetic acid, 2 weak
e olyte, is ob y e

c c acid and a u
(see text for explanation). :



400 Hel
3 300
c
o
©
=]
h=)
[ =
(o]
(&)
© |
(o)
a
>
S 200
o
V3]

NaCl
100
CHzCOOH

01 2
oncentration

Fig2. Variation of equivalent conductance with square root of con-
centration.

inde ctance of the cha ion
with d. Thus, if ent uc-
tances of various ions are known, the conductance of any

ele lated ly by gthe appr i-
ate Sinc fract currentca d
of th
ons)
nt, io

known. Table 2 gives the equivalent ionic conductances at
infinite dilution of some cations and anions. It is not necessary
to have this information in order to calculate the equivalent
conductance of an electrolyte, for Kohlrausch’s law permits
the latter to be calculated by adding and subtracting values of
Aq for appropriate electrolytes. For example, the value of Ag

Table 2—Equivalent lonic Conductivities at Infinite Dilution,

at 25°

Cations Iy Anions Io
H* 349.8 OH~ 198.0
Li* 38.7 Cl- 76.3
Na* 50.1 Br- 78.4
K+ 73.5 I 76 8
NH,* 61.9 AcO~ 409
1,Ca+ 59.5 14S50,4* 79.8
1LMg?+ 530
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for acetic acid may be calculated as
A4¢(CH3COOH) = Ay(HCL) + Ay(CH3COONa) — Ay(NaCD '
Which is equi{ralenf to - E
Lo(H*) + L(CH;C007) = Lo(H*) + 1o(Cl7) + lo(Na*).
+ 1o(CH3C00™) — lo(Na™) — [, (C17)

the extrapolation can be made very accurately. Thus, in the
example above, the values of Aq for HCl, CH;COONa and NaCl
are ‘determined easily by extrapolation since the substances

-of these ed
2, eof 390.6 ue
of Ag for CH3COOH. '
zatio E e
d his th iz e
ionization, «, of an.electrolyte is measured by the ratio
a=A/Ag ' 4
where A is the equivalent conductance of the electrolyte at any
sp conce ion an is the alent
co nce at As st electr were
ogn as 10 onized, c
effe ad een uated, h e

equation to be applicable to both strong and weak electrolytes.
Since it now is known that the apparent variation of ionization
rong elec s a eint
at differ n T than

trates the use of the equation to calculate the degree of ioniza-
tion of a typical weak electrolyte.

Example—Calculate the degree of ionization of 1 % 10-3 N acetic acid,
the equivalent conductance of which is 48.15 mho cm?/eq. The equiva-
lent conductance at infinite dilution is 390.6 mho cm?/eq.

_4815 \
“= 3906

% ionization = 100a = 12%

The degree of dissociation also can be calculated using the
van’t Hoff factor, 2, and

1 —1
T o1

G

where v is the number of ions into which the electrolyte
dissociates.

Example—A 1.0 X 1073 N solution of acetic acid has a van't Hoff factor

equal to 1 12. Calculate the degree of dissociation of the acid at this
concentration.
i—1 1.12 -1 0.12
Ty 1T T2-1 T =

This result agrees with that obtained using equivalent conductance and
Eq4.

Modern Theories

The Arrhenius theory explains why solutions of electrolytes
conduct electricity, why they exhibit enhanced colligative
properties. The theory is satisfactory for solutions of weak
electrolytes. Several deficiencies, however, do exist when it
is applied to solutions of strong electrolytes. It does not



equilibria involved in the ionization of phosphoric acid:
H;PO, + Hy0 = H,PO,~ + H;0*
H,PO,~ + H,0 = HPO,2” + H0*
HPO,2~ + H,0 = PO, + Hz0*

Application of the law of mass action to this series of reactions
gives

K, = Qmn
_ [HPO,"[H;07]
27 [HPO,! (18
_ [PO2"][H0*]
3= HPOS ] ao,

If the three expressions for the ionization constants are multi-
plied together, an overall ionization, K, can be obtained

K =K KKy = 20)
Each of the ion sis sup th
nium ion fo pre stages to
p for e, ;= 9.12 %
1 = )

o) illu by the specific
substance NH; for an example. According to Brgnsted and
Lewis, the base dis d in water, the racts
as an donating on H;, which acc it by

offering a share in a pair of electrons on the nitrogen atom.
This reaction is written

NH? + H,O = NH,;+ + OH™
base acid

The equilibrium expression for this reaction is
21

with [H,0] constant this expression may be written

K, = (22)

Ionization of Water—Although it is a poor cohductbr of
electricity, pure water does ionize through a process known as
autoprotolysis, in the following manner:

2H,0 = H;0" + OH~

Application of the law of mass action to this reaction gives
(23)

where K is the equilibrium constant for the reaction. Since
the concentration of H,O (molecular water) is very much
greater than either the hydronium-ion or hydroxyl-ion concen-
trations, it can be considered to be constant and can be com-
bined with K to give a new constant, K,,, known as the ion
product of water, and Eq. 23 becomes

Kw = [H,BO+][OH_] (24)

The numerical value of K, varies with temperature; at 25° it is
approximately equalto 1 x 107!
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Table 4—Dissociation Constants in Water at 25°

Substance

Citric (1H,0)

Dichloroacetic
Ethylenediaminetetra-
acetic acid (EDTA)

Formic
Glycerophosphoric

Glycine

Lactic

Mandelic
Monochloroacetic
Oxalic (2H20)

Phenobarbital
Phenol
Phosphoric

Picric
Propionic
Saccharin
Salicylic
Succinic

Sulfadiazine
Sulfamerazine
Sulfapyridine
Sulfathiazole
Tartaric

Trichloroacetic

Acetanilide
Ammonia
Apomorphine
Atropine
Benzocaine
Caffeine
Cocaine
Codceine
Ephedrine
Morphine
Papaverine
Physostigmine

Pilocarpine

Procaine
Pyridine
Quinine

Rescrpine
Strychnine

Theobromine
Thiourea
Urea

Weak acids

K,
K,

K,
Ka

K,
K>

Weak bases

=R >y

175 x
3.27 x
1.23 X
1.05 x
6.30 x
1.74 X
58 x

4.31 x

[N
wW
XXX XXX XXXXXXXXXX

X
=

,d
TN — A WO A N~ =3 0.

XX XXX XXX XXXXXXXXXXXXXXXXX

K

1049
104
10-8
104
10-°
10-4
10-10
1014
1077
10—t
10-!
107
1077
1072
10-%
1079
1077
10-!1
10
10-#
107
1077
10-10
104
10—¢
10-9
10-2
10-5

10~ (40°)
10-°
107
1075
1012
10~ (40°)
106
10-7
10-5
10°7
10-°
107
10-13
10-4
lo—lii
10-6
107
10-¢
10-t0
1078
10-6
10-1©
10-1" (40°)
10-12
10 [l
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int strong to the law of
act d to io cre s exist be-
the ee of lcul fro van't Hoff
and cond for ng olyte solu-
tions nt th ut 0.5 M.
Th es ed following obser-
vations

1. Inthe molten state, strong clectrolytes are excellent conductors of
a
n
h

u

charged, tend to associate through electrostatic attraction  In solutions
of weak electrolytes, the number of ions is not large and it is not surprising
that electrostatic attractions do not cause appreciable deviations from
theory. Indilute solutions, in which strong electrolytes are assumed to be
100% ionized, the number of ions is large, and interionic attractions
become major factors in determining the chemical properties of these
solutions. These effects should, and do, become more pronounced as the
concentration of electrolyte or the valénce of the ions is increased.

It is not surprising, therefore, that the Arrhenius theory of
partial ionization involving the law of mass action and neglect-
cha hold for
es. les of stro
do exist in solution, must arise from interionic attractlon
rather than from incomplete ionization.
- Activity and Activity Coeflicients—Due to ‘increased
electrostatic attractions as a solution becomes more concen-

en ionofanio e
et ctiveness. e
the physical or chemicdl effectiveness of an iorni is known as its
, is conc of
[ ce rsally efe
Th nthe activity and the
ofdn as : S
4 ‘ a = my . (8)
where m co vist c ient
and a is also P din
terms of molar concentratlon c, as
‘ a=fc N
where fis the activity coefficient on a molar scale. ' In dilute

solutions (below 0.01 M) the two activity coefficients are
identical, for all practical purposes.

The activity coefficient may be determined in various ways,
such as measuring colligative properties, electromotive force,
solubility, distribution coefficients, etc. For a strong electro-
Iyte, the mean ionic activity coefficient, ., or f., provides a
measure of the deviation of the electrolyte from ideal behavior.
The mean ionic activity coefficients on a molal basis for sev-

2.
at
m
increase with increasing concentration of electrolyte.
S ic str
s e inas
=143 cgz? ®

where z; is the valence of ion ¢. The mean ionic activity
coefficient is a function of ionic strength as are such diverse
phenomena as solubilities of sparingly soluble substances,
rates of ionic reactions, effects of salts on pH of buffers,
electrophoresis of proteins, etc.

The greater effectiveness of ions of higher charge oiv a
specific property, compared with the effectiveness of the same
number of singly charged ions; generally coincides with the
ionic strength calculated by Eq 8. The variation of ionic
strength with the valence (charge) of the lons compnsmg a
strong-electrolyte should be noted.

' For uniivalent ¢ations and univalent anions: (called uniuniva-
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lent or 1-1) electrolytes, the ionic strength is identical with
molarity. For bivalent cation and univalent anion (biuniva-
lent or 2-1) electrolytes, or univalent cation and bivalent anion
(unibivalent or 1-2) electrolytes, the ionic strength is three
times the molarity. For bivalent cation and bivalent anion

(b r2-2)e thei strength is mes
th Thes ipsa ident from low-
ing example.

Example—Calculate the ionic strength of 0.1 M solutions of NaCl,
Na,S0,, MgCl, and MgSO, respectively  For

NaClp =14 (0.1 x 1> + 0.1 x 13) = 0.1
N2,SO, p = 1%(0.2 X 12 + 0.1 x 2%) = 0.3

MgCly = % (0.1 X 22 + 0.2 x 12) = 0.3

MgSO, i = ¥ (0.1 x 22 + 0.1 x 2%) = 0.4

The stren a on

elect is th of nic

salts comprising the solution. For example, the ionic strength
of a solution containing NaCl, Nay,SO,, MgCl, and MgSO,,
each at a concentration of 0.1 M,is 1.1.

Debye—Hiickel Theory—The Debye—Hiickel equations
which are applicable only to very dilute solutions (about 0.02
1), may be extended to somewhat more concentrated solu-
tions (about 0.1 ) in the simplified form

log f; = ®

The mean ionic activity coefficient for aqueous solutions of
electrolytes at 25° can be expressed as

log f. = (10

in which z, is the valerice of the cation and z_ is the valence of

the anion.. When-the ionic strength of the solution becomes

seeq ns ad-

ed. is for

logf. = + K an

inwh £’ c ly for

each is r ionic
empirically as

- log S = log S, + Kgm (12)

terms of ionic strength this equation becomes

- logS = K! (13)

= log S, =



Table 3—Values of e Salting-Out Constants for Various

biturates at 25° . .

Barbiturate KCI KBr NaCl NaBr
Amobarbital 0.168 0.095 0.212 0.143
Aprobarbital 0.136 '0.062 0.184 0.120
Barbital 0.092 0.042 0.136 0.088
Phenobarbital 0.092 0.034 0.132 0.078
Vinbarbital 0.125 0.036 0.143 .0.096

Acids and Bases

Arrhenius defined an acid as a substance that yields hydro-

in Arrhenius’ definitions for these substances; rather, their

o) a sized. over, no ac-
c b ds and in nonaque-
oussolvents. Also, while acidity is associated with so elemen-
particle proton (h is
ed to so ly complex i as

the hydroxyl ion. It would seem that a simpler concept of a
base could be devised.

Proton Concept—In pondering the objections to Arrhe-
nius’ definitions, Brgnsted and Bjerrum in Denmark and Lowry

in a ped, and in 1923 annou a more s -
fa , general, theory of acids ases. Acc -
be expressed by
A =H*+ B
acid base
The of su s thus relate to
gain ose a is called a ¢ .

Specific examples of such pairs are
Acid
Hcl = H* + CI”
CH,COOH = H* + CH3COO0~
NH,* = H* + NH;
HCO,~ = H* + CO4%~
H,PO,~ = H* + HPO,*~
H,O = H* + OH~
H,0* = H" + H,0
Al(H,0)¢** = H* + Al(H,0);0H?*

It is apparent that not only molecules, but also cations and
anions, may function as acids or bases.

The complementary n of the e pairs listed is
reminiscent of the com entary hip of pairs of
oxidants and reductants where, however, the ability to gain or

Base
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lose one or more electrons—rather than protons—is the dis-
tinguishing characteristic.

Oxidant Reductant
Fe3* + e~ = Fe2*

Na* + e~ "= Na

vl + e =1-
ever,’ “examples pairs o
ctant represent r are po le

ciple only. Ordinarily acids will not release free protons any
more than reductants will release free electrons. That is,
protons and electrons, respectively, can be transferred only
from one substance (an ion, atom or molecule) to another.
Thus, it is a fundamental fact of ¢ hat of
one substance will occur only if of b-
stance occurs simultaneously. Stated in another way, elec-
trons will be released from the reductant (oxidation) only if an
oxidant capable of accepting electrons (reduction) is present.
For this reason oxidation—reduction reactions must involve
two-conjugate oxidant—reductant pairs of substances:

oxidant; + reductant, = reductant, + oxidant,

where Subscript 1 represents one conjugate oxidant-reduc-
tant pair and Subscript 2 represents the other.

Similarly, an acid will not release a proton unless a base
capable of accepting it is present simultaneously. This means
that any actual manifestation of acid—base behavior must
involve interaction between two sets of conjugate acid—base
pairs, represented as

A + B, = B
acid, bases base;

+ Ay
acidy
In such a reaction, which is called protolysis or a protolytic
reaction, A, and B, constitute one conjugate acid—base pair
and A, and B, the other; the proton given up by A, (which
thereby becomes B)) is transferred to B, (which becomes Aj).
‘When an acid, such as hydrochloric, is dissolved in water, a
protolytic reaction occurs.

HCl + H,O = C1™
acid, Dbase; base;

+ H;0*

acidg

The ionic species H3O*, called hydronium or oxonium ion,

always is formed an acid is di d T.

for purposes of ¢ ience, this is n as

is called hydrogen ion, although the “‘bare’ ion practically is

nonexistent in solution. '
When a base, eg, ammonia, is dissolved in water the reac-

tion of protolysis is

NH; + H,O = NH,* + OH~
base; acidy acid; base,

The proton theory of acid—base function makes the concept
of hydrolysis superfluous. When, for example, sodium ac-
etate is dissolved in water, this acid—base interaction occurs

CH3COO~ + H,O = CH3COOH + OH~
base; acid, acid; base;

In an aqueous solution of ammonium chloride the reaction is
NH,* + H,O = NH; + H, 0"

acid; bases base, acida

Transfer of protons (protolysis) is not limited to dissimilar
conjugate ac pairs. In the pr mples HoO
sometimes b as an acid and at as a base.
Such an amphoteric substance is called, in Brgnsted’s termi-
n n Su

o pt the proton concept of ac-
ids and bases provides a more general definition for these
substances, it does not indicate the basic reason for proton
transfer, nor does it explain how such substances as sulfur
trioxide, boron trichloride, stannic chloride or carbon diox-
ide—none of which is capable of donating a proton—can
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in its elect acid. llowing ation
ates how ons ex he tran of a
proton (hydrogen ion) to ammonia to form ammonium ion.

H H +
H+ 4+ :N:H — | H:N:H
H H

The reaction of boron trichloride, which according to the

shared, thus

Cl H ClH
Cl:B + :N:H — Cl:B:N:H
a1l H | ClH
Leve E fa the strong
such as Oy ,HC olved in wat

solutions—if they are of identical normality and are not too
concentrated—all have about the same hydrogen-ion concen-
on, indi g to be of ut the same
reason “h each on the acids u
practically complete protolysis in water.

HCl + H,O — ClI- + HzO*

acid; base; base; acidy
n called the le curs
r d acid is stro ion.

Such a reaction manifests the tendency of proton-transfer
reactions to proceed spontaneously in the direction of form-

ing . .
S can,_exist in an amphiprotic
101
the ng sodium hy T
s tho are lved in wate r

HCIO, + CH;COOH — ClO,~ + CH3COOH,*

acid; base; base; acid;
(strong) (strong) (weak) (weak)
aci loric asw .
ep isa acid -
t
f
f
its ability to differentiate the acidity of various acids, it is
da ing so this re-
fro ely we tor t A
d of
o is
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solvent for bases. Typical of solvents in this category is
liquid a. So have weak prot r
and p ceptor s are d aprotic s
and may serve as differentiating solvents for both acids and
bases; they have little if any action on solutes and serve mainly
as inert dispersion media for the solutes. Useful aprotic
solvents are benzene, toluene or hexane.

Ionization of Acids and Bases—Acids and bases com-
monly are classified as strong or weak acids and strong or
weak bases depending on whether they are ionized exten-
sively or slightly in aqueous solutions. If, for example, 1 N
aqueous solutions of hydrochloric acid and acetic acid are
compared, it is found that the former is a better conductor of
electricity, reacts much more readily with metals, catalyzes
certain reactions more efficiently and possesses a more acid
taste than the latter. Both solutions, however, will neutralize
identical amounts of alkali. A similar comparison of 1 N
solutions of sodium hydroxide and ammonia reveals the former
to be more ‘“active’’ than the latter, although both solutions
will ne qu d. .

The ep he two acids is attrib-
uted to differenceés in the concentration of hydrogen (more
accurately hydronium) ion, the hydrochloric acid being ion-
ized to a greater extent and, therefore, containing a higher

concentration in the former.
.. The ionization of-incompletely ionized acids may be consid-
ered aTeversible reaction of the type

HA =H* + A~

where HA is the molecular acid and A~ is its anion. An
equilibrium expression based on the law of mass action may
be applied to the reaction

K, = a9

where K, is the ionization or dissociation constant, and the
provided the acid is weakly ionized. With increasingly stron-

14, the process of ionization probably is never as simple as

base). Thisreaction may be written
HA + H,O0 = A~ + HgO*
acid; © basez base; acidy

Application of the law of mass action to this reaction gives

K= (15)
since [H,0] is a constant this equation may be written
K, = (16)

This equation is identical with Eq. 14 because [H30+] is

f
e
e



in the ionization of phosphoric acid:
H3PO, + H,0 = H,PO,~ + H30*
H,PO,~ + H,0 = HPO,%” + H;O"
HPO2~ + H,0 = PO~ + HzO*

of the law of mass action to this series of reactions

_ [H,PO,"J[H;0"*

re [H;PO,] an
_ [HPO")[Hy0"]
2= [P0, (18)
. [PO,3~][Hz0*]
. 37 [HPO,*) (19

I
Ifthe three expressions for the ionization constants are multi-
plied together, an overall ionization, K, can be obtained

K = KKK,y = (20)

as an acid, donating a. proton to NHj, which accepts it by
offering a share in a pair of electrons on the nitrogen atom.
This reaction is written

NH3 + H,O = NH,* + OH~
base acid

The equiiibrium expression for this feaction is
21

with [H,O] constant this expression may be written

Ky = (22)

Ionization of Water—Although it is a poor coﬁducfor of
electricity, pure water does ionize through a process known as
autoprotolysts, in the following manner:

2H,0 = H30" + OH~

Application of the law of mass action to this reaction gives
(@23)

where K is the equilibrium constant for the reaction. Since
the concentration of HyO (molecular water) is very much
8reater than either the hydronium-ion or hydroxyl-ion concen-
can be consi d to be constant and can be com-
K to give a constant, K,,, known as the ion
product of water, and Eq. 23 becomes

I{w = [H30+][OH_] (24)

The numerical value of K, varies with temperature; at 25° it is
approximately equalto 1 x 10711,
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Table 4—Dissociation Constants in Water at 25°

Substance

Acetic
Acetylsalicylic
Barbital

Dichloroacetic
Ethylenediaminetetra-
acetic acid (EDTA)

Formic
Glycerophosphoric

Glycine

Lactic

Mandelic
Monochloroacetic
Oxalic (2H20)

Phenobarbital
Phenol
Phosphoric

Picric
Propionic
Saccharin
Salicylic
Succinic

Sulfadiazine
Sulfamerazine
Sulfapyridine
Sulfathiazole
Tartaric

Trichloroacetic

Acetanilide
Ammonia
Apomorphine
Atropine
Benzocaine
Caffeine
Cocaine
Codeine
Ephedrine
Morphine
Papaverine
Physostigmine

Pilocarpine

Procaine
Pyridine
Quinine

Reserpine
Strychnine

Theobromine
Thiourea
Urea

‘Weak acids

K,
K,

K,
K,

Weak bases

1.75 x
3.27 x
1.23 x
1.05 x
6.30 x
1.74 x
5.8 X
T x
4.31 X
4.7 x
7.0 X
1.8 X

4.0 X !

5 x
1x
2.14 x
6.92 x
5.5 x
1.77 x
3.4 x
6.4 x
4.5 x
1.7 x
1.39 x
4.29 x
1.4 x
5.5 %
5.3 x
3.9 x
1%
7.5 %
6.2 x
2.1 x
4.2 X
1.34 x
2.5 x
1.06 x
6.4 x
2.3 x
3.3 x
8.7 x
3.6 X
7.6 <
9.6 X
4.4 x
1.3 x

4.1 x
1.74 %
1.0 x
4.5 x
6.0 x
4.1 x
2.6 x
9 x
2.3 x
7.4 x
8 x
7.6 x
5.7 x
7%
2 %
7 x
1.4 x
1.0 x
13 x
4 x
1x
2 x
4.8 x
1.1 x
1.5 x

K

10-3
1074,
10-8
10—
10-5
1073
10-10
10-14
1077
1011

10-5

102
1075
10-8
10-10
10-9
10-8
10-13
10-"
105
1072
10-%
10-%
106
1077
10-8
107°
10-8
10~
10-°
10!

10~ (40°)
109

1077

1075

1012
10714 (40°)
106

107
10-%
10-7

1079

10-7
1018

1078

10711]

10-6

109

10-6

10-10
10-#

10-¢

1012
1071 (40°)
10~
10~

219
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Since the autoprotolysis of pure water yields one hydro-
nium ion for each hydroxyl ion produced, [H;O*] must be
equalto [OH-]. At 25°each hasavalue of 1 x 10" "mols/ L
(1 x 1007 x 1 x 1077 = K,, = 1 x 107!). A solution in
which [H;0%] is equal to [OH~] is termed a neutral solution.

If an acid is added to water, the hydronium-ion concentra-
tion will be increased and the equilibrium between hydronium
and hydroxyl ions will be disturbed momentarily. To re-
store equilibrium, some of the hydroxyl ions, originally pres-
ent in the water, will with a part of the add dro-
nium ions to form ed water molecules, the
product of the concentrations of the two ions has been re-
duced to 10774, When equilibrium again is restored, the
concentrations of the two ions no longer will be equal.  If, for
example, the hydronium-ion concentration is 1 x 1073 N
when equilibrium is established, the concentration of hy-
droxylionwill be 1 x 10711 (the product of the two concentra-
tions being 'equal to 107'4). Since [H3O"] is much greater
than [OH™], the solution is said to be acid or acidic.

In a similar manner, the addition of an alkali to pure water
momentarily disturbs the equilibrium between hydronium and
hydroxyl ions. To restore equilibrium, some of the hydro-

nium ions o ly will e with
part of the h non water
molecules. The process continues until the product of the

hydronium and hydroxyl ion concentrations again is equal to
10-'.  Assuming that the final hydroxyl-ion concentration is
1 x 10~1 N, the concentration of hydronium ion in the solu-
tion will be!1 x 10710, Since [OH~] is much-greater: than
[H50%], the solution is said to be basic or alkaline.
Relationship of K, and K,—A particularly interesting and
useful relatioriship between the strength of an acid and its
conjugate base, or a base and its conjugate acid, exists. For
) r rength of the base NH; and its
c )i r. Thebehavior of NHj as abase
is expressed by )

NH, + H,O = NH,* + OH~

for which the equilibrium, as formulated earlier, is

K, = (25)
The behavior of NH* as an acid is represented by
NH," + H,O = NH; + H;0*
the equilibrium constant for which is
K, = (26)
Multiplying Eqs 25 and 26
= @n
It is obvious that
K, = KK, (28)
where K, is the ion product of water as defined in Eq.24-
hip, eral one
c is the fol
deductions: (1) the strength of an acid may be expressed in
f the K, or the K, of its
K, of an acid may be ¢
conjug (3) the stronger an
acid is, ) ceversa.”
swh b with more one
pr aret c illustrated

PO, + H,0 = HPO,%~ + OH-
HPO,>~ + H,0 = H,PO,~ + OH-
H,PO,~ + H,0 = H,PO, + OH"
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Applying the law of mass action to this series of reactions, ang

u the concepts outl Egs 25 to 28, the r onship
b en the various K, values for phospho cid are
Km = Krz] X Kb({ = KuZ x 1(1)2 = Knlj X Khl (29)

where K,,;, K2 and K, refer to the equilibria given by Eqs 17,
18 and 1 , Ko o the ction
of PO43~ 47, Te hwat i
Electronegativity and Dissociation Constants—Table
4 gives the dissociation constants of several weak acids and
weak bases, in water, at 25°.  Strong acids and strong bases
do not obey the law of mass action, so that dissociation con-
stants cannot be formulated for these strong electrolytes.
Table 4 shows that great variations occur in the strength of
weak acids and weak bases. The effect of various substitu-
ents on the strength of acids and bases depends on the electro-
negativity of the substituent atom or radical. For example,
the substitution of one chlorine atom into the molecule of
acetic acid increases the degree of ionization of the acid.
Substitution of two chlorine atoms further increases the de-
gree of ionization, and introduction of three chlorine atoms
produces a still stronger acid. Acetic acid ionizes primarily
because the oxygen atom adjacent tothe hydrogen atom of the

hydrogen and the oxygen in the carboxyl group is thereby

effect on ionic equilibria and observed dissociation constants.
One method of correcting dissociation constants for solutions
with an ionic strength up to about 0.3 is to calculate an
apparent dissociation constant, pK, as

pK; + pK, + (30)

in which is the tabulated thermodynamic dissociation
constant, Z is the charge on the acid and p is the ionic strength.

Example—Calculate pKj for succinic acid at an ionic strength of 0.1.
Assume that pK, is 5.63. The charge on the acid speciesis —1.

0.51 (=2.~1) Y01
1+ 01
= 5.63 — 0.37.= 5.26

Determination of Dissociation: Constants—Although
the dissociation constant of a weak acid or base can be ob-

pK; = 5.63

evident from an inspection of Eg 16; when equimolar concen-

HA salt) are present, the
nco , is equal to the hydro-
nium con ion ( of the o
the p the n). meth d



obtained

ion const

be
[K*] + [H30*] = [OH"] + [A7] D

in which [K*] is the concentration of the base added.
Equation 31 can be rearranged to give

Z=[A"]=[K*] + [H;O*] — [OH™] (32)

When a weak monoprotic acid is added to water, it can exist in

the unionized form, HA, and in the ionized form, A~. After
equil i 1i m of e of
both S e the s e d)
concentration of acid or
C,=[HA]+[A"]=[HA]+Z (33)

The term, [HA], can be replaced using Eq 16 to give

C, = +Z (34)
which can be rearranged to

Z=C, — (35)

According to Eq 35, if Z, which is obtained from the experimen-
tal data using Eq 32, is plotted versus the terms Z[H30*], a
straight line results with a slope equal to 1/K,, and an inter-
cept equal to C,. In addition to obtaining an accurate esti-
mate for the dissociation constant, the stoichiometric concen-
tration of the substance being titrated is obtained also. This
is of importance when the substance being titrated cannot be
purified, or has an unknown degree of solvation. Similar
equations can be developed for obtaining the dissociation
constant for a weak base.! .

The dissociation constants for diprotic acids can be ob-
tained by defining P as the average number of protons dissoci-
ated per mole of acid or
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and

=K\K, + 37
A plot of Eq 37 should yield a straight line with a slope equal to
K, and an intercept of K5; dividing the intercept by the slope
yields Ko.

Micro Dissociation Constants—The dissociation con-
stants for polyprotic acids, as determined by potentiometric
titration, are known generally as macro, or titration constants.
Since it is known that carboxyl groups are stronger acids than
protonated amino groups, there is no difficulty in assigning K,
and K,, as determined by Eq 37 to the carboxyl and amino
groups, respectively, of a substance such as glycine
hydrochloride. In other chemicals or drugs such as phenyl-
propanolamine, in which the two acidic groups are the phe-
nolic and the protonated amino group, the assignment of
dissociation constants is more difficult. This is because, in
general, both groups have dissociation constants of equal
magnitude. Thus, there will be two ways of losing the first
proton and two ways of losing the second, resulting in four
possible species in solution. This can be illustrated using the
convention of assigning a + to a positively charged group, a 0
to an un g a—to c group.
Thus, + r the ful d propa-
nolamine, + — the dipolar ion, 00 the uncharged molecule and
0—, the anion. The total ionization scheme, therefore, can
be written

+0

TN

A\ e

a

00

The micro constants are related to the macro constants as
K, =k, +ky (38)
K\K, = kikq = koky 39)

It can be seen from Eq 38 thdt unless k, or k, is very much
smaller than the other, the observed macro constant is a
composite of the two and cannot be assigned to one or the
ot ina b

erm 1 Riegelman et al?
and Niebergall et al.? Once k,;, K, and K, have been deter-
mined, all of the other micro constants can be obtained from
Eqs 38 and 39.

pH

The numerical values of hydronium-ion concentration may
vary enormously; for a normal solution of a strong acid the
value is nearly 1, while for a normal solution of a strong
base it is approximately 1 x 107'%; ie, a variation of
100,000,000,000,000 between these two limits. Because of
the inconvenience of dealing with such large numbers, Sgren-
son, in 1909, proposed that hydronium-ion concentration be
expressed in terms of the logarithm (log) of its reciprocal. To
this value he assigned the symbol pH. Mathematically it is
written

1
8 (1,07 ]

pH =1 (40)

and since the logarithm of 1 is zero, the equation also may be
Written

pH = — log [H307] 41
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from which it is evident that pH also may be defined as the
negative logarithm of the hydronium-ion concentration. In
general, this type of notation is used to indicate the negative
logarithm of the term that is preceded by the p, which gives
rise to the following

pOH = — log [OH] (42)
pK = —log K (43)
Thus, taking logarithms of Eqs 28 and 24 gives
pK, + pK, = pK,, (44)
pH + pOH = pK,, (45)

The relationship of pH to hydronium-ion and hydroxyl-ion
concentrations may be seen in Table 5.
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Table 5—Hydronium-lon and Hydroxyl-lon Concentrations

Normality in Normality in
terms of terms of
pH hydronium ion hydroxyl ion
0 1 101
1 10! 10-18
Increasing: 2 102 10-4>
acidity 3 10-4 10-1
4 04 10-10
5 0-5 1079
6 0-6 10-8
Neutral point 7 0-7 10-7
' 8 0% 10-6
"9 09 1079
Increasing 10 10-10 10-1
alkalinity 11 10-11 1073
12: 1012 1072
13- 10-43 10!
14 10-1 1

The following examples illustrate the conversion.from expo-
nential to p netation . o

1 pH corresponding toa _l"tydpoﬁium’-,ion concentration
of 1 X ' ’ '
Solution:
1
pH = log 1= 7o

= log 10,000 or log (1 x 10*%)
log (1 x 10*%) = +4
pH=4

2. Calculate the pH corresponding to a hydronium ion-concentration
of 0.000036 N (or g-ion/L) (Note—This more frequently is written as a
number multiplied by a power of10; thus, 3.6 X 10~° for 0.000036:)

Solution
pH = log

= log 28,000 or log (2.8 X 10+
log (2.8 X 10*%) = log 2.8 + 10+ _

a

< log 2.8 = +0.44
"log 10+* = +4.00 ‘
pH = 4.44

This problem also may be solved as follows
pH = —log (3.6 x 107%)
log 3.6 = +0.56
log 10~5 = —5.00
' =—4.44 = log (8.6 x 1075)
pH = —(~4.44) = 144 = ‘4“.‘44 ,_
The following exampies illustrate the:conversion of:“‘p’* nota-
tion to exponential notation:

1. Calculate the hydronium-ion concentration corresponding to a pH
of4.44. i

Solution
H = log
4.44 = log
1 . \
[Hg—0+] = antilog'of 4.44: = 28,000 (rounded off)
[Hy0+] = =0.000036 or 36 ¥ 10
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This calculation also may be made as
+4 144 = —log[H;0"]
+log[H,0%]

In finding the antilog of —4.44 it should be kept in mind that the
mantissa (the number Lo the right of the decimal point) of a log to the base
10 (the common or Briggsian logarithm base) is always positive but that
the characteristic (the number to the left of the decimal point) may be
positive or negative.  As the entire log —4.44 is negative, it is obvious
that one t up the log of 44. However number
—4.44als b tten (=5 + 0.56 as more often en, 5.56,
where the bar across the characteristic indicates that it alone is negative,
while the 1est of the number is positive. Looking up the antilog of 0.56 it
is found to be 3.6 and, as the antilog of —5.00 is 10-5, it follows that the
hydronjum:-ion concentration must be 3.6 x 10~ mols/L.

2. Calculate the hydronium-ion concentration corresponding to a pH
of 10.17.

or —4.44 =

Solution
10.17 = —log[H;0%]
—-10.17 = iog[HQO*]
'=10:17 = (—11.00 + 0.83) = 11.83

The antilog of 0.83 = 6.8
The antilog of —~11.00.= 10~1! '
The hydronium-ion concentration is therefore 6.8 x 10~'! mols/L.

In the section on Jonization ter it was shown that the
hydronium-ion concentration of pure water, at 25°, is 1 X
1077 N, corresponding to a pH of 7.* This figure, therefore,
is designated as the neutral point and all values below a pH of
7 represent acidity; the smaller the number, the greater the
acidity. Values above 7 represent alkalinity; the larger the
number, the greater the alkalinity. The pH scale usually runs
from O to 14, but mathematically there is no reason why

the y de ria erlyingthe definition of

p‘H . in din uss
Species Concentration

‘When a weak acid, H,A, is added to water, n + 1 species,
including the unionized acid, can exist. After equilibrium is
established, the sum of the concentrations of all species must
be equal to C,, the stoichiometric (added) concentration of
acid. Thus, for a triprotic acid HzA

= [H;A] + [HA"] + [HA®"] + [A%7] (46)

In addmon, the concentratlons of all acidic and basic spec1es
in solution vary with pH, and can be represented solelyin
terms, of  equilibrium eonstants and the hydronium-ion

concentration. These relationships may be expressed as
[H A] = [H30+ ]"C /D AN
[Hn JA ] [H30+ 7K, - - - K,C,/D (48)

* The pH of the purest water obtainable, so-called ‘' conductivity”” water,
is 7.0 when the measurement is carefully made under conditions to eX-
clude carbon dioxide and prevent errors inherent in the measuring tec}ll'
nique (such as-acidity or alkalinity of the indicator). Upon agitating this



HoA: D = [HyO'P + K [Hz0"]? o
+ K\K,[H0] + K KoKy (49)
Hy: D = [HyO')® + K [HyO*] + K\K, (50)
HA: D = [H;0*] + K, (61

The numerator, in all instances, is C, multiplied by the term
from the denominator that has [H;O*] raised to the n — j

power. Thus, for diprotic acids such as carbonic, succinic,
tartaric, etc
(HLA] = [H:07]*C, (52)
o [H,0*]* + K,[H;0"] + K|K,
[HA-] = LOTIC (53)
[HO%]* + K| [H;0"] + K\ K,
(A*7] = 64

Example—Calculate the concentrations of all succinic acid species ina
1 0 x 10~ M solution of succinic acidat pH 6.0.  Assumethat X, = 6.4 X
10~ and K = 2.8 x 1074
Egs 52—-54 have the same denominator, D, which can be
calculated as

D = [H;0%]° + K, [H;0%] + K\K,
=10x 107 +6.4%x10°x1.0x 1076+ 6.4
x 1075 x 2.3 x 1076
=1.0x 1072 +6.4x 10" +14.7 x 107V
=212 x 1071
Therefore
[HaA] =
1.0 x 1072 x 1.0 x 1077 47 % 10-6 M
47 x10°0
21.2 x 10711
HA- K,[H;07]C,
{ | = D
6.4 x 107" x 1.0 x 1079
=30x10""M
21.2 x 10711
[A*] =
14.7 x 107" x 1.0 x 1073
- - 6.9 x1070'M

21.2 x 1071

Proton-Balance Equation

In the Brgnsted—Lowry system the total number of protons
released by acidic species must equal the total number of
protons consumed by basic species  This results in a very
useful relationship known as the proton-balance equation
(PBE), in which the sum of the concentration terms for spe-
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cies that form by proton consumption is equated to the sum of
the concentration terms for species that are formed by the
release of protons. The PBE forms the basis of a unified
approach to pH calculations, since it is an exact accounting of
all proton transfers occurring in solution.

When HCI is added to water, for example, it dissociates
yielding one Cl- for each proton released. Thus, Cl™ is a
species formed by the release of a proton. In the same solu-
tion, and actually in all aqueous solutions

2H,0 = H,0* + OH"

where HyO* is formed by proton consumption and OH~ is
formed by proton release. Thus, the PBE is

[HyO%] = [OH"] + [C]7] (55)
In general, the PBE can be formed in the following manner:

1. Start with the species added to water.

2. Place all species that can form when protons are released on the
right side of the equation

3. Place all species that can form when protons are consumed on the
left side ot the equation.

4. Multiply the concentration of each specics by the number of pho-
tons gained or lost to form that species.

5 Add [H;0%*] to the left side of the equation and [OH™] to the right
side of the cquation. These resull from the interaction of two molecules
of water as shown above

Erample—When HyPO, is added to water, the species HoPO,~ forms
with the release of one proton, HPO,”~ forms with the release of two
protons and PO~ forms with the release of three protons to give the
following PBE:

[H,0*] = [OH"] + [H,PO,"] + 2[HPO,* ] + 3(PO*]  (56)

Euxample—When Na,HPO, is added to water, it dissociates into two
Na'! and one HPO,*~  The sodium ion is neglected in the PBE since it is
not formed from the release or consumption of protons The species
HPO*~, however, may react with water to give HyPO,~ with the consump-
tion of one proton, H;PO, with the consumption of two protons, and PO -
with the release of one proton to give the following PBE:

[H,0"] + [H:PO,"] + 2[H4PO,] = [OH"] + [PO,*7]

67

Calculations

The pH of solutions of acids, bases and salts may be calcu-
lated using the concepts presented in the preceding sections.

Strong Acids 0 Bases
When a strong acid such as HCI is added to water, the
following reactions occur:
HCl + H,0 — H,0* + Cl~
2H,0 = H,0* + OH~
The PBE for this system would be
[H;0"] = [OH™] + [CI7] (568)

In most instances (C, > 4.5 X 107 M) the [OH"] would be
negligible compared to the [Cl™ ] and the equation simplifies to

[H;07] = [CI7] = C, (59)

Thus, the hydronium-ion concentration of a solution of a
strong acid would be equal to the stoichiometric concentra-
tion of the acid. This would be anticipated, since strong
acids generally are assumed to be 100% jonized.

The pH of a 0.005 M solution of HCI theretore is calculated
as

pH = — log 0.005 = 2.30

In a similar manner the hydroxyl-ion concentration for a
solution of a strong base such as NaOH would be

[OH"] = [Na™] = (), (60)
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and the pH of a 0.005 M solution of NaOH would be
pOH = —log 0.005 = 2.30
pH = pK,, — pOH = 14.00 — 2.30 = 11.70
Weak Actds or Bases
If a weak acid, HA, is added to water, it will equilibrate with
its conjugate base, A™, as
HA + H,0 = H;0" + A~

Accounting for the ionization of water gives the following PBE
for this system:

[(H;0"] = [OH™] + [A7] (61)

The concentration of A~ as a function of hydronium-ion con-
centration can be obtained as shown previously to give

IICQ
H,0*] = [OH"] + == 2
[H;0] = [OH"] + i (62)
Algebraije simplification yields
C, — [HgO*] + [OH™]
11,0°] = &, Lo .k (63)

([H307] — [OHT]D)

In most instances for solutions of weak acids, [H3O*] >
[OH~] and the equation simplifies to give

[H;07]% + K, [H;0%] — K,C, =0 ' (64)
This is a quadratic equation* which yields
—K, + K2+ 4K,C
[HyO*] = — =3 (65)

2

since [H3O*] can never be negative. Mhemore, if [H30*]
is'less than 5% of C,, Eq 64 is simplified fiirther to give °

[Hs0"] = VK,C, (66)
It generally is preferable to use the simplest equation to calcu-
late [H30*]. However, when [H30*]is calculated, it must be
compared to C, in order to determine whether the:assumption
C, > [H307%] is valid. If the assumption is not val1d the
quadratic equation should be used. X

Example—Calculate thé pH of'a 5.00 x 10-5 M sohition of a weak acid
havinga K, = 1.90 x 1075

[H30*) = VK,C,
= y/1.90 x 10~ x 5.00 x 10~°
=3.08 x 1079 M

Since C, [(5.00 x 10-°M)] is not much greater than [HgO*], the quadratic
equation (Eq 65) should be used.

— 1.90 X 1075 + /(1.90 x 10~} + 4(5.00 x 10-5)
2

[HsOF =

=7.06 x 1077
pH = log(706 X 1079 = 2, 15
Note that the assumption [H3O*] > [OH™)is vahd The hydronium-ion

concentration calculated from Eq 66 has a relative error of about 100%
when compared to the correct value obtained from Eq 65

‘When a salt obtained from a strong acid and a weak base—
eg, ammonium chloride, morphine sulfate pilocarpine hydro-
chloride, etc—is dissolved in water,, it-dissociates as !

‘

3 H,0
BH*X- — BH* + X~

* The general solutlon to a quadratic equation’of the form

RN
aX? +bX +c=0 is X—%
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in which BH* is the protonated form of the base B, and X~
the anion of a'strong acid. Since X~ is the anion of a strong
acid, it is too weak a base to undergo any further reaction with
water. The protonated base, however, can act as a weak acid
to give
BH* + H,O = B + H30*

Thus, Eqs 65 and 66 are valid, with C, being equal to the
coneentration of the salt in solution. If K, for the protonated

base is not available, it can be obtained by dividing K, for the
base B, into K,

Example—Calculate the pH of a 0.026 M solution of ammonium

chloride. Assume that K, for ammonia is 1.74 X 107% and K, is 1.00 x
10714,
X K, 1.00x 107t Fo s i
=== X
“T K, 1T x 1077
[Hy0*] = VK, C,
=575 % 1010 % 2.6 = 107
=3.87 x 107 M

pH = — log (3.87 x 107%) = 5.41

Since C, is much greater than [H3O*] and [H3O*] is much greater than E

[OH-], the assumptions are valid and the value calculated for pH is
sufficiently accurate.

Weak Bases

When a weak base, B, is dissolved in water it ionizes to give

the conjugate acid as
B + H,O = BH* + OH~
The PBE for this system is

[BH*] + [H30"] = [OH"]

acid, gives
(G, — [OH" | + [H;07])
([OH™] — [H0*])
If [OH~] [H30%], as is true generally, then
[OH"]? + K,[OH"] — K,C, =0

which is a quadratic with the following solution:

[OH"] = K, (68)

(69)

(70)

If C, > [OH™], the quadratic equation simplifies to

[OH"] = VK,C,
Once [OH~] is calculated, it can be converted to pOH, which
can be subtracted from pK,, to give pH.

Example—Calculate the pH of a 4.50 X 102 M solution of a weak base

having K, = 2.00 x 10~%. Assume that X,, = 1.00 X 10714,
[OH"] = VK,C,

= /2.00 x 1074 x 4.50 x 102

= 500 % 10-% = 3.00 x 103 M
Both assumptions are valid. S .
s pOH = — 10g:3.00 x'10~3 = 2.52
., pH=14.00 - 252 = 11.48

When salts obtained from strong bases and weak acids (eg,
sodium acetaté, sodium sulfathiazole, sodium benzoate, etc)

67

Substituting [BH*] as a function of hydronium-ion concentra- |
tion and simplifying, in the same manner as shown for a weak

(71
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are dissolved in water, they dissociate as

Na* A- 120 Na+ + A-

in which A~ is the conjugate base of the weak acid, HA, The
Na* undergoes no further reaction with water. The A~, how-
ever, acts as a weak base to give

A~ + H,0 = HA + OH~

Thus, Eqs 70 and 71 are valid, With«C,, being equal to the
concentration of the salt in solution. ' The value for K), can be
obtained by dividing K, for the conjugate dcid, HA, into K.

Exarmpte—Caleulate the pH of a 0.06 M snlutmn of . sodiuny acetate
Assume that K, for acetic acid = 1.75 X 10~ and K, = 1. 00 x1g-1.

k=Ko _ 100 x 107
"T K., 17x10°%

=5.71 x 10710 ) :
= VK,C, = B.71 % 10719 x 5.0 x 10~
=5.34.%x 1076 M

Both assumptions are valid:
pOH = — log (5.34 x 107%) = 5.27
pH = 14.00 - 5.27 = 8.73

Ampholytes

Substances such as NaHCOg4 and NaH,PO4 are termed am-
pholytes, and are capable of functioning both as acids and
bases. When an ampholyte of the type NaHA is dissolved in
water, the following series of reactions can occur:

Na*HA- %20 Na+ + HA-
HA~ + H,0 = A% + H;0*
HA- + Hy,O = HyA + OH~
9H,0 = H,0* + OH-
The total PBE for the system is
[H;O*] + [HoA] = [OH] + [A%7] (72)

Substituting both [HyA] and [A~] as a function of [H;0 "] (see
Eqs 52 and 54), yields

[H;0* % C,
[HsO*] + = ;
[Hy0*] + K, [H30%] + KK,
Km KIK'_'.G\
=— +
[HsO%] | [H0')* + K [H,07 ] + KK,

T_his gives a fourth-order equation in [H307*}, which can be
simplified using certain judicious assumptions to

H.0%] = KIKZGv
0% = Vg e

Inmost instances, C, > K, and the equation further simplifies

to
[H;O0*] = VKK, (74)

and [H;07] becomes independent of the concentration of the
sall. A special property of ampholytes is that the concentri-
tion of the species HA™ is maximum at the pH corresponding
Lo Eq 7.

When the simplest amino acid salt, glycine hycirm hloride, is
dissolved in water, it acts as a diprotic acid and ionizes as

*NH,CH,COOH + H,O = *NH,;CH,COO~ + H3;0"
*NH,;CH,COO~ + H,O = NH,CH,COO~ + H3;0°
The form, *NH4CH,COO™, is an ampholyte since it also can

(73)
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act asaweak base:
+NH30H2000 + HZO = +NH;;CH2(IOOH + OH~

This type of substance, which carries both a charged acidic
and a charged basic moiety on the same molecule is'termed a
zwitterion and, since the two chargesbalance each other,the
molecule acts essentially as a neutral molecule. The pH at
which the zwitterion concentration is maximum is known as
the isoelectric point, which can'be calculated from Eq 74.

On the acid side of'the isoelectric point, amino acids and
proteins are cationic and incompatible with anionic' materials
such as the naturally occurring gums used 'as suspending
and/or emulsifying agents. Onthe alkaline side ofthe isoelec-
tric point, amino acids and proteins are anionic and incompat-
ible with cationic materials such as benzalkonium chloride.

Salts of Weak Acwd,s and Weak Bases

When a salt such as ammonium acetate (whlch is derived
from a weak acid and a weak base) is dissolved in water, it
undergoes the following reactions:

BH*A- %20 BH* + A-
BH* + H,0 = B + H;0*
« AT + Hy,O = HA + OH‘
The total PBE for this system is

[HzO*] + [HA] = [OH"] + [B] (75)
Replacing [HA] and [’B] as a function of [H;0*], gives
[H,07]C, N K,)C,
MO+ o+ i, - O ok 0

in which C is the concentration of salt, K is the 1omzat10n
constant of the conjugate acid formed from the reaction be-
tween A~ and water and K, is the ionization constant for the
protonated base, BH*. Ingeneral, [H;0*], [OH™],K,and K,
usually are smaller than C; and the equation simplifies to

[H0"] = VK K, @n
FExample—-Calculate the pH of 2 0.01 M solution of ammonium acetate.

The ammonium ion has a &, ¢qual to 5.75 x 10710, which represents K, in
Eq77. AceticacidhasaK,of 1.75 X 10", which represents X, in Eq 77:

[Hy0] = y1.75 x 1077 x 5.75 x 10-10
=1.00 x 1077
pH = — log (1.00 X 10-7) = 7.00

All of the assumptions are valid.
Buffers

The terms buffer, buffer solution and buffered solution,
when used with reference to hydrogen-ion concentration or
pH, refer to the ability of a system, particularly an agueous
solution, to resist a change of pH on adding acid or alkali, or
on dilution with a solvent.

I an acid or base is added to water, the pH of the latter is
changed markedly, for water has no ability to resist change of
pH; it is completely devoid of buffer action. Even a very
weak acid such as carbon dioxide changes the pH of water,
decreasing it from 7 to 5.7 when the small concentration of
carbon dioxide present in air is equilibrated with pure water.
This extreme susceptibility of distilled water to a change of pH
on adding very small amounts of acid or base is often of great
concern in pharmaceutical operations. Solutions of neutral
salts, such as sodium chloride, similarly lack ability to resist
change of pH on adding acid or base; such solutions are called
unbuffered.

Characteristic of buffered solutions, which undergo small
changes of pH on addition of acid eor base, is the presence
either of aweak acid and a salt of the weak acid, or a weak base
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and a salt of the weak base. An example of the former system
is acetic acid and sodium acetate; of the latter, ammonium
hydroxide and ammonium chloride. From the proton con-
cept of acids and bases discussed earlier, it is apparent that
such buffer action involves a conjugate acid—base pair in the
solution. It will be recalled that acetate ion is the conjugate
base of acetic acid, and that ammonium ion is the conjugate
acid of ammonia (the principal constituent of what commonly
is called ammonium hydroxide).

The mechanism of action of the acetic acid—sodium acetate
buffer pair is that the acid, which exists largely in molecular
(nonionized) form, combines with hydroxyl ion that may be
added to form acetate ion and water, thus

CH,COOH + OH- — CH;C00~ + H,0

while the acetate ion, which is a base, combines with hydrogen
(more exactly hydronium) ion that may be added to form
essentially nonionized acetic acid and water, represented as

CH,CO0- + H;0* — CH,COOH + H,0

As will be illustrated later by an example, the change of pH is
slight as long as the amount of hydronium or hydroxyl ion
added does not exceed the capacity of the buffer system to
neutralize it.

The ammonia—ammonium chloride pair functions as a buffer
because the ammonia combines with hydronium ion that may
be added to form ammonium ion and water, thus

NH, + H,0* — NH,* + H,0

Ammonium ion, which is an acid, combines with added hy-
droxyl ion to form ammonia and water, as

NH,* + OH- — NH, + H,0

Again, the change of pH is slight if the amount of added
hydronium or hydroxyl ion is not in excess of the capacity of
the system to neutralize it.

Besides these two general types of buffers, a third appears
to exist. This is the buffer system composed of two salts, as
monobasic potassium phosphate, KH,PO,, and dibasic potas-
sium phosphate, KoHPO,4. Thisisnot, however, anew type of
buffer; it is actually a weak-acid/conjugate-base buffer in which
an ion, HyPO,4~, serves as the weak acid, and HPO42" is its
conjugate base. When hydroxyl ion is added to this buffer
the following reaction takes place:

H,PO,~ + OH~ — HPO,*~ + H,0
and when hydronium ion is added
HPO,%~ + H;0" — H,PO,~ + H,0

It is apparent that the mechanism of action of this type of
buffer is essentially the same as that of the weak-acid/
conjugate-base buffer composed of acetic acid and sodium
acetate.

Calculations—A buffer system composed of a conjugate
acid—base pair, NaA — HA (such as sodium acetate and acetlc
acid), would have a PBE of

[Hs0*] + [HA] = [OH™] + [A7] (78)
] and [A~] as a function of hydronium-ion con-
s » A
aCa
] + + — - 5
[H;07] (OH 1+ b oy s &, (79

where Cj, is the concentration of the salt, NaA, and C, is the

concentration of the weak acid, HA. This equation can be

rearranged to give
[H30*] = K, (80)

In general, both C, and C, are much greater than [H3O"],
which is in turn much greater than [OH™], and the equation
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simplifies to

oCo
[Hy0*] = <, (81)
or, expressed in terms of pH, as
CI)
pH = pK, + log CTa (82)

This equation generally is called the Henderson—Hasselbalch
equation. It applies to all buffer systems formed from a
single conjugate acid—base pair, regardless of the nature of
the salts. For example, it applies equally well to the follow-
ing buffer systems: ammonia—ammonium chloride, monoso-
dium phosphate—disodium phosphate, phenobarbital—so-
dium phenobarbital, etc. In the ammonia—ammonium
chloride system, ammonia is obviously the base and the ammo-
nium ion is the acid (C, equal to the concentration of the salt).
In the phosphate system, monosodium phosphate is the acid
and disodium phosphate is the base. For the phenobarbital
buffer system, phenobarbital is the acid and the phenobarbital
anion is the base (C, equal to the concentration of sodium
phenobarbital).

As an example of the application of this equation, the pH of
a buffer solution containing acetic acid and sodium acetate,
each in 0.1 M concentration, may be calculated. The K, of
acetic acid, as defined above, is 1.8 x 1075, at 25°.

Solution
First, the pK,, of acetic acid is calculated
pK,= —logK, = —log 1.8 x 1075
—log 1.8 — log 1077
=—-0.26 —(—5)= +4.74

Substituting this value into Eq 82
0.1
log—+4 74 = +4.74

The Henderson—Hasselbalch equation predicts that any so-
lutions containing the same molar concentration of acetic acid
as of sodium acetate will have the same pH. Thus, a solution
of 0.01 M concentration of each will have the same pH, 4.74,
as one of 0.1 M concentration of each component. Actually,
there will be some difference in the pH of the solutions, for the
activity coefficient of the components varies with con-
centration. For most practical purposes, however, the ap-
proximate values of pH calculated by the equation are
satisfactory. It should be pointed out, however, that the
buffer of higher concentration of each component will have a
much greater capacity for neutralizing added acid or base and
this point will be discussed further under Buffer Capacity.

The Henderson—Hasselbalch equation is useful also for cal-
culating the ratio of molar concentrations of a buffer system
required to produce a solution of specific pH. As an ex-
ample, suppose that an acetic acid—sodium acetate buffer of
pH 4.5 is to be prepared. What ratlo of the buffer compo-
nents should be used?

Solution

Rearranging Eq 82, which is used to calculate the pH of weak acid- salt
type buffers, gives

log = pH — pK,
=45-4.76 = —0.2]’4 = (9.76 - 10)
= antilog of (9.76 - 10) = 0.5675
The 'mterpretatibn of this result is that the proportion of
sodium acetate to acetic acid should be 0.575 mol of the
former to 1 mol of the latter to produce a pH of 4.5. A

solution containing 0.0575 mol of sodium acetate and 0.1 mol
of acetic acid per liter would meet this requirement, as would



also one containing 0.00575 mol of sodium acetate and 0.01
mol of acetic acid perliter. The actiual concentration se-
lected would depend chiefly on the desired buffer capacity.

Buffer Capacity—The ability of a buffer solution to resist
changesin pH upon addition of acid or alkali may be measured
iri terms of buffer capacity. In the preceding'discussion of
buffers it has been seen that, in a general way, the concentra-
tion of dacid in ‘a weak-acid/conjugdte-base buffer determines
the capacity to “‘neutralize” added base, while the concentra-
tion of salt of the weak dcid determines the capacity to neutral-
ize added acid. Szrmlarly, in a weak-base/ comugate -acid
puffer the concentration of the weak base establishes the
buffer c:apacﬂ:y toward added acid, while the concentration of
the conjugate acid of the weak base determines the capactty
toward added base. When the buffer is equimolar in the
con(.entratmns of weak acid and’ conjugate base, or of wea.k
base and conjugate acid, it has equa] buffer capamty toward
added strong acid or strong base.

Van Slyke, the biochemist, introduced a quantltatlve expres-
sion for evaluating buffer capacity. This may be defined as
the amount, in gram-equivalents (g-eq) per liter, of strong acid
or strong base, required to be added to a solution to change its
pH by 1 unit; a solution has a buffer capacity of 1 when 1 L
requires 1 g-eq of strong base or acid to change the pH 1 unit
(in practice, considerably smaller increments are measured,
expressed as the ratio of acid or base added to the change of
pH produced). From this definition it is apparent that the
smaller the pH change in a solution caused by the addition of a
specified quantity of acid or alkali, the greater the bufter
capacity of the solution.

The following numerical examples illustrate certain basic
prmc1ples and calculations concemmg buffer action and buffer

apacrcy

Example I—What is the change of pH on adding 0.01 mol of NaOH to 1

Lof0.10 M acetic acid?
(a) Calculate the pH of a 0.10 molar solution of acetic acid

(H,0%] = VE.C, = V1.75 x 107" x 1.0 x 10-1 = 4.18 x 10-%
PH = — log 4.18 % 1077 = 2.38

(b} Onradding 0.01 mol of NaOH to a liter of this solution, 0.01 mol of
acetic acid is converted to 0.01 mol of sodium acetate, thereby decreasing
C,t0 0,09 M,and C, = 1.0 x 10-* M. Using the Henderson— Hassclhach
equation gives

0.01"
L PH = 4.76 + log 57 = 476 ~ 0.95 = 3.81

The pH change is, tt{qrcl‘ore, 0.93 unit. The bulfer capacity as defined

above is calculated to be
mols of NaOH added
———————= (0:01]
change'in pH

Example 2—What is the change of pH on adding 0.1 mol of NaOHto 1 L
of buffer solution 0.1 M in acetic acid and 0.1 M in sodium acetate?

(a) The pH of the bulfer solution before adding NaOH is
[base]
[acid]

pH = log + pA,

0.1
=log gy + 4.76 = 4.76

(b) On adding 0.01 mol of NaOH per liter to this buffer solution, 0.01
mol of acetic acid is converted to 0.01 mol of sodium acetate, thereby
decreasing the concentration of acid to 0.09 A and increasing the concen-
tration of base to 0.1147.  The pH is calculated as

0.11 T
RO bl 1. B
pH = log 0.00 + 4,76

= 0.087 + .76 = 4.85

The change of pH in this case is only 0.09 unit, about 4, the change in the
breceding example.  The butfer capacity is calculated as
mols of NaOH added  0.01

change of pH- 0.9 - 0:41
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Thus, the buffer capacity of the acetic acid—sodium acetate bulfer solution
is approximately 10 times that of the acetic acid solution.

As is in part evident from these examples, and may be
further evidenced by calculations of pH changes in other
systems, the degree of buffer action and, therefore, the buffer
capacity, depend on the kind and concentration of the buffer
components, the :pH reglon involved: and ‘the kind of acid or
alkali added. :

i‘Strong Acids and Bases as “Buﬁ'ers”—In the foregoing
dlscusswn buffer actionwas attributed to systems of (1) weak
acids and their conjugate bases, (2) weak bases and their
conjugate acids and (3) certain :acid-base pairs which can
function in the manner either of System 1 or 2.

The ability to resist change in pH on adding acid-or alkali is
possessed also by relatively concentrated solutions of strong
acids and strong bases.. Ifto 1 L of pure water having a pH of
7.0 is added 1 mL of 0.01 M hydrochloric acid, the pH is
reduced toabout5.0. Ifthe same volume of the'acidis added
to 1 Lof 0.001 M hydrochloric acid, which has a pH of about 3,
the hydronium-ion concentration-is increased only about 1%
and the pH is reduced hardly at'all. ‘The nature of this buffer
action is quite different from that of the true buffer solutions.
The very simple explanationis that when:1 mL of 0.01 M HCl,
which represents 0.00001 g-eq of hydronium ions, is added to
the 0.0000001 g-eq of hydronium ionsin 1L of pure water, the
hydronium-ion concentration is increased 100-fold (equiva-
lent to two pH units), but: when the same amount is added to
the 0.001 g-eq of hydronium ions in 1. L of 0.001' M HCI, the
increase is only 1/100 the concentration already present.
Similarly, if 1 mL of 0.01 M NaOH is added to 1 L of pure
water, the pH is increased to 9, while if the same volume is
added to 1 L of 0.001 molar NaOH the pH is mcreased almost
immeasurably. 1

In general, solutions of strong acids of pH 3 or less, and
solutions of strong bases of pH 11 or more, exhibit this kind of
buffer action by virtue of the relatively high concentration of
hydronium or hydroxyl ions present. The USP includes
among its Standard Buffer Solutions a series of hydrochloric
acid buffers, covering the pH range 1.2 to 2.2, which also
contain potassmm chloride. The salt does not participate in
the buffering mechanism, as is the case with salts of weak
acids; instead, it serves as a nonreactive constituent required
to maintain the proper electrolyte environment of the solu-
tions.

Determination of pH
Colorimetry

A relatively simple and i inexpensive method for determining
the '1pp10‘<1mate pH of a ‘solution’'depends on the tact that
some conjugate acid base pairs (indicators) possess one color
in the acid form and another color in the bise form. Assume
that the acid form of a particular indicator is red, while the
base form is yellow. The color of a solution of this indicator
willrange from red, when it is sufficiently acid, to yellow, when
it is sufliciently alkaline.

In the intermediate pH range (the transition interval) the
color will be a blend of red and yellow depending upon the
ratio of the base to the acid form. In general. although there
are slight differences between indicators, color changes appar-
ent to the eye cannot be discerned when the ratio of base to
acid form, or acid to base form exceeds 10:1. The use of Eq
82 indicates that the transition range of most indicators is
equal to the pK, of the indicator =1 pH unit, or a useful range
of approximately two pH units. Standard indicator solutions
can be made at known pH values within the transition range of
the indicator, and the pH of an unknown solution determined
by adding the indicator to it and comparing the resulting color
with the standard solutions. Details of this procedure can be
found in RPS-14.  Another method for using these indicators
is to apply them to thin strips of filter paper. A drop of the
unknown solution is placed on a piece of the indicator paper
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and the resulting color compared to a color chart supplied
with the indicator paper. These papers are available in a
wide variety of pH ranges.

Potentiometry

Electrometric methods for the determination of pH are
based on the fact that the difference of electrical potential
between two suitable electrodes dipping into a solution con-
taining hydronium ions depends on the concentration (or
activity) of the latter. The development of a potential differ-
ence is not a specific property of hydronium ions. A solution
of any ion will develop a potential proportional to the concen-
tration of that ion if a suitable pair of electrodes is placed in
the solution.

The relationship between the potential difference and con-
centration of an ion in equilibrium with the electrodes may be
derived as follows. When a metal is immersed into a solution
of one of its salts, there is a tendency for the metal to go into
solution in the form of ions. This tendency is known as the
solutton pressure of the metal and is comparable to the
tendency of sugar molecules, eg, to dissolve in water. The
metallic ions in solution tend, on the other hand, to become
discharged by forming atoms, this effect being proportional to
the osmotic presswie of theions.

In order for an atom of a metal to go into solution as a
positive ion, electrons, equal in number to the charge on the
ion, must be left behind on the metal electrode with the result
that the latter becomes negatively charged. The positively
charged ions in solution, however, may become discharged as
atoms by taking up electrons from the metal electrode.
Depending on which effect predominates, the electrical charge
on the electrode will be either positive or negative and may be
expressed quantitatively by the following equation proposed
by Nernst in 1889:

RT p
E=—7In% (83)
where F is the potential difference or electromotive force, R is
the gas constant (8.316 joules), T'is the absolute temperature,
n is the valence of the ion, F'is the Faraday of electricity
(96,500 coulombs), p is the osmotic pressure of the ions and P
is the solution pressure of the metal.

Inasmuch as it is impossible to measure the potential differ-
ence between one electrode and a solution with any degree of
certainty, it is customary to use two electrodes and to measure
the potential difference between them. If two electrodes,
both of the same metal, are immersed in separate solutions
containing ions of that metal, at osmotic pressure p, and p»,
respectively, and connected by means of a tube containing a
nonreacting salt solution (a so-called salt bridge), the poten-
tial developed across the two electrodes will be equal to the
difference between the potential differences of the individual
electrodes; thus

RT b, RT 1
Fl P T nF P

Since both electrodes are:of the same metal, P, = P, and the
equation may be simplified to

E RTI ' 1
Tap "P1 T e P T LT .

E-E -E,~ 84)

(85)

In place of osmotic pressures it is permissible, for dilute
solutions, to substitute the concentrations c¢; and ¢, which
were found (see Chapter 16), to be proportional to p; and p,.
The equation then becomes

(86)

If either ¢; or ¢y is known, it is obvious that the value of the
other may be found if the potential difference;.F, of this cell
can be measured.
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For the determination of hydronium-ion concentration ¢
pH, an electrode at which an equilibrium between hydrogey
gas and hydronium ion can be established must be used, iy,
place of metallic electrodes. Such an electrode may be made
by electrolytically coating a strip of platinum, or other nobJe
metal, with platinum black and saturating the latter with pure
hydrogen gas. This device functions as a hydrogen
electrode.  Two such electrodes may be assembled as showy,
in Fig 3.

In this diagram one electrode dips into Solution A, contain-
ing a known hydronium-ion concentration, and the other elec-
trode dips into Solution B, containing an unknown hydronium-
ion concentration. The two electrodes and solutions,
sometimes called half-cells, then are connected by a bridge of
neutral salt solution, which has no significant etfect on the
solutions it connects. The potential difference across the
two electrodes is measured by means of a potentiometer, P,
If the concentration, ¢, of hydronium ion in Solution A is 1 N,
Eq 86 simplifies to

RT . 1
TRy 87

orin terms of Briggsian logarithms

RT
l0810 (88)

=2, 803
If for log;o 1/c» there is substituted its equivalent pH, the
equation becomes

E =2.303 = H 89
=2. aFP 89
and finally by substituting numerical values for R, n, T and F',
and assuming the temperature to be 20°, the following simple
relationship is derived:

E = 0.0581 pH or pH = (90)

0.05681
The hydrogen electrode dipping into a solution of known
hydronium-ion concentration, called the reference electrode,
may be replaced by a calomel electrode, one type of which is
shown in Fig 4. ' The elements of a calomel electrode are
mercury and calomel in an aqueous solution of potassium
chloride. The potential of this electrode is constant, regard-
less of the hydronium-ion concentration of the solution into
whichitdips. The potential depends onthe equilibrium which
is set up between mercury and mercurous ions from the calo-
mel, but the concentration of the latter is governed, according
to the solubility-product principle, by the concentration of
chloride ions, which are derived mainly from the potassium
chloride in the solution. Therefore, the potential of this elec-
trode varies with the concentration of potassium chloride in
the electrolyte.

Because the calomel electrode always indicates voltages
which are higher, by a constant value, than those obtained
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Fig3. Hydrogen-ion concentration chain.
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Fig4. Calomel electrode..

when the normal hydrogen electrode chain shown in Fig 3 is
used, it is necessary to subtract the potential due to the
calomel electrode itself from the observed voltage. As the
magnitude of this voltage depends on, the concentration of
potassium chloride in the calomel-electrode electrolyte, it is
necessary to know the concentration of the former. For
most purposes a saturated potassium chloride solution is used
which produces potential difference of 0.2488 V. Ac-

the potential difference.of such a cell.

E — 0.2488
pH = (€2Y)]
In measuring the potential difference betwéen the elec-
trodes, it is imperative that very little current bé drawn from
the cell; for with current flowing the voltage changes, owing to
polarization effects at the electrode: Because of this it is not
possible to make accurate measurements with a voltmeter
which requires appreciable current to operate it. Inits place
a potentiometer is used which does not draw a current from
the cell being measured.
There dare many limitations to the use of the hydrogen
electrode:

It cannot be used in solutions containing strong oxidants such as ferric
iron, dichromates, nitric acid, peroxide or chlorine or reductants, such as
sulfurous acid and hydrogen sulfide.

It is affected by the presence of organic compounds which are reduced
fairly easily.

It cannot be used successfully in solutions containing cations that fall
below hydrogen in the electrochemical series.

Erratic results are obtained in the measurement of unbuffercd solutions
unless special precautions are taken.

It is troublesome to prepare and maintain.

Since other electrodes more convenient to use now are avail-
able, the hydrogen electrode today is used rarely.
Nevertheless, it is the ultimate standard for pH measule»
ments.

To avoid some of the difficulties with the hydrogen elec-
trode, the quinhydrone electrode was introduced and was
popular for a long time, particularly for measurements of acid
solutions. The unusual feature of this electrode is that it
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quantity of quinhydrorie. A calomel electrode may:be used
for reference, just as in determinations with the hydrogen
electrode.

Quinhydrone consists of an equimelecular mixture of qui-
none and hydroquinone; the relationship between these sub-
stances and hydrogen-ion concentration is e

Quinone + 2 hydregen ions + 2 electrons = hydroquinone

In a solution containing hydrogen ions the potential of the
quinhydrone electrode is related logarithmically to hydronium-

centra-

to one.
This ratio is maintained in an acid solution c¢ontaining an
excess of quinhydroné, and measureménts may be made
quickly and-accurately; however, qumhydrone cannot be used
in solutions more alkaliné than pH 8.

An electrode which, because of its simplicity of operation
and freedom from«é'ontaminationa or change of the solution
being tested, has replaced both the hydrogen and quinhy-
drone electrodes.is the:glass electrode. It functions by vir-

solutions is known, the other may be calculated from the
potential difference. In practice, the glass electrode usually
consists of a bulb of the special glass fused to the end of a tube
of ordinary glass. Inside the bulb is placed a solution of
known pH, in contact with an internal silver— silver chloride or

elec Thi s e and nce

ode mers t on to the
potential difference is measured. A potentiometer providing
electronic, amplification of the small current produced is
employed. The modern instruments available permit read-
ing the pH directly and prowvide'also for compensation of

ions in of e
but p he s
electrode. Y

Pharmaceutical Significance

In the broad realm of knewledge concerning the prepara-
tion and action of drugs few, if any, variables are so important
as pH. For the purpose of this presentation, four principal
types of pH-dependence .of drug systems will be disgussed:
solubility, st  ity, activity and absorption.

Solupility

Ifa ater to givea concentration Cj,
the fo o

Na+ A~ 10 Na+ 4+ A-
' A~ + H,0 = HA + OH"

If the pH of the solution is lowered, more of the A~ would be
converted to the unionized acid, HA, in accordance with Le
Chatelier's principle. Eventually, a pH will be obtained, be-
low which the amount of HA formed exceeds its aqueous
solubility, Sy, and the acid will precipitate from solution; this
pH can be designated as pH,. At this point, at which the
amount of HA formed just equals Sy, a mass balance on the
total amount of drug in solution yields

= [HA] + [A7] = So + [A7] (92)

Replacing [A~] as a function of hydronium-ion concentration
gives

Cs =5y + (93)
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where K, is the ionization constant for the conjugate acid, HA,
and [H30" ], refers to the hydronium-ion concentration above
which precipitation will occur. This equation can be rear-
ranged to give

Su

+ = ——
(H:0"), = K g5, (94)
Taking logarithms gives
1.\ = Su
pH,, = pK, + log - (95)

1]

Thus, the pH below which precipitation occurs is a function of
the amount of salt added initially, the pK,, and the solubility of
the free acid formed from the salt.

The analogous equation for salts of weak bases and strong
acids (such as pilocarpine hydrochloride, cocaine hydrochlo-
ride or codeine phosphate) would be

S

pH, = pK, +log -~ o o

in which pK, refers to the protonated form of the weak base.

(96)

Example—Below what pH will free phenobarbital begin to precipitate
from a solution initially containing 1.3 g of sodium phenobarbital/100 mL
at 25°? The molar solubility of phenobarbital is 0.0050 and its pK|, is

7.41. The molecular weight of sodium phenobarbital is 254.
The molar concentration of salt initially added is
- =5—>=0051M
ST molwt 254 N
. 0.051 — 0.005
pH, = 7.41 + log 0.005

=741 + 0.96 = 837

Example—Above what pH will free cocaine begin to precipitate from a
solution initially containing 0.0294 mole of cocaine hydrochloride/L?
The pK,, of cocaine is 5.59, and its molar solubility is 5.60 x 10~7.

pK, = pK,, — pK, = 14.00 — 5.59 = 8.41

0.0056
pH, = 8.41 + 108 55550 0.0056

=8.41 + (—0.63) = 7.78

Drug Stability

One of the most diversified and fruitful areas of study is the
investigation of the effect of hydrogen-ion concentration on
the stability or, in more general terms, the reactivity of pharma-
ceutical systems. The evidence for enhanced stability of sys-
tems when these are maintained within a narrow range of pH,
as well as of progressively decreasing stability as the pH
departs from the optimum range, is abundant. Stability (or
instability) of a system may result from gain or loss of a proton
(hydrogen ion) by a substrate molecule—often accompanied
by an electronic rearrangement—which reduces (or increases)
the reactivity of the molecule. Instability results when the
substance desired to remain unchanged is converted to one or
more other, unwanted, substances. In aqueous solution, in-
stability may arise through the catalytic effect of acids or
bases, the former by transferring a proton to the substrate
molecule, the latter by accepting a proton.

Specificillustrations of the effect 6f hydrogen-ion concentra-
tion on the stability of medicinals are myriad; only a few will be
given here, these being chosen to show the importance of pH
adjustment of solutions that require sterilization.

Morphine solutions are not decomposed during a 60-
minute exposure at a temperature of 100°if the pH is less than
5.5; neutral and alkaline solutions, however, are highly
unstable. Minimum hydrolytic decomposition of solutions
of cocaine occurs in the range of pH of 2 to 5; in one study a
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solution of cocaine hydrochloride, initially at a pH of 5.7,
remained stable during 2 months (although the pH dropped to
4.2 in this time), while another solution buffered to about pH 6
underwent approximately 30% hydrolysis in the same time.
Similarly, solutions of procaine hydrochloride containing some
hydrochloric acid showed no appreciable decomposition; when
dissolved in water alone, 5% of the procaine hydrochloride
hydrolyzed, while when buffered to pH 6.5, from 19 to 35%
underwent decomposition by hydrolysis. Solutions of thia-
mine hydrochloride may be sterilized by autoclaving without
appreciable decomposition if the pH is below 5; above this,
thiamine hydrochloride is unstable.

The stability of many disperse systems, and especially of
certain emulsions, is often pH-dependent. Information con-
cerning specific emulsion systems, and the effect of pH upon
them, may be found in Chapter 20.

Drug Activity

Drugs that are weak acids or weak bases, and hence may
exist in ionized or nonionized form (or a mixture of both), may
be active in one form but not in the other; often such drugs
have an optimum pH range for maximum activity. Thus,
mandelic acid, benzoic acid or salicylic acid have pronounced
antibacterial activity in nonionized form but have practically
no such activity in ionized form. Accordingly, these sub-
stances require an acid environment to function effectively as
antibacterial agents. For example, sodium benzoate is effec-
tive as a preservative in 4% concentration at pH 7.0, in 0.06 to
0.1% concentration at pH 3.5 to 4.0 and in 0.02 to 0.03%
concentration at pH 2.3 to 2.4. Other antibacterial agents,
on the other hand, are active principally, if not entirely, in
cationic form. Included in this category are the acridines
and quaternary ammonium compounds.

Drug Absorption

The degree of ionization and lipoid solubility of a drug are
two important factors that determine the rate of absorption of
drugs from the gastrointestinal tract and, indeed, their pas-
sage through cellular membranes generally. Drugs which
are'weak organic acids or bases, and which in nonionized form
are soluble in lipids, apparently are absorbed through cellular
membranes by virtue of the lipoidal nature of the membranes.
Completely ionized drugs, on the other hand, are absorbed
poorly, ifat all. Rates of absorption of a variety of drugs are
related to their ionization constants and in many cases may be
predicted quantitatively on the basis of this relationship.
Thus, not only the degree of the acidic or basic character of a
drug but consequently also the pH of the physiological me-
dium (gastric or intestinal fluid, plasma, cerebrospinal fluid,
etc) in which a drug is dissolved or dispersed—since this pH
determines the extent to which the drug will be converted to
ionic or nonionic form—become important parameters of
drug absorption. Further information on drug absorption is
given in Chapter 41.
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Reaction kinetics isthe study of rate of chemical change and
the way in which this rate is influenced by the conditions of the
concentration of reactants, products and other chemical spe-
cies which may be present, and by factors such as solvent,

e .
n e
reactants are converted to other chemical compounds, and it
is a powerful tool for the elucidation of mechanisms by which
chemical reactions proceed. In application to pharmaceu-
info on p ts a rational app to the
n of prod and prediction of life and
o s.
here is intended as a general intro-
duction to the subject. A comprehensive review of experi-
mental approaches and interpretation of data; and a'compila-
tion of information relative to studies.on pharmaceuticals, has
been published by Garrett.!

Reaction Rate and Reaction Order

The rate of a reaction is the velocity with which a reactant,

The first

rmed in 1

olysis (inv
of sucrose to glucose and ose in , under
the catalytic influence of The overall

reaction is

Ci2Hp001y + HyO — CeHi206 + CeH 1206
Sucrose Glucose Fructose

The rate at which the concentration of sucrose, designated
¢, dec , was be p he
conce olyze . T be
expressed in the notation of calculus by the differential equa-
tion

—dc/dt = kc @))]

where —dc/dt is the velocity (rate) with which the concentra-
tion of sucrose decreases (the minus sign indicates a de-
crease) as it undergoes hydrolysis, and k is a constant called
the velocity constant or rate constant.

The term reaction order refers to the way in which concen-
tration of a reactant, or reactants, influences the rate of a
chemical reaction.

First-Order Reactions—When the rate of a reaction is
proportional to the first power of the concentration of a reac-
tant and may be expressed mathematically in the form of Eq 1,
the reaction is said to be first-order with respect to the reac-
tant.

The hydrolysis of sucrose is not strictly first-order since the
rate varies also with the concentration of water. The amount
of water for the hy of se is so small,
however, othelarge pr that there is no
significant change in the concentration of water; for practical
purposes, therefore, the concentration of water is constant.
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It may be noted here that the rate constant, k, for the
hydrolysis of sucrose increases with the hydrogen-ion concen-
tration of the medium because of the catalytic effect of hydro-
gen ion on the reaction.

Equation 1 may be written

dc
- = —kdt 2)
which, on integration, yields in natural logarithm form
Inc = —kt + constant (3)
or in common logarithm form
) kt
ogc = — 5303 + constant 4)

Both Egs 3 and 4 will be recognized as producing straight
lines if In ¢ or log ¢ is plotted against ¢; this is an identifying
characteristic of reactions in which the rate of reaction is
proportional to the concentration of a single reactant, that is,
of a first-order reaction (see Fig 1). The rate constant k
may be calculated readily from the slope of the line, which is
—k/2.303. :

Concentration usually is expressed in mols/liter and time in
seconds, although other convenient units may be employed.
The rate constant, k, for a first-order reaction has units of
reciprocal time (time~1!). '

If Eq 4 is integrated between the limits of concentration co
at the beginning of the reaction when time is zero and when
the concentration is ¢, at a later time ¢, Eq 5 is obtained:

| Co k
%8 =35303" ®)
which on rearrangement becomes
2.303 Co
k= ; log . 6)

A modification of this equation, in which a is the initial amount
of-reactant and x is the amount that has reacted in time ¢, is

12 a—x M
Equation 6 may be used to calculate & for first-order reac-
tions when both the concentration at the beginning of the
reaction (¢y) and at elapsed time ¢ are known. Sometimes, ¢y
either is not known or is not a suitable reference concentra-
tion, in which cases the concentrations ¢, at time ¢,, and ¢ ata
later time ¢, are used to calculate k by the following modifica-
tion of the preceding equation:

2303
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Fig1. Afirst-orderreaction. Top: Concentrationversustime plot;
bottom: log concentration versus time plot.

A useful exponential form of Eq 6, when the latter is written
in natural logarithm notation, is

¢ =coe ™™ ®

Although reaction rates may be expressed quantitatively in
terms of numerical values of k£, for many purposes a more
useful expression is in terms of the half-life of a reaction,
which is the time, ty,2, required for half of the substance
(reactant) to undergo reaction. Writing Eq 6 in the forr

2.303 ¢, 0.693

k= log—= = 10
by 25 o/ 2 bija (10
it is apparent that
0.693
big = 73 an

From Eq 11 it is obvious that, for first-order reactions, a
constant time interval is required for disappearance of one-
half of the substance present at the beginning of the interval,
irrespective of the concentration of the substance. Thus,ina
first-order reaction, 50% of an initial amount of reactant re-
mains after the first half-life period, 25% after the second,
12.5% after the third and'so on.

It also-can be shown by an expression similar to-Eq 10 that
the time interval required for loss of any specified fraction of
the reactant will be.constant irrespective of the concentration
of reactant. Thus, aterm sometimes used in studies of drug
stability is the time required for the loss of 10% of the original
concentration, or time required for concentration to decrease
to 90% of the original concentration. This interval is re-
ferred to as t0.90-
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It is apparent, also, that an infinite period of time would be
required for all of the substance to undergo reaction. It is
thus impossible to measure first-order reaction rates to
completion of the reaction, and plots such as those of Fig 1
can not_be extrapolated to zero concentration. It might be
noted, however, that if a first-order reaction is followed through
10 half-lives, less than 0.1% of the original concentration of
reactant remains. In practical studies of rate of reaction it is
common to determine the change of concentration with time
through two or three half-life periods.

First-order rate processes are not restricted to chemical
reactions. The passive diffusion of drugs across biological
membranes, and processes of drug absorption, distribution,
metabolism and excretion often can be shown to occur at rates
proportional to the concentration of a drug and thus be de-
scribed as first-order rate processes. The rate of growth of
microorganisms and rate of killing or inactivation of microor-
ganisms by heat or chemical agents usually are first-order
processes.

Second-Order Reactions—A second-order reaction is one
in which the experimentally determined rate of reaction is
found to be proportional to the concentration of each of two
reactants or to the second power of the concentration of one
reactant. If substances A and B undergo reaction at a rate
proportional tothe concentration of each (cp and cg, respec-
tively), then

dcy ricﬁ,

Tdr T dt (12)

=k- CACB
If @ and b represent the molar concentrations of A and B at the
start of the reaction, and x is the number of mols of each which
has reacted at time ¢ the reaction rate, dx/dt, may be ex-
pressed as

=kla — x)(b — x) a3
If the initial concentrations of A and B are equal, Eq 13
simplifies to

= k(a — x)? (14)

dr

On integration

=k -t + constant (15)

(a —x)
The constant may be evaluated by substituting O for x when
t = 0 sothat

k - = 16

Tt oala — ) (16)

Ifthe initial concentrations of A and B are not equal, integra-

tion of Eq 13, by partial fractions, and evaluation of the
integration constant, gives

. 2.303 0 bla — x)

THa-0) Cab -2

A reaction is second-order if, on substitution of the required
analytical data into Eq 16 or 17 (whichever applies), constant
values of k at different times of réaction are obtained. Al-
ternatively, a plot of x/d(a — x) vst (see Eq 16) will result in
a straight line when a equals b in a second-order reaction;
when a is not equal to b a plot oflog b(a — ) /a(b — x) versus
t (see Eq 17) will give the straight line, if the reaction is
second-order. .

An example of a second-order reaction in Wthh two reac-
tants are involved is the saponification of an ester, such as

an

Bl meiess,

s e

et




ethyl acetate, in alkaline solution.

CH,COOC,H; + OH~ — CH;COO~ + C,H;0H

se of may gby
at sp , the n of
s
c
1

decomposition of hydrogen iodide, which in the gaseous state
undergoes the reaction

2HI - H; + I,

The reaction rate in this case is expressed by

(18)

“ TR

The half-life of a second-order reaction has significance

g )
lyjs = 7~ 19
o= (19)
1t is obvious that while the half-life for a first-order reaction
(see Eq 11)1i dent conc reac-
tant, it varies asth I'con

ctant
in a second-order reaction. '
" First- and second-order reactions are by far-the most com-

types of ce s re ing

ity. Ifa t is hi an  -ord
nisc to adjust experimental at
conc of all but one of the in

constant throughout the experiment. If, for example, the
concentration of hydroxide ion in the saponification of an
ester is in great excess of the concentration of ester, or if a
buffer system is employedto control hydroxide-ion concentra-
tion, then the concentration of hydroxide ion essentially is

throughout the co e ent.

served rate of the h , depends only
on the changing concentration of the ester, and the reaction is
said to be apparent first-order or pseudo first-order. The
apparent first-order rate constant thus obtained is K(OH™)
and, of course, is different for each hydroxide-ion con-
centration. The actual rate constant, k, can be obtained
easily by dividing the experimentally determined apparent
first-order rate constant, k(OH™), by the concentration of
hydroxide ion maintained throughout the study.

In the study of complex reactions, it is often desirable to use
this approach of maintaining the concentration of all but one
of the reactants constant to facilitate determination of the
dependency of the reaction rate on each of the reactants in
turn.

Third-Order Reactions—A third-order reaction is one in
which the experimentally determined rate of reaction is found
to be proportional to the concentration of each of three reac-
tants, or proportional to the concentration of one of two
reactants and to the second power of the concentration of the
other, or proportional to the third power of the concentration
olasi reactant. ns .

For case of are nm of A,
B and C, at molar concentrations a, b and ¢, respectively, the
rate equation is

deg dce
— = - —— = — —— =k - CACpCc

dt dt 20
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Using the notation of Eq 13, this becomes
dx N
o k(a — x)(c — x) @n
Whena =b=c
dx
;ﬁ =k( — x)° 22)
On integration (
1
m =k -t + constant 23)

Evaluating the constant by substituting 0 for 2 when ¢t = 0,
gives

K=o ! 24
ot T a? @9

Zero-Order Reactions—In some reactions the rate is inde-
pendent of the concentration of reactant or reactants, and
these are termed zero-order reactions. Photochemical reac-
tions—in which the rate-determining factor is the light inten-
sity, rather than the concentration of reactant—are examples
which may be found to be zero-order. In such cases the rate
is expressed as

—dc/dt = k (25)

If a compound for which decomposition in solution is first-

—dc/dt = k- ¢, 26)

where ¢, is a constant. Such reactions are apparent ze+o-
order reactions.
Complex Reactions—Many chemical reactions are not
simple reactions of zero-, first-, second- or third-order.
n, they con ofa two or ereact
etimes, the rall charac edaso
these orders, but the rate equation may be a complicated
function involving first-, second- or third-order intermediate

steps. Experiment may indicate a reaction order which is
nonintegral, or fractional, whenreactions are complex. Nev-
erthel concentr of t reactants y can
be co lled to p ad on of the of a

reaction with respect to each reactant, and by this means the
integral reaction order with respect to each component can be
established.

Among the complicating factors that may be involved in the
kinetic study of a complex reaction are sirrultaneous reac-
tions, consecutive reactions and opposing reactions.

Simultaneous Reactions—Consider a Substance, A, that
is converted simultaneously into B and C, each at characteris-
tic rates:

The equation for rate of disappearance of A is the first-order
equation

dcy
dt

— =k ¢y + kycy = (k) Hhs)ca @2mn
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Integration and arrangement in exponential form yields

Cp = cAoe’(’”“'Z” (28)
the in concentration of A at t = 0 and ¢, is the
onatt t.

The equation for the rate of formation of B is given by

deg — (k1 +ha)t
oW kica = kica o™ 29)
Integrating and arranging in exponential form
cp = — e~(ki+k2t 1 constant (30)
setting cg = 0 whent =0
kica,
constant = ——— 31
ey + ) Gn
then
cg = [1 — g Crtka)] (32)

since ¢, + cp + Cc  Ca, (initial concentration of A) it follows
that

cc = [1 — g Ca+hat] 33)
An inspection of Eqs 32 and 33 shows that the fraction of A
ultimately converted to B (at infinite time) is k,/(k; + ks); the
fraction converted to Cis kg/ (k) + kz).
Consecutive Reactions—If two first-order reactions oc-

cur consecutively, us

the rate equations for each substance are

dcy | .
@ R
dcg
—ar - kieat Feacn
dCc
dt' . kacp ‘(3.6)

If t = 0 and setting ca = Cay, CB = 0 and ¢¢ = 0, Eq 33 on
integration and arrangement in exponential form becomes

Cp = CAO,e’ﬁle (37)
and substituting for ¢, in Eq 35 and integrating gives
kic
cg = "o [e—kll — e*kzt] (38)
Since ¢, + ¢p + Cc = Ca, (initial concentration of A), then
Cc=Cy |1+ S (kpe™t — ke~ 39)
Ao (k1 — Kk2)

Opposing Reactions—The r'éte equation for an opbbsing
(reversible) first-order reaction, represented by

fey

A=—B
ke
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may be expressed as

dcy

ap = feca t kaCa (40)
CB, respectively, then
Cg  Ca —Ca k
e _ B0 A M _ B (41)
Ca Ca, 2
where K is the eqﬁilibrium constant of the reaction.
Effects on Reaction Rate
Temperature
vicinity of room temperature.
s not 18 th era-
t rate ant ch ex-
pressed by
k = sg-Ea/RT (42)
where F, is the Arrhenius act
between the average energy
of all.
resent
sac
(1.9
p . .
mic forin the Arrhenius equation becomes
E
log'k = logs — * (43)
respect to temperature gives
dink E, (44)
ar RT?
-~
o
o
o
1/7T

Fig 2. Variation of rate constant with temperature, illustrating the
applicability of the Arrhenius equation.



and, on inte between the limits k2 and ky at tempera—
tures T's and Tl, ylelds e
kz
log 7+ 2

[

This equation makes it pessible to calculate E, for a reaction
when the rate constants are temperatures, or to
calculate the rate constant ature, if £, and the

ra
an
of
3.0-fold in k for a similar temperature increase.

When two molecules undergo chemical interaction, it is
reasonable to suppose that they first must come close enough
to each other to effect a “‘collision” and then, if conditions are

, und a gement of e to
onds ac of new mo an
while “collision’ is a prerequisite for interaction, not all colli-

amount of energy £, beforereaction can occur. This energy,
called the activation energy, must be sufficient to overcome
the mutual repulsion of the interacting molecules and enable
to approach each close enough to e
ruptures and simu usly establish new
acteristic of the products. The greater this .energy require-
me ion:e that
wil ,and: n.
In the Arrhenius equation, s is a factor related:to frequency
of collisions, and e~E+/RT is the probability that at temperature
T a collision will occur with suﬂiaent energy:to prov1de a
“successful”’ collision. .
It would appear that in the reactxon

A + B = [AB]* — products

there is an activated complex or transition state, represented
by {AB]*, w s not a ¢ in the sense but
involves a ¢ intermed metric uration in
which the bonds of the reactants are weakened and the bonds

of begin 1 complex ufficient

en the ¢ the tion proc if it has
n

of

a ol-

ecule un es chemic In this case collision with,

or close mity to, a ‘of different species is not

involved. Here again, only those molecules that possess en-

t energy C act. cules can

e by collis of th per kind;

hence, collisions also play an important role in reactions

in relation o the

ducts, is ill ed in

Fig 3.

Other Effects

Specific Acid and Specific Base Catalysis—The term
specific acid catalysis refers to catalysis by the hydrated
proton or hydrogen ion, and specific base catalysis refers to
catalysis by the hydroxide ion.

If the rate of hydrolysis of an ester, such as ethyl acetate, is
studied at a constant pH in a strongly buffered solution, the
rate of disappearance of intact ester will be an apparent first-
order reaction. If the reaction is studied in solutions buff-
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Energy level of activated complex
Eq ET
reaction) a
f (reverse reaction)
b
c
L
Energy level

of reactants

e,
Energy level of products

Fig 3. Relation between activation energy and energy levels of
reactants, products and activated complex.

ered at several different pH values in a sufficiently acid pH
region, a different, apparent first-order rate constant will be
o d

b s on the concentration of both the
r ogen ion and actually is a reac-
at a constant hydrogen-ion n it is
an apparent first-order reaction.
kobscrved ]"I(H+) (46)

The observed apparent first-order rate constant determined in
buffered solution, therefore, is proportional to the hydrogen-
ion concentr n. The variation in observed rate constant
with pH can be illustrated by taking logarithms of Eq 46.

IOg kobsewcd lOg k; + log (H+) (47)

lOg kobsewcd = (48)

Thus, a plot of 1ogar1thm Kobserved Versus pH should be linear
s of —1.
il if the same hydroly51s reaction is studied in buff-
ered solution at several pH values in a sufficiently alkaline

logk, —pH

of the pH scale, bserv first
nts will beé found ry wit -ion
tion. -
knbsorvod = k!,(OH-) (49)
K,
108 Kopservea = 108 ko + log (OH™) = log k, + log o) (50)
10g K ypsorvea = 108 kg + log K, + pH G

A plot of logarithm kgpserveq versus pH would be a straight line
with a slope of +1.

The complete rate expression for hydrolysis of the com-
pound described above at all pH values, therefore, would be

—dc/dt = [k,(H") + k;,(OH™)]c (62)
At any specified pH value
Kopserved = F1(H™) + k(OHT) (63)
mp r Kob aV pH ould be
to t in 42 eh on- and
de-ion ecific a base) cat hy-
ofthe r atro which the um

rate of hydrolysis is observed is a function of the relative

magnitude of the specific rate con Ky and ko.
In the atropine example the min rate of hydrolysis is at
p 2, b
p r WO
e ,at

pKy = 14, and (H*) = (OH™) at pH 7.0).
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slope slope
-1 +
E
- -2
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10 I L = 1 | I
2 &) 4 5 6 7

pH
Fig4. Apparent first-order rate of hydrolysis of atropine as a func-
tion of pH at 30°. The reaction is an illustration of specific hydrogen-
and hydroxide-ion catalysis (courtesy, Kondritzer and Zvirblis2).

At pH values below the minimum; in the plot of logarithm
Kobserved Versus pH, the hydrogen-ion-catalyzed reaction is
much more significant than the hydroxide-ion-catalyzed reac-
tion, and the plot has a slope of —1. At pH values above. the
minimum in the plot, the hydroxide-ion-catalyzed reaction is
the much more important reaction and the plot has a slope
of +1.

If a reaction is catalyzed not only by hydrogen ion and
hydroxide ion, but also by the solvent (also called the uncata-
lyzed reaction), a plot of the logarithm K,pservea Versus pH
might appear as in Fig 5, indicating a flat region where the rate
of reaction apparently is not pH dependent. In this region
the solvent reaction is much more important than that of
either the hydrogen ion or hydroxideion. The apparent first-
order rate constant for such a reaction is ; .

kobserved T kO + kl(H+) + kZ(OH_)

For compounds which are weak acids or weak bases, and,

B4)

k (time'")

10 S S S R

pH

Fig5. Ap‘paren)t first-order rate of decomposition as a function of pH
for a hypothetical case where ku* = kon™ = 1 x 10", ko =1x 1075,
The uncatalyzed reaction predominates in the pH region 5t0 9.
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therefore, can exist in both ionized and nonionized species,
the pH rate profiles become more complex. Often, both the
ionized and nonionized species are subject to decomposition
and catalysis by hydrogen and hydroxide ion, but each of the
drug species may react at a different rate. For example,
hydrolysis of the weakly basic drug procaine can be repre-
sented by?

—dc/dt = k,(OH™)(Pr) + k,(OH)(PrH*)  (55)

where Pr is the nonionized procaine molecule and PrH* is the
protonated form. The concentration of each species can be
related to the total procaine concentration by the relation-
ships

Pr)= e ) + (Total P i d
(Pr) —+ (OH) (Total Procaine) an:
. b . -
(PrHY) = -—-—-——‘ - 0H) (Total Procaine) (56)

where K, is the classical dissociation constant for the weak
base procaine. ,

The complete rate expression for procaine hydrolysis is,
therefore, from Eqgs 565 and 56

ke (OH™)?
K, + (OH")

—dc/dt = GYo)

ky(OHT)K,
K, + (OH)| €
The pH dependency of procaine hydrolysis is illustrated graphi-
callyin Fig 6° by a plot of logarithm K oyserveq versus pOH for the
pHregion 7-13.

General Acid or Base Catalysis—Acid or base catalysis
is not restricted to the effect of hydrogen or hydroxide ion.
Undissociated acids and bases often can be demonstrated to
produce a catalytic effect and, in some instances metal ions
and various anions can serve as catalysts.

Mutarotation ‘of glucose in acetate buffer is catalyzed by
hydrogen ion, hydroxide ion, acetate ion and undissociated
aceticacid. Also, the rate of barbiturate hydrolysis in ammo-
nia buffers is increased by increasing buffer concentration at
constant pH as a result of catalysis by NH;. Hydrolysis of the

k (min")

= 1 4 1 1 i L

t 2 3 4 5 6 7
p OH
Fig 6. Appafent first-order rate of hydrolysis of procaine as a func-
tion of hydroxide-ion congentration at 40° (courtesy, Higuchi et aP).
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ce of on react rate ¢ e predic
concentration.
Hy -
ROSO,~ + H,O 7 ROH + HSO,~

Reactions between ions and dipolar molecules, and reac-
tions between neutral molecules, generally are less sensitive
to ionic strength effects than are reactions between ionic
co ds. reactions which result in for
of tely ns as products may exhibit co
able increase in rate with increasing ionic strength.

Dielectric Constant of Solvent—Reactions involving ions
of op ch are acc ed of low
tric ¢ t. rate of ge zed hyd
of sulfate esters, eg, is much greater in low dielectric constant
solvents, such as methylene chloride, than in water.

Reaction between similarly charged species is favored by
hig lec ns R on eutral
mo es, pr po an , such
as the reaction of triethylamine with ethyl iodide to produce a
quaternary ammonium salt, also will be enhanced by high-
dielectric-constant solvents.

Hydrolysis (Solvolysis)—Hydrolysis of esters such as

proc aspirin or pine represen of the om-
mon s of drug i bility. Ester lysis i hy-
en- or 0x ed, altho cata
hisim nt. oint of dr ct st
ity nds upon ecific ¢ and the pH of the
sol . Amides ally are ble than esters but
below.
CH-OH
—
H
Atropine
C”)
H —CH, + HO—C |
H
Hy of the ester func of atro is typical of
ester sisin that the only rtant re ns are cataly-
sis by h on o de ion. Figure 4 il a
pH-rate hich considered typical a
reaction. Below pH 3 the principal reaction is hydiogen-ion-

ed form of atro
droxide- ion-cata

zed hydr
pH 5 the

of the pro
ipal reaction
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hydrolysis of the same species.

Maximum stability at 30% is
at pH-3.7. o .

CH,

Aspirin

Hydrolytic cleavage of aspirin to salicylic acid and acetic
acid was studied by Edwards,? who obtained the interesting
pH-rate profile reproduced in Fig 7.  The unusual pH-rate profile
obtained for aspirin was attributed to areaction of the form

—de/dt = k,(H")(HA) + ky(H*)(A™)
+ k3(OH)(AT) + ko(A™)  (B8)

where HA represents undissociated aspirin and A~ represents
aspirin anion. The pH-independent anion hydrolysis indi-
cated for the pH region 5 to 9 has been attributed to intramo-
lecular catalysis by orthocarboxylate anion, rather than to
eral a base lysis by wa ‘It is pr pally
amole r cat s which is ponsible the
instability of aqueous solutions of aspirin in the pharmaceuti-
cally useful pH range. Fersht and Kirby® represented the
intramolecular carboxylate ion reaction as a general base
catalysis of attack by a water molecule. For nucleophiles
such as ethanol, the terminal hydroxyl of polyethylene glycol
(PEG) and the lysine e-amino function in serum albumin also

0
| CH,
0
TOH L eH,coon

can participate in this reaction in the same manner as water.
Thus, from aspirin in ethanol solution, ethyl acetate appears
as a product, in polyethylene glycol a polyethylene glycol
acetate is formed and in a solution containing serum albumin

2 4 6 8
pH

10 12

Fig 7. Apparent first-order rate of hydrolysis of aspirin as a function
of pH at 17° (courtesy, Edwards?)
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(both in 2 an 10) as s an ace
serum alb rth et that an

aspirin loss occurred after 30 days at 45°.

H H
O.N CI—(IJ—CHZOH
(l)H I!I—C~CHCL, —}
H 2
Chloramphenicol
H H
O.N CH,0H + CLCHCOOH
(l)H ll\IHz
ramph col positi ow pH 7 pro
m throu hy c cle of the.am

tion. The reaction may be represented as
—dc/dt = ko + k,(H") + ky(OH™)
+ kyg(HB) + kpg(B)lc  (69)

In to hydr - hydro c sis is
an zed (or r ction, e be al
se cat rese by
B. I the dro
es i of hy
s. emuc

than esters. ‘ .
Penicillins and cephalosporins are important exceptions to
this rule because the amide bond is part of a strained four-

Maximum stability occurs at about pH 7, but beta-lactam
antibiotics are too unstable to be formulated as solutions.

For a buffe of pe G un-
der ion has out 1 For-
m n enic acid by r-catalyzed re e-
m in utral solutio thought to be st
st the ion pr
itur olysis es hydroxide-ion attack on
both the undissociated acid and the ionized species. Hy-
H
Un-ionized
Barbiturate
Additional
” Products
—
Ionized
Barbiturate
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drogen-ion-catalyzed hydrolysis is not observed in the pH
range of interest in pharmaceutical products.

—de/dt = k,(OH™)(HP) + ko(OH™)(P™) (60)

Hydrolysis of the amide (peptide) bond also occurs in protein
and peptide drugs. This can occur by cleavage of the pri-
mary peptide linkage (R—~NH—CO-R) between adjacent amino
acids in the peptide chain. Hydrolysis of the free side-chain
amide groups of asparagine and glutamine (deamidation) is
another degradation pathway for proteins. Insulin and re-
combinant human growth hormone undergo deamidation in
solution. Further discussion of drugs resulting fror biotech-
n in Ch

Many optically active and race-
mization is a common mechanism of degradation resulting in
loss of biological activity. In proteins, a mixture of the D and
L enantiomers is formed by base-catalyzed reaction of the
natural L configuration. Acid-catalyzed racemization of epi-
nephrine or base-catalyzed racemization of pilocarpine result
in a loss of pharmacological activity.

.
CeH;— CH,—C—N C
825 2 CHJ
|
Penicillin G H
H H
Lo
l —
H Hy
HO
Benzylpenicilloic Benzylpenicillenic Acid
Acid

Oxidation—Compounds such as phenols, aromatic amines,
aldehydes, ethers and unsaturated aliphatic compounds are
S upon exposure to air or o zing
c ine, ascorbic acid, phenothiaz and
vitamin A are examples of important pharmaceutical products
which are oxidized readily. Proteins can undergo oxidative

de [}
co a
do c
in
o) ons occur
S0 o ic o Such

common drugs which are extremely light sensitive.



Interaction between Componénts—Because drugs are

oftén combined in solution with buffers, antioxidants, flavor-
-ing agents, antimicrobial preservatives and other drugs, poten-
tial interaction between the components of a formulation
must be considered in pharmaceutical formulation devel-
opment. Some obvious interactions, stich as the possibility
of the reaction of a drug having a primary amino function with
an aldehyde such as vanillin to-produce a Schiff base can be
predlcwd but a number of interesting, less-well- recogmzed
reactions have been ‘encountered.

' In addition to buffer species acting as general aud-base
catalysts, as previously indicated, some buffer species’un-
dergo specific interactions with drug molecules to form new
chemical compounds. The formation of amides in agueous
solution, between amines such as benzocaine and buffers su(,h
as citric acid has been observed. '

The aromatic function of procaine reacts with glucose to
form procaine N-glycoside; also, phenylethylamine reacts with
dehydroacetic acid to form a Schiff base-type compound.
Catechols have been shown to catalyze penicillin hydrolysis.

It has been demonstrated that bisulfite, an agent commonly
employed to protect epinephrine against oxidative decompo-
sition, is capable of inducing epinephrine degradation through
attack on the optically active side chain.

!~IO*§C:D>7CH*CH;NHCH3
HO (I)H
HO@ CH—CH.—NHCH,
bon

HO

+ 807 —

Although a solution of folic acid alone is stable to light, a
combination of riboflavin and folic acid showed rapid loss of
folic acid through formation of a coupled oxidation—reduction
system in which riboflavin was photoreduced, with folic acid
being used as a reducing substrate and being itself irreversibly
oxidized. In the dark and in the presence of oxygen, the
riboflavin was regenerated, and when the solution was again
irradiated the cycle was repeated with further destruction of
folic acid. The riboflavin is termed a photosensitizer in this
reaction and would cause the decomposition, not only of folic
acid, but also of ascorbic acid or any other easily oxidized
substrate.

The presence of micellar surfactants and certain high- mo-
lecular-weight polymers commonly employed in pharmaceuti-
cals also has been shown to lead to decreased drug stability in
some cases. DBoth nonionic and anionic surfactants, as well
as polymers such as polyvinylpyrrolidone, accelerate the pho-
todecomposition of riboflavin in aqueous solution. Nonionic
surfactants also are capable of increasing the rate of hydroly-
sis of sulfate esters which may be incorporated in or on the
micellar surface.

Physical Instability—The introduction of an increasing
number of drugs derived from developments in biotechnology
necessitates greater awareness of instability occurring as a
result of loss of drug activity through structural changes unre-
lated to disruption of covalent bonds. Protein-based drugs
may lose activity as a result of a change in superstructure
(secondary, tertiary, quaternary) which is independent of
chemical modification. Superstructure changes which may
alter protein drug activity include denaturation (unfolding),
aggregation, surface adsorption and precipitation. Treat-
ments with potential for inducing such changes include tem-
perature change (increase or decrease), pH extremes and
agitation or foaming resulting {rom shaking. High shear en-
countered in manutacturing or in drug delivery systems also
may denature protein drugs.

Detection of instability of a physical nature generally re-
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quires one or more biological assays, or physical assay meth-
ods which are sensitive to the critical superstructure change.

Drug Stabilization

Some drug decomposition reactions, such as photolytic and
oxidative reactions; are relatively easy to avoid by protecting
the components from light (photodecomposition) or exclu-
sion of oxygen and: use of chain-terminating reagents or free-
radical scavengers to minimize free-radical-mediated reactions.
Solvolysis reactions, however, can not be .stopped by such
procedures, but several techniques may be.employed to retard
reactions sufficiently to permit the formulation of a suitable
drug product. The following approaches may be useful in
attempts to retard solvolytic reactions.

Selection of Optimum pH, Buffer and SOlveIlt——COI'lSLd-

eration of the mechanism of the reaction and the way in which
the reaction rate.is influenced by pH, buffer species and sol-
‘vent permits selection of the optimum conditions for drug
stability. Often, however, ideal conditions for maximum sta-
bility may be unacceptable from the viewpoint of pharmaceu-
tically acceptable formulation or therapeutic efficacy, and it
may be necessary to prepare a formulation with conditions
less than optimum for drug stability. If a suitable compro-
mise between conditions for maximum stability and condi-
tions:for a pharmaceutically acceptable formulation can not
be achieved, techniques such as those described below may be
useful inretarding solvolysisreactions.

Specific Complexing Agents—The technique of stabiliza-
tion by forming complexes in solution was introduced by
Higuchi and Lachman,® who demonstrated that the rate of
hydrolysis of the.ester function of benzocaine was retarded
significantly in the presence of caffeine, a reagent with which
the benzocaine formed a soluble complex. It was demon-

.strated further that, in these systems, the complexed drug did

not hydrelyze at all, and that the observed rate of hydrolysis
could be ascribed to the concentration of the free or uncom-
plexed drug which was in equilibrium with the drug complex.

Boric acid chelation of the catechol function ot epinephrine
stabilizes epinephrine against attack by bisulfite and sulfite.
The complex of povidone (polyvinylpyrrolidone) and iodine
has been used for many years as a topical antiseptic because
of its higher iodine concentration, slow release of iodine from
the complex and lower toxicity.

Surfactants—It has been demonstrated that the incorpora-
tion of benzocaine into surfactant micelles could retard signifi-
cantly the rate of ester hydrolysis. Nonionic and anionic
surfactants retarded the hydroxide-ion-catalyzed hydrolysis,
but cationic surfactants somewhat increased the rate of hy-
droxide-ion-catalyzed hydrolysis. Similar observations have
been reported for a number of drugs which are sufficiently
lipophilic to be solubilized by surfactant micelles.

Suspensions—If the solubility of a labile drug is reduced,
and the drug prepared in a suspension form, the rate at which
the drug degrades will be related only to the concentration of
dissolved rather than to the total concentration ol drug in the
product. Thus, it has been demonstrated that penicillin G
procaine suspensions degraded at a rate proportional to the
low concentration of penicillin in solution.  Since the penicil-
lin in solution was in equilibrium with excess solid penicillin G
procaine, the penicillin concentration in solution was con-
stant and the observed order of reaction was apparently zero-
order.

Refrigeration—Storage at temperatures below room tem-
perature usually will retard solvolytic reactions. Storage in
the frozen state generally is an effective means of retarding
degradative reactions. Several antibiotics are sold as [rozen
solutions in flexible plastic bags. An exception is sodium
ampicillin dissolved in 5% dextrose solution, which showed
approximately 10% decomposition after 4 hours of storage at
5” and more than 13% loss aller storage for the same period in
the frozen state at —20".
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Stability Testing of Pharmaceutical Products

If a product is sufficiently stable to be marketed, it would
require relatively long storage at room temperature, or at the
actual temperature at which it will be stored prior to its ulti-
mate use, to permit observation of the rate at which the
product degrades under normal storage conditions.

To avoid this undesirable delay in evaluating possible formu-
lations, the manufacturer attempts to predict stability under
conditions of room temperature, or actual storage conditions,
by using data for the rate of decomposition obtained at several
elevated temperatures. This prediction is accomplished by
an Arrhenius plot to predict; from high-temperature'data, the
rate of product Breakdown to be expected at actual storage
conditions. See Chapter 38.

Prediction based on data obtained at elevated temperature
generally is satisfactory for solution dosage forms. - Success
is more uncertain when nonhomogeneous products are
involved. Suspensionsof drugs may not provide linear Arrhe-
nius plots beeause often thére is the possibility that:the solid
phase, which exists at elevated temperature, may nat be the
same solid phase which exists at room temperature, and differ-
ences in the solubility of the several solid phases Wthh may
existican irivalidate the usual Arrhenius plots.

Such difficulties should be anticipated when polymorphic
crystal forms or several different solvates are known to exist
for a specific'solute. Also, when solid: dosage forms, such as
tablets, are subjected to high temperaturés, changes in the
quantity of moisture in the product greatly may influence the
stability of the product.

Arrhenius plots also suffer limitations in application to reac-
tions which have rélatively low activation energies, and there-
fore are not accelerated greatly by an increase in temperature.
While it usually is desirable to determine ‘drug stability by
analyzing samples for the amount of intact drug remain-
ing—in instances where there is very litile drug decomposi-
tion, arid particularly when it is not convenient to accelerate
the reaction by increasing temperature—it sometimes is ad-
vantageous to determine initial reaction rates from the deter-
mination of the amount of reaction product formed.

Using modern methods of analysis such as high-perfor-
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mance liquid chromatography (HPLC), it is often possible to
measure the rate of formation of a degradation product.
Using this technique, very small amounts of degradation (less
than 1% loss of parent compound) can be detected, resulting
in a more sensitive indication of product stability than that
obtained by analyzing potency.

Since manufacturers are interested most in the time re-
quired to produce just a few-percent breakdown in their prod-
uct, itis not uncommon to employ terminology such as tg 9o Or
to.95, which is the time required for the drug to decompose to
90% or 95%, respectively, of original potency. This terminol-
ogy is completely analogous to the terminology ¢1,2, oOr £o.50,
used to represent the half-life period.

An Arrhenius-type plot, analogous to that illustrated in Fig
2, can be obtained by plotting the logarithm of the time re-
quired for the specified fractional decomposition versus the
reciprocal of absolute temperature. The time required for
the product to decrease in potency to-90% of original potency
at room temperature then can be obtained directly from the
plot.
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Inorganié chemicals have been used in ‘pharmacy and medi-

of useful inorganic chémicals.

Basis of Chemical Reactions
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Each’atom of an element is described uniquély by two pure

extranuclear electrons. The difference between the atomic
number and the atomic weight of a.given isotope of an element

defines the number of neutrons in the nucleus. (Atomic
whole be
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eel are arranged in major quantum. groups (en-
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The magnetic spin quantum number, m,, is the magnetic component
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electron must occupy the lowest unoccupied energy level of
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set of quantum numbers.
As aresult of the above process, all atoms, except hydrogen
or
nd
onl

*Deceased

Thomas Medwick PhD '

eutical Chemistry
RUrgérs University
College of Pharmaty T
Piscataway; NJ 08855,

trons of this outer, partially filled, energy level give each
element its distinct chemical properties. These are the va-
lence electrons. S .

Chemical reactions entail the reragval of valence electrons
adding electrons to a partly filled valence shell, or sharing a

electron of least energy is known as the first ionization
potential. It is unique for each element. The metals have
low ionization potentials and, therefore, readily form cations.,
Nonmetals have high ionization potentials.

The attraction of a nucleus for electrons is termed its

M have
e), non

gens) have high electronegativities. This allows the latter to
attract additional electrons to form anions. o

When atoms with widely differing electronegativities react,
eg, , 0.93, 3.98, an tran
tak The’ ctron of so Hen
the incompletely filled (8s23p®) valence shell of the chlorine.
Sodium now has an inert gas (Ne) electron structure with a + 1
ch The
ch The
tw ities.
numbers of sodium and chloride ions held in place by the
interaction of the spherically Symmetrical positive cation field
and the spherically symmetrical negative anion field. These

c (ele ) are ter by high
ing an st ar -S0 .

If two reacting atoms have similar electronegativities, eg,

two hydrogen ,a electron . One

electron is do to from an y filled

suborbital of each atom. A covalent bond is formed by the
overlap of the two atomic orbitals involved. With the forma-
tion of the bond a molecule results. The bonding electrons
are no longer restricted to their atomic orbitals. They now
are free to move in a molecular orbital between the two atoms
in what is known as a o molecular orbital.

When the electronegativities of the two atoms involved in
the formation of a covalent bond are not identical the atom
with the higher electronegativity tends to attract the electrons
of the molecule more strongly than its partner. This leads to
polarization of the molecule and a dipole results. The extent
of polarization is directly proportional to the difference in
electronegativities. Such bonds are said to have partial ionic
character.

In practice, only the most electropositive atoms reacting
with the most electronegative atoms result in purely electro-
static compounds, and only atorus with equal electronegativi-
ties form purely covalent bonds. Those bonds formed from
elements between these extremes have partial covalent or
partial electrostatic character.

Atoms with orbitals occupied by an unshared pair of elec-
trons can share this electron pair with an atom lacking two or
more electrons in its valence shell. The bond formed is said

315
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to be a coordinate covalent bond. Once this bond has been
formed it can not be distinguished from an ordinary covalent
bond; the difference lies only in the manner of formation.
The formation of the ammonium ion from an ammonia mol-
ecule, which has an unshared electron pair, and a hydrogen
ion, which has an empty s-orbital, illustrates this type of
reaction.

Covalent compounds have low melting and boiling points,
and usually are insoluble in water. Solubility in water can be
induced by introducing an acid or base group into the molecule.
Reaction with base or acid will now give a soluble salt.

Othertypes of bonding exist. Those of interest are weakly
bonded; the compounds formed decompose more readily than
the electrostatic and covalent types. Hydrogen-bonding
(bridging) is quite common. Dipole-dipole bonding also is
possible; very weak associations result.

Complexes are compounds or ions formed when an atom or
cation, central unit, acts as a center about which anions or
molecules, ligands, arrange themselves. The central unit is
said to have a coordination number equal to-the number of
complexingligands. The maximum number of ligands which
can arrange themselves about the central unit is known as its
naxinaurn coordinaltion raember and is a function of the size
of the central unit. Usual maximum coordination numbers
are2,4,60r8. Thenumber of ligands which can coordinate
with the central unit also is a function of ligand size. Thus,
even though the maximum coordination number of aluminur
is 6, only four of the relatively large chloride ions can be accommo-
dated as ligands, eg, [AlF]%~ vs [AICl4]'~ (see Chapter 14).

The bonding involved in the formation of complexes can be
coordinate covalent or electrostatic. Bonds depending on
permanent dipoles are also common, eg; hydrates.

Nomenclature

The great advances in chemistry during the past several
decades have made necessary constant revision of systems of

Table 1—Nomenclature for Oxygenated Acids and Salts

Cl Oxid Acid Anion
state formula Acid name name
-1 HCI Huydrochloric acid chloride
+1 HCIO Hypochlorous acid hypochlorite
+3 HCIO» Chlorous acid chlorite
+5 HCIO;, Chloric acid chlorate
+7 HCIO, Perchloric acid perchlorate

Table 2—Nomenclature for the Phosphoric Acids

Water Resultant
molecules acid Name

H,0 + 1/2P»05 HPO, Metaphosphoric acid
pyrophosphoric acid

2H50 + P05 - H4P,0- diphosphoric acid

3H,0 + P,04 H3;PO, orthophosphoric acid
phosphoric acid®

5H,0 + 3P,0; H;P30, triphosphoric acid

aThe phosphoric acid of commerce and sciénce is orthophosphoric acid.

nomenclature, designed to give precise information with re.
spect to the composition of chemical compounds. Whereag
oil of vitriol and lunar caustic at one time were useful names,
today they must be looked upon as trivial.

Classical Nomenclature—Priorto elucidation of the struc.-
ture of coordination complexes, the naming of compounds
was handled reasonably well by using nonnumerical prefixes
and suffixes and Latin or Greek numerical prefixes. In gen-
eral the main function of these prefixes and suffixes was to
indicate the oxidation state of elements of variable valence,
although some were intended to connote structural character-
istics.

Systematic nomenclature must consider two problems; or-
der of citation and stoichiometry. Order of citation is usually
well defined; for salts and salt-like compounds the most elec-
tropositive element is named first, eg, sodium chloride. For
nonmetals the International Union of Pure and Applied Chem-
istry ({TUPAC) recommends the following order of citation:

B, Si, C, Sb, As, P, N, H, Se, S, I, Br,Cl, O, F.

Cations with a single oxidation state simply are named as the
element. If a cation has two oxidation states the suffix-ous is
used to indicate the lower oxidation state, eg, mercurous, and
the suffix -i¢c for the higher oxidation state, eg, mercuric.
(Obviously this system breaks down when an element exists in
more than two oxidation states.) The simple anions are
named using the suffix -ide. = While the newer Stock system
of nomenclature uses only the English names of the elements,
classical nomenclature uses the stems of the Latin names in
identifying the cations of copper, gold, tin, lead and iron.

For the oxygenated anions a system of prefixes and suffixes was
developed to indicate the oxidation state of the central atom.
These are illustrated in Table 1 using the chlorine anions.

Sometimes. one or more oxygen atoms of the anion are
replaced by another element. The stem of the name of the
substituting element is used as a prefix to the name for the
fully oxygenated anion, eg, NayS;0y, sodium thiosulfate or
NayAsS,, sodium thioarsenate (sodium tetrathioarsenate).

In addition to variable oxidation numbers, oxygenated ac-
ids (and their salts) present two other noemenclature problems:
(1) a variation in the degree of hydration of the parent acid
anhydride and (2) the naming of the different salts arising from
partial neutralization of polyprotic acids. Table 2 shows the pre-
fixes used for naming the different phosphoric acids (P?%).

For salts of diprotic acids the salt resulting from neutraliza-
tion of only one proton per acid molecule is named by using
the prefix bi- or the words hydrogen or acid with the anion, eg,
NaHCO;, sodium bicarbonate, acid carbonate or hydrogen
carbonate. The latter is preferred. Several methods have
been devised for the triprotic acids. These are shown in
Table 3. Due to very strongly basic reaction of the solutions
of NayPO,4 and other tertiary phosphates, the pharmacist must
be alert especially when using containers labelled sodium
phosphate.

It is evident from Table 3 that.the numerical Greek prefixes
hemi-, mono-, sesqui-, di-, tri-, tetra-, pernta-, hexa-, hepta-,
octa:, ennea- (riona-) and deca-, also are used in naming
compounds. In'fact there are compounds, eg, N,O4, dinitro-
gen tetraoxide, which must be named using numerical pre-
fixes since modern systems of nomenclature are unable to
identify them precisely.

Stock Nomenclature—Classical nomenclature is satisfac-
tory for simpler compounds involving atoms with one or two

Table 3—Nomenclature of the Phosphate Saits

Formula NaHZP'O‘1

Na,HPO, NazPO,

Preferred name
Other names

sodium dihydrogen phosphate
monobasic sodium phosphate
primary sodium phosphate

USP XXI monohasic sodium phosphate

sodium monohydrogen phosphate
dibasic sodium phosphate
secondary sodium phosphate
dibasic sodium phosphate

sodium phosphate X
tribasic sodium phosphate
tertiary sodium phosphate
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Table 4—Nomenclature for Common Ligands

Ligand Preferred prefix Ligand  Preferred prefix

H.O aqua + HS- mercapto

NHj; ammine S2- thio (sulfo)*
(sulfido)

CcO ) carbonyl S, disulfido

F- fluoro S0,%- sulfito

Cl- ‘chloro 5043~ sulfato

Br~ bromo S,04” thiosulfato

[ iodo NO- nitrosyl

0~ 0x0 (0xy) ONO~ nitrito

0%~ peroxo (peroxy) NO,~ nitro

OH~ hydroxo (hydroxy) CN- cyano

CeO? oxalato SCN~ thiocyanato

NII CH,CH,NH, ethylenediamine, NCS— isothiocyanato

oren

“Forms in parentheses are also used.

oxidation states. It cannot indicate proper stoichiometry
when atoms having three or more oxidation states are involved.
The Stock system.of nomenclature attempts to overcome the
problem.

In the Stock system s1mple cations are named as the ele-
ment followed by its oxidation state, expressed in Roman
numerals enclosed in parentheses, eg, Fe®*, iron(Il), Fe’*,
iron(II1) or Fe®*, iron(VI). Simple anions use the suffix.-ide
as before. However, complex anions are named using the
stem of the name of the central unit and the suffix -ate fol-
lowed by its oxidation state, in Roman numerals, enclosed in
parentheses. Theligand(s) involved are cited before the cen-
tral unit of the complex. . If two or more different ligands are
present they are cited in alphabetical order, ignoring Greek
prefixes. The number of each of the individual ligands in-
volved is indicated by the use of Greek numerical prefixes.
These latter rules also govern the citing of ligands associated
with complex cations. The preferred nomenclature for com-
mon ligands is given in Table 4.

Stock names are not used for complex anions with well
established classical names. These include sulfate, sulfite,
nitrate, nitrite, carbonate, phosphate, thiosulfate, cyanate and
thiocyanate.

Ewens-Bassett—Sometimes it is advantageous to cite the
charge on a complex ion rather than the oxidation state of the
central unit. The Ewens-Bassett system gives the charge of
the complex ion in Arabic numerals enclosed in parentheses,
after the name. Other than this, the rules for naming a com-
pound are similar to the Stock system. Thus, the common
ferrocyanide ion, [Fe(CN)s]4~, becomes hexacyanoferrate(Il)
using Stock nomenclature, and hexacyanoferrate(—4) using
the Ewens-Bassett system. Table 6 glves some examples of
modern nomenclature.

A more thorough review of i morga.mc nomenclature may be
found in Discher et al,! or Huheey, Keiter and Keiter.? A
comprehensive report on the subject will be found in Report of
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the Commission on Nomenclature of Inorganic Chemistry,
issued by IUPAC.?

The Periodic Table and Families of Elements

The periodic table constitutes a valuable tool which system-
atizes the physical and chemical properties of the elements.
A table is shown on the inside back cover of this textbook.

The utility of the periodic table lies in its ability to provide
clues to the physical and chemical behavior of the elements
and their compounds. Mendeleev, the chemist who first ar-
ranged atoms systematically, could predict the existence of
unknown elements of his time, and their behavior, eg, eka-
silicon, now known as germanium. A knowledge of periodic
relationships enabled atomic scientists to postulate the prop-
erties of unknown post-uranic elements successfully so that
procedures could be designed for their recovery from atomic
reaction products.

Based on! periodic law, the periodic table arranges the ele-
ments into horizontal rows, with the same outermost, partly
filled, major quantum groups and into vertical columns which
have elements with the same valence electron structures. As
a result, in any given vertical group (family) the members
exhibit similar behavior patterns. Differences are a matter of
degree, depending upon atomic radius and the type of closed
shell underlying the valence electron(s).

The preferred way of designating columns in the periodic
table is controversial. In this chapter the vertical groups of
the periodic table are identified by the Roman numerals, I to
VIII, except for the inert gases which are assigned as Group O.
Each group divides into two subfamilies, A and B. In this
chapter the “typical elements’ will be designated the A sub-
group, eg, I-A, the alkali metals, and the transition element
members of the family will be designated the B subgroup.
Group VIILis not divided into A and B subgroups. It consists
of three triads of elements. The members of a given triad are
remarkably similar in both physical and chemlcal properties,
eg, the first triad, cobalt, nickel and iron.

Hydrogen (lsl) and hehum (1s?) constitute the first row of
the periodic table. While helium clearly is the first member
of Group 0, hydrogen customarily is placed at the head of both
Group ‘A, the alkalies, and Group VII-A, the halogens. Like
the alkali metals, it exists as the monovalent cation, H*, but
like the halogens, it also can exist as the monovalent anion,
H~, the hydride ion.

Many of the vertical groups of the periodic table have com-
mon names. Group 0, the inert gases, Group I-A, the alkali
metals, Group II-A, the alkaline earths and Group VII-A, the
halogens, already have been identified. Additional named
groups are Group VI-A, the chalcogens, Group I-B, the coin-
age elements and Group II-B, the volatile elements.

Those elements in which a d-orbital is filled partially, start-
ing at Group III-B and ending at Group II-B, are known as the
transition elements. Horizontal similarities exist to a varying
degree in the transition elements, especially in the lower oxi-

Table 5—Examples of Modern Nomenclature

Ewens-
Formula Classic name Stock name Bassett®
K, [Hgl;) Potassium mercuric iodide Potassium tetraiodomercurate(I) (-2)
[Ag(NH;). 1" Silver ammonia ion Diamminesilver(l) ion (+1)
Nay[Au(S:02):1 Sodium gold thiosullate Sodium dithiosulfatoaurate(T) (-3)
[Fe(HL,0)61CH, Hydrated ferric chloride Hexaaquairon(IIl) chloride (+3)
BiOCI Bismuthy! chloride Bismuth(III) chloride oxide L
[Ni(CO).] Nickel carbonyl Tetracarbonyl nickel(O) !
[(NH.);C00:Co(NH; )51+ Decammine-p-peroxodicobalt(1IT) ion® (+4)
Na,[Fe(CN);(NO)|.2H.O Sodium nitroprusside Sodium pentacyanonitrosylferrave(I0I) (-2)

dihydrate

“This number, as shown, substitutes for the Roman numeral of the Stock name.
“This ion illustrates the use of w to indicate a bridging structure, in this case the peroxo group.

‘Notapplicable,
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Table 6—The Elements of Group O
Element Helium Neon Argon Krypton Xenon Radon
Symbol He Ne Ar Kr Xe Rn
Atomic number 2 10 18 36 54 86
Atomic weight® 4.003 20.18 39.95 83.80 131.3 (222)¢
Orbital electrons 1s® [He]2s22p® [Ne]3s23p® [Ar]3d'045%4p® [Kr]4d'°5s25p® [Xe]4f115d1965%6pb
Atomic radius (A) 1.80 1.60 1.92 2.00 2.20 2.29
Lonization potential® ev 24.6 21.6 15.8 14.0 12.1 :10.7
95 by volume in air 5 x 10-1 15 x 101 0.94 11 x 1079 9 x 10°6

«Physical data are from Ref 4.;At0mié and ionic radii are from Pauling® and modified by the work of Shannon and Prewitt.® Sec also Rel 7.

bGiven to four significant figures.

cFirst ionization potentidl, unless otherwise noted.
“Atomic weights in parenthesis are now known exactly.
Note: The above apply to Table 6 to 17.

dation states. As an example, the element palladium, to the
left of silver, forms an insoluble chloride, PdCly, which is
soluble in ammonia. :

The lanthanides and actinides (inner transition elements)
are fourteen member families in which f orbitals have one to
fourteen electrons. Each family has very strong horizontal
similarities since the electrons in the partly filled external s, p
and d orbitals are identical for most.

Because the energy levels of the electrons in the d and f
orbitals of the transition elements and the inner transition
elements, respectively, differ only slightly, these elements
give rise to colored compounds. The energy emitted when
an excited-electron falls to a vacant lower level within the d or f
orbitals is that of radiation in the visible range of light.

Starting at the upper right corner of the periodic table; as
one . proceeds down and to the left, the elements assume
increasing metallic character; they become more basic, and
less electronegative (more electropositive). The simple an-
ions become less stable and the simple cations more stable.
Thus, it may be said the nonmetals occupythe upper right area
of the periodic table and the metallic elements are found to the
left and toward the bottom. The so-called ‘'heavy metals’
are found in the two bottom rows. Metallic elements, for the
most part, are protein precipitants, the major exception being
the alkali metals. - Being protein precipitants, metals, espe-
cially heavy metals, aretoxic: For example Ba, Tl, Pband Hg
are violent poisons.

From the above it is obvious there must be an area in the
periodic table where the elements are equally acidic and basic,
that is, amphoteric. If a line is drawn diagonally through
hydrogen and beryllium and through aluminum, germanium,
antimony and polonium, the elements.on the line and some
adjacent to it, are @mphoteric. - Thus, as a base, aluminum
forms compounds such-as aluminum chloride, and equally
well; as an acid it forms sodium aluminate:

In every ‘‘typical” element family the first member of the
family can be quite unlike the other members:. - It more closely
resembles the second member of the adjacent group to the
right. These diagonally related elements are known as ‘di-
agonals” or “‘bridge’” elements. They are

IA IIA A IVA VA VIA VIIA

AN \Al\Sl\P\S S

Beryllium and aluminum constitute a bridge pair. Beryllium
fluoride is water soluble (but poorly ionized) while the fluo-
rides of magnesium and the other alkaline earths are sparingly
soluble: ‘Unlike magnesium and the alkaline earths, beryl-
lium readily acts as the central ion of complexes, both in the
solid state and in solution. Like aluminum, beryllium is am-
photeric, gives rise to alums, catalyses the Friedel-Craft reac-
tion, ete.

Tables 6 to 17 summarize soirie uséful properties and facts
concermng the groups of the periodic table. The second and
thitd row ‘“‘triads’” of Group VIII and the lanthanides and
actinides are not included in these tables because they present
no unpor(:ant apphcatlons in pharmacy and medicine.

The orbltal electrons are important since they predict the
p0551b1e oxidation states, the shielding of the nuclear charge
and the’ polarxzablhty for each element. Those oxidation
states which have been' identified for each element also are
listed.

The atomic radius and the ionic radii give an indication of
the relative size of the members of a family. The negative
ions of an element are always larger than the neutral atom; the
positive ions are always smaller. Because of the increasing
effective nuclear charge fora given element, cations of higher
charge always are smaller than those with a lower charge.
This is important since it gives an indication of the effective
coordination number of cations and atoms as central units of
complexes.

The ionization potentlal* is a measure of the energy re-
quired to remove an electron by overcoming the attractive
force of the nucleus. Note—This use of the word potential
is improper; ionizatien potential is a measure of energy. Itis
related to atomic size; removal of the first electron from
beryllium and barium requires 9.3 ev and 5.2 ev, respectively.
Because the removal of one electron effectively increases the
nuclear charge by one unit, the second ionization potential is
about douBle that of'the first, 18.2 evand 9.95 ev for beryllium
and barium, respectively. 1

Electronegativity, discussed previously, gives an indication
of the type of bonding resulting when two atoms react. It
gives an indication -of the extent of polarization in covalent
compounds. It also is used to determine the order of citation
in the naming of binary compounds (page 316).,

El_e’ments of G;'_r'ou_p' 0

Because the inert gases were unknown at the time, Men-
deleev made no provision for.them in his proposed atomic
table. With their subsequent discovery Group. 0 seemed the
most appropriate designation. The group fits very nicely
into Mendeleev’'s arrangement. Its presence explains the
extreme transition of properties in going from the very electro-
negative halogen family to the very electropositive alkali metal
family. This shift in properties in going from halogen to inert
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gas to alkali metal is shown clearly by the change in the
valence electron structures:

(n — Ds?(n ~ 1)p°
= (@~ Ds*(n = Dp® - (n — Ds’(n - 1pbns’.

All Group 0 elements exceptradon occur in the atmosphere.
Helium also occurs in commercial quantities in certain natural
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Table 7—Elements of Group:I-A
Element Hydrogen Lithium Sodium Potassium Rubidium Cesium Francium
Symbol H Li Na K Rb Cs Fr
Atomic number 1 3 11 19 37 55 87
Atomic weight 1 008 694, 22.99 39.10 85.47 13291 (223)
Orbital electrons Is! [He]2s! [Ne]3s! [Ar)4s! [Kr)bs! [Xe]6s! [Rn]7s!
Oxidation states -1, +1 +1 +1 +1 +1 +1 +1
Atomic radius (A) 0.37 1.50 1.86 2.31 2.44 262
Tonic radius (A) 1.36 (—1)¢ 0.60 (+1) 0.95 (+1) 1.33 (+1) 1.48 (+1) 169 (+1) 176 (+1)
Ionic (hydrated) radius (A) 3.40 2.76 3.32 228 2.28
Ionization potential 13.52 5.39 5.14 1.34 118 389
Electronegativity,” ev 2.1 098 0.93 0.82 0.82 079 07
% of earth’s crust 0.127 65 x 1073 2.8 2.6 3.1 x 10~* 7 x 10714
aHydride ion; figure in parenthesis is the oxidation state.
*Pauling scale.”
on, n However, in comparison with other elements, those of Group
by 0 still are cla 1o Ily as chemic ert.
1 om d Helium, b se its low dens d low solubility in
above. Radon is recovered from the natural decay products  blood is used to prepare synthetic airs (page 337).
of radium. s relatively plentiful since a by-pr the
fr ion of liquid air for the pr  ction of and
nitrogen. It is used as an inert atmosphere for industrial

zed
e, n

==

1
1

other characteristics. However, under unusual reaction con-

processes in which nitrogen, the usual inert atmosphere, re-
acts with the materials present.

and xenon been
as tics. How the s ese elements in
nature imposes severe limitations on such use. 1#Xe is used
for diagnostic studies both by inhalation and intravenous injec-
tion.

Radon is used instead of radium in the treatment of certain
types of cancer. Sealed tubes containing the gas are embed-
ded in the tissues to be treated. Both radium and radon emit

rt in the first s of their radioactive
a ic health conc ince it has been foun
basements of some private homes.

for possible use

E ements of Group

The elements of this group, (Tables 7 and 8), are character-

These elements are strongly metallic, giving rise to cations,
M*. Since electrons can be removed from the underlying
d-shell, Group I-B elements can exhibit higher positive oxida-
tion states, M2+, and M?*.

Elements of Group I-A

This group comprises the most reactive of all the metallic
elements and the activity increases with atomic number. The
cations of these elements are stable chemically; the free ele-
ments are not found in nature  The single positive charge of

the nucleus is screened effectively by the inert gas shell, thus
these cations have little or no polarizing effect on anions and
molecules and therefore do not form complexes.

The hydroxides give alkaline solutions, alkalinity increasing

Table 8—The Eiements of Groups I-B and 1I-B

Element Copper Silver Gold Zinc Cadmium Mercury

Symbol Cu Ag Au Zn Cd Hg

Atomic number 29 47 79 30 48 80

Atomic weight 63.51 107.87 196 97 65.38 1121 200 54

Orbital electrons [Ar]3d'04s! [Kr]dd!o5s! [Xe] 1f145d!06s! [Ar]3d10ds? [Kr) +d'05s [Xe] 1135096

Oxidation states +1,+2 +1, +2 +1, (+2), +3 +2 +2 +1,+2

Atomic radius (A} 1.40 170 170 1 40 1.60 150

Tonic (crystal) iadii (A) 0.96 (+1) 126 (+1) 1.37 (+1) 1.27 (+ 1)
072 (+2) 089 (+2) 0.99 (+3) 088 (+2) 1.09 (+2) 1.16 (+2)

lonization potential, ev 7724 7571 9.223 692 8.99 10.12

Electionegativity 190 193 2.64 165 169 2.00

% ol carth's crust 107! 1078 10-7 13> 10° 15 x 10" cal0®
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with atomic number. Alkali metal salts of common inorganic
and organic acids are ionic, usually colorless and, with few
exceptions, readily soluble in water. Aqueous solutions of
the salts are neutral to strongly basic depending on the strength
of the anion as a Brgnsted base (page 180). Most distinguish-
ing properties of the salts and their solutions are due to the
anion present rathet than the cation, eg, if colored, the anion is
responsible.

The cations hydrate in aqueous media, the degree of solva-
tion decreases with increasing atomic number. Inthe crystal-
line state only lithium and sodium regularly form hydrates.
Potassium and ammonium salts, (below), rarely are hydrated;
if hydrated, the water usually is associated with the anion.

Sodium and Potassium

Except for those properties due to mass and degree of
hydration, sodium and potassium compounds are remarkably

similar. Sodium salts are selected more frequently for use on
Gene ,a en salt is n
solve P ssi nerally c

the corresponding sodium salt, eg, potassium permanganate

the on ce to optim ut
org m ents, €g, m ob
sodium or sodium citrate.

Because of the propensity of sodium ion to promote reten-
tion of water in the tissues, sodium salts are used with caution
in the treatment of cardiac and renal conditions in which
edema is a problem. Some drugs, eg, hydrochlorothiazide,
promote excretion of potassium ion to an extent requiring

the
t.

Rubidium and Cesium
Rubidium and its cation are very similar in behavior to

potassium. Neither rubidium nor cesium find application in
pharmacy and medicine at this time.

Lithium

Being a bridge element, the behavior of this element and its
compounds often is decidedly different from that of the other
members of the alkali family. At room temperature the free
metal is much less reactive with water; on burning it forms the
normal oxide rather than the peroxide. Lithium carbonates
and phosphates are only slightly water soluble. Its chloride
is soluble in organic solvents. Lithium salts are highly
hydrated. Inall of these properties lithium resembles magne-
sium, and to some extent calcium, more closely than sodium.

Lithium has no normal physiological role. In its former
therapeutic applications, eg, lithium bromide, the activity was
inherent in the anion. However, because of the toxic charac-
ter of the lithium ion, as revealed by use of lithium chloride in
salt substitutes, continued use of these lithium compounds is
not justified. Lithium Carbonate, USP and Lithium Citrate
USP has been found valuable in the treatment of hypomanic
and manic states. However, these patients must be moni-
tored carefully for blood lithium levels because of the toxicity
of the cation. ' o

Ammonia and Ammonium Compounds

0o es readily with oton to
th _ [N This ion disp many 0
properties of the ‘alkali metal ions. Its salts show striking
resemblances to potassium and rubidium salts, with which

re
al
ic
of as the chl
. there ant
“ on dr de” (main n onia mol-
e in is  bly basic. ib )

NH, + H,0 = NH,* + OH-

lies strongly to the left unless the hydroxyl ion is removed by
neutralization. Solutions of ammonium salts are acidic rather
than basic. )

Ammonium salts commonly used therapeutically include
the carbonate (page 338), chloride and bromide. The bro-
mide is used as a central depressant. Both the chloride and
carbonate are common ingredients in eéxpectorant prepara-
tions. )

Inaqu olution , aisusedin
mild alk It oft d to the al
cause of its volatility, any excess being detected by its odor
and it is removed readily by heat. The ammonia in household
use contains 10% NH; and is known as 16° ammonia (degrees
Baumé, a concentration term).

Elements of Group I-B

These elements have been known in antiquity. Because
they occur in the free metallic state, are relatively easy to
recover froim their ores and are very malleable, they have been
used throughout historical times to make decorative vessels
and jewelry. They have been employed for' centuries as a
measure of monetary wealth and for the fabrication of coins,
hence the family name, als. )

These elements and unds are strikingly differ-
ent from those of Group I-A. Colored compounds are
numerous. The hydroxides and many of the simple salts are
insoluble in water. All readily act as the central unit of
complexes. The soluble compounds of thesé elements are
toxic. A summary of important characteristics is given in
Table 8. - - o .
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Copper
Of the monovalent compounds, copper(I) oxide, Cu;0, and
r C , used fr
e (c ) are th e,

sulfate, CuS0,4.5H,0. Copper compounds are toxic.

Copper is an essential trace element. Small quantities en-
hance the physiological utilization of iron. It occurs:in the
respiratory pigment, hemocyanin, in many enzymes and is
distributed

Copperc been'used in a variety of medicinal
app Copper de
and fate pent cit

compounds at this time. The radioactive 64Cu isotope has



gmployed in mineral metabolism studies. Copper(I)
is the basis for Fehling’s and:Benedict’s Solutions; the
Various copper
as fungicides and
and are particularly effective algaecides

2L ' .
.. With the exception of the nitrate and fluoride, the common
of silver in the + 1 oxidation state are insotuble or only

i Silver also forms a + 2 series:of salts.
has an oligodynamic action. Water: distilled in contact
silver metal remains sterile over long periods of time
 Because of the ability of silverion to precipitate protein and
chloride in the affected tissue, silver compounds, eg; silver
ritrate, are employed to provide local germicidal -action.
gilver Sulfadiazine is used topically as a germicide. Silver is
teleased slowly from these in situ precipitates to give lasting
g ac Cosmetic problems:can result because of
( on to the photosensitivity of silver ion.
- Preparations containing silver or silver compounds in colloi-
solution once were used widely as topical antiseptics, eg,
Silver Protein. By increasing their concentration, silver
ijons may be used to bring about protein precipitation. To
reduce brittleness some silver chloride (5%) is formed in
silver nitrate by:adding hydrochloric acid or potassium chlo-
ride. The product, Toughened Silver Nitrate, is cast into sticks
and used as a styptic. " .
.* The ready reducibility of silver ion to elemental silver:gives
rise to various instability problems and incompatibilities.
Since silver compounds are light sensitive, they must be pro-
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tected by the use of light-resistant containers. The:soluble
silver salts are toxic. .-However, the toxicity usually is lim-
ited, owing to local precipitation of adherent layers of silver
protein and silver chloride. AT

Gold - .

1 e fat
, e( 1 th
fate. B T
Chemically gold salts are characterized by instability to

ity of ion. s
ticula Bec o
ease of reduction, gold compounds must be handled with
exceptio s e .
iAt'the e e in the

treatment of lupus erythematosus and rheumatoid .arthritis.
Aurothioglucose and Gold Sodium Thiomalate are listed in
the USP. Since these gold compounds are absorbed poorly
when given orally, parenteral administration is required.
Dimercaprol is used as an antidote, if the patient shows signs

treatment ofirheumatoid arthritis. )
. The radioactive isotope, 98Au, is employed therapeutically
in the treatment of certain malignancies (Chapter 51).

E ements of Group |

Each element in this group is characterized by the presence
of two s electrons in the outermost orbital. Subgroup II-A
elements have a-(n — 1)s%(n — 1)p®ns? outer electron struc-

' .

small beryllium atom whose structure is
in that its underlying electron
(n — 1)d'%ns2.

ture. except: for the
1 oup I
] re filled

Elements of Group 1I-A

.-While thi is the alk earth group, the
some quest th nesium especially beryll
should be included under that title. '

Except for m, ele tly
metallic. Li be of iv-

ity, they do not occur free in nature. They function uniformly
in the +2 oxidation state (Table 9). The similarity existing
between calcium, strontium and barium is especially striking.

Calcium, strontium and barium react readily with water to

than the alkali hydroxides, the hydroxides of calcium, stron-
tium and barium give strongly basic solutions. The carbon-
ates, phosphates, sulfates and fluorides are insoluble; they are
important-in-

Except for ion, the three heavier members of

Table 9—The Elements of Group II-A

Element Beryllium Magnesium
Symbol Be Mg
Atomic number 4 12
Atomic weight 9.012 24 31
Orbital electrons [He]2s* [Ne)3s®
Oxidation states +2 +2
Atomic radius.(A) 0.90 1.70
Ionic (erystal) radius (A) 031 (+2 0.65 (+2)
(coordination number 6)

Ionization potential, ev (I1)* 9.3 76

18.2 150
Electronegativity 1.567 s
% of earth’s crust 6 x 0° 21

“Coordination number 4.
bSecond ionization potential.
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Calcium Strontium Barium Radium
Ca St Ba Ra

20 38 56 88

10.08 87.62 137.3 226.03
[Ar]4s? [Kr]5s? [Xe]6s® [Rn}7s®
+2 +2 +2 +2

1.74 192 1.98

099 (+2) 1.13(+2) 1.35 (+2) 1.43 (¥2)
61 5.7 5.2 5.262
119 11.0 9.95 10.099
100 0.95 089 0.9

3.0 0.03 0.025 13x 1010
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the family do not form complex ions. Magnesium forms a
few crystalline complexes of the type KoMgF.

Beryllium
Being amp ¢, this e ap both as simple
salts and be s. The co es readily, eg,
lium les a um in
SO S that early

workers considered beryllium a lighter member of the alumi-
num family before Mendeleev correctly placed it in Group II.
While its ionic diameter is considerably greater than that of
beryllium, the higher +3 charge on the aluminum ion results
in a polarizing ability similar to that of beryllium. Both ele-
ments dissolve in caustic alkalis and both form a protective
co on their s e when pl d in c aci The
ha of both ele s have sim solu es in anic

solvents. Both elements act as Lewis acids and give rise to
alums. ‘ :
m metal it nds are ext y toxic
sted, inh or through the None

of its compounds are employed as therapeutic agents.

Magnesium

This is a relatively abundant element that is chemically
active. The cation, Mg2™, is stable under all conditions ordi-

an anticonvulsant. A concentrated solution of the sulfate
often is applied topically for its anti-inflammatory action.
Toxic manifestations following magnesium administration are

; calcium ate n av is an
ote. The eis lo as ant in
i compressed Thea
has been e in res
photosynthesis.
There is an increasing awareness of the critical importance
o in human stry. e-
d tiometryn measu e,
nd esiumio lasma concent ns mea-
an concent n in the cytos ay rred.
As the second most plentiful cation inside the cell and a
um el bloc gne are
car culard S abs

from the gastrointestinal tract appears to depend on the na-
ture of the magnesium salt that is used.

Calcium

Calcium is a relatively reactive metal whose cation is stable,
However, soluble calcium salts undergo metathesis with
soluble borates, carbonates, citrates, oxalates, phosphates,
sulfates and tartrates to yield insoluble calcium compounds.
These reactions often lead to pharmaceutical incompatibili-
ties.

Calcium is indispensible to life. Calcium, and to a much
lesser degree, magnesium, is the cation of hydroxyapatite, the
major constituent (98%) of the bones and teeth. Calcium is
essential to many physiological processes. Therapeutic cat-
egories represented by official calcium compounds include:
antacid (page 335) and calcium replenishers.

Calcium is frequently the cation of choice to carry therapeu-
tically active anions, eg, calcium aminosalicylate, calcium
cyclobarbital. In some instances this is referable to better
physical characteristics of the calcium compound; in others it
is a deliberate attempt to avoid an unnecessary intake. of
sodium. The artificial radioactive 5Ca isotope has been em-
ployed in studies involving mineral metabolism.

Strontium

The behavior of this element is very similar to calcium.
Ingested, its distrib is of calc . At this
time it has no appl n r medi In‘the

past it has been used as the carrier cation for therapeutically
active anions, eg, strontium bromide.

PRI

Barium

Chemically, this element is the most active of Group II-A.
Its cation is stable under all ordinary conditions. Barium
hydroxide is soluble and is a strong base. Because of this, it
often finds application in analytical and synthetic operations.

In sh 1 er bers of G II-A all
barium ; S0 either in r. or in
dilute acid are poisonous. The.most readily available anti-
dote for barium ingestion is magnesium sulfate (Epsom Salt).

With the exception of barium sulfate, which finds use as a
radiopaque (page 338), barium compounds are not em-

as
as
tiv
cokinetic investigations.

Elements of Group JI-B

Because zinc, cadmium and mercury (Table 8) have compar-

p ly;

o he

s he

+1 state. This latter state is achieved by the formation of a
ent, bond atoms.

the- (merc Hgp?+.

The filled (n — 1)d*? is n this Unlike
Group I-B there are at es inv loss of a
d-electron. There is increasing covalent character in the

salts of'these elements, eg, fused zinc chloride conducts while
ommon lig
. exation.

zinc is sufficiently amphoteric to form a stable oxygen com-
plex, ZnOy2~, the zincate ion.

Zinc

All soluble zinc salts show some degree of hydrolysis,
Zn2* + 2H,0 = [Zn(OH)]* + H,0+
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Thus, all zinc salts of weak Brgnsted bases show an acid
reaction. ’

as t ic s in the ment of
v ex o (page and in
as wound and taste
tion is use metic; its act
SO rn
all ed ly
in es es al

component of carbonic anhydrase and many other enzymes.

s .
s of zinc have been émployed jid
s

Cadmium

This element is truly intermediate in properties to zinc and
mercury. Soluble cadmium compounds. are astringent;
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1lic port uti-
c pa has ced

some o
sol.

The radioactive nuclides '“"Hg and 2%*Hg are used in a
diagnostic capacity (Chapter 51).

omercury compounds eg, merallurlde or n1tromer~

E ements of Group

in ure in the free state.

They have no known
cal ’ )

Elements of Group IlI-A

Mercury
. o ;

In ly of e nts an elec ) P
orbit alence for the first ; as

tures and it is not evident with B, Sc, Y, La. .
With the loss of all three valence electrons the +3 oxidation

cient structure results.

As there are only three electron pairs,

"B ing‘a fourth e o s co
and ids form. Th n give

Members of this family give Tise to an interesting series of
double salts, the alums. The common formula is
M+, M3+, ) 4,0, e M* is a'mo g,
Na‘t, K*, , Tl M3+ is a triva

TI3+, Cr“ or F‘eq* The prototype of these double salts 15
alrm, KAl (SO4) 4 24H,0.

in the valence shell the electron-pair repulsive forces are  Boron
m pears inthe +3 ation andisa
n i al ox s are kn Me ic acid,
Table 10—The Elements of Group IlI-A
Element Boron Aluminum Gallium Indium Thallium
Symbol B Al Ga In Tl
Atomic numbel 5 13 31 19 81
Atomic weight 10 81 26.98 69 72 1148 204.34
Orbital eleetrons [He)2s*2p! [Ne]3s+3p’ [Ar]3d'04s*1p! [Kr]4d'05s*5p! [Xe]4f1'5d'%6s*6p!
Oxidation stales +3 (+1), +3 +1, 42, +3 +1, +3 +1, +3
Atomic radius (A) 082 1256 126 1. 14 20
Tonic (crystaly radius (A) 190 (+1) 190 (+D) 161 (+1)
(coordination number 6) 020 (+3)" 0675 (+3) 076 (+3) 094 (+3) 1.03 (+3)
Tonizalion potential, ev 8.30 5.95 6.0 58 6.1
ane 25 15 18.82 20.1 18 8 203
(110" 37.92 28 44 30.6 279 297
Electronegativity 204 1061 181 178 162
% of carth's crust 3 x 1071 8.13 1.5 % 107% 10— ca 1071

“Coordination number -t
"Scecond and third ionization potential
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(HBO.,),, and the metaborate ion do not exist as monomers.
Orthoboric acid, (H3BOj3),, exists as a hydrogen bonded lay-
ered structure, which explains the flaky form in which it is
available. Discrete H3BO3 molecules exist in the gaseous
state and in solution. It is a weak acid, ionizing in solution.

H,BO, + 2H,0 = H,0* + [B(OH),]~

The pH of a 0.1M solution is 5.3. In addition there is a
tetraborate, available as borax, usually formulated as
Na,B,07;.10H,O. Inwater the tetraborate ion reacts as

[B,05(0H),]*>~ + 5H,0 = 2[B(OH);3] + 2[B(OH),]~

The strong alkalinity of solutions of all borates is due to the
reaction

[B(OH),]~ = [B(OH);] + [OH]™

Boric acid is soluble in polyhydroxy compounds, eg,
glycerol. In anhydrous media esterification takes place to
form “‘glyceroborate.” In aqueous media glyceroboric acid
forms an acid which is valuable in the analytical determination
of boric acid.

Smce it is a bridge element, certain properties of boron
resemble those of silicon, its diagonal neighbor in Group IV- A.
The boron hydrides and boranes resemble the silanes (page
327). The borohydride ion, [BH4|, is available commer-
cially as the sodium salt, which is a valuable reducing agent.

Boron and its compounds are toxic, both by ingestion and
by absorption through broken or inflamed skin. Numerous
fatalities have occurred; especially depressing are those of
infants due to the use of dusting powders containing boric
acid.

Boric acid and the borates have no germicidal activity
and, at best, are feebly bactelqlostatlc On the basis of their
toxicity and negligible antiseptic value the use of these com-
pounds is unwarranted.

Boric acid in-various dosage forms is employed as a toplcal
anti-infective; in solution it is used as an eye wash. . Sodium
borate is bacteriostatic and is a frequent ingredient; of cold
creams, eye washes and mouthwashes. = Sodium perborate is
an oxidizing type of local anti-infective. Various borate buff-
ers are used in collyria. A common incompatibility in the use
of these buffers is the precipitation of insoluble borates from
neutral or alkaline buffers. All common metals, except the
alkalies, precipitate as insoluble borates.

Boric Acid and Sodium Borate (borax) are cited in the NF.

. metic use.

Aluminum

- Aluminum is the most abundant of the metals and the third
most abundant element, being exceeded in natural occur-
rence only by oxygen and silicon. The metal and its hydrox-
ide are amphoteric but only those compounds in which it acts
as a base are pharmaceutically important. As a result of its
high charge, small diameter and electron-pair deficiency, the
aluminum(IIl) ion is incapable of independent: existence in
polar solvents. Due to the very high field strength surround-
ing this ion, complexation always takes place.

Many insolublealuminum compounds find use as gastric
antacids (page 335). Because of their astringency, soluble
aluminum salts are used for various skin conditions and in
antiperspirants and deodorants (page 337). Kaolin is used
as an adsorbent and demulcent, and bentonite is useful as a
suspending agent (page 337). In paste form, elemental alu-
minum is employed topically as a protective (page 337).

There is some concern about chronic aluminum toxicity and
its effect on the brain, possibly manifesting itself in the elderly.
The use of aluminum sulfate at very low levels in water purifi-
cation is being questioned.

Gallium, Indium and Thallium

These remaining elements of Group III-A are not of interest
in pharmacy except for the use of their radioactive isotopes as
diagnostic aids, %"Ga, '!In, ''%In and *°! Tl (see Chapter 51).

Thallium compounds are among the most toxic and are
absorbed from the intestine and through the skin from oint-
ments and creams. Its action is somewhat similar to that of
arsenic. Deaths have been recorded from a thallium cos-
Thallium compounds have been used in insecti-
cides, especially ant poisons. Thallium(I) is similar to potas-
sium ion in that TIOH is a strong base and their salts are
isomorphous. Thallium(III) is similarin behav1or to aluminu-
m(1Il) and gold(III)

Gallium is interesting because, except for mercury, it hds
the lowest melting point of the metals (29.75°). It also' is
unusual forits +2 oxidation state. Since thisrequires an odd
electron it is difficult to explain since gallium(II) compounds
are not paramagnetic. It has been postulated that equal num-
bers of gallium(l) and gallium(IIl) ions may -exist in these
compounds to give a formula M*[MX,]~. Gallium(III) has
propertiesvery similar to iron(III). In fact, gallium (III) binds
to transferrin, an iron transport protein, and appears to be
useful in treating cancer-related hypercalcemia.

Indium is quite similar to both aluminum and gallium.
under very special conditions, exists as a divalent chloride.

It too,

Elements of Group IlI-B

Some properties are given in Table 11. These three ele-
ments exhibit only the +3 oxidation state and:are quite similar.
The differences are mostly of degree, dependent.onthe increas-
ing atomic radius. Since scandium is the smallest, it has the
greatest polarizing power and most readily forms cgmplexe_s

of the type K3ScFs. Yttrium has properties approximately
midway between scandium and lanthanum. This gradation
of properties is shown nicely with the three hydroxides:
Sc(OH)3 is a weak base, Y(OH); is stronger and La(OH); is a
very strong base.

Table 11—Transition Elements

Group llI-B Group IV-B
Element Scandium Yttrium Lanthanum ..: | Titanium Zirconium Hafnium

Symbol Se Y La iy Zr Hf
Atomic number 21 39 57 22 40 72
Atomic weight 44.96 88.91 138.9 47.90 91.22 178.56
Orbital electrons [Ar]3di4s? [Kr]4d'5s? [Xe]5d!6s? [Ar)3d24s? [Kr)4d25s? [Xe]4f+5d°Gs?
Oxidation states 34 3+ 3+ 2+, 3+, 4+ 2+, 4+ (2+), 4+
Atomic radius (A) 1.51 ) 1.8 1.87 1.36 1.45 1.44
Tonic radii (4) 0.81 (3+) 0.93 (3+) 1.15 (3+) 1.00 (2+)

(coordination no 6) 0.75 (4+) 0.86 (4+) 0.85 (4+)
Tonization potential, ev 6.7 6.5 5.6 6.82 6.84 cab.b
Electronegativity 1.54° 1.63 1.3
% of earth’s crust 0.44 0.022 4.5 x 101 0.629 0.028
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E ements of Group V

has
Howeveér,
to

“The elements of this  m
née electrons, two are'’s

WV-Aand (n'+ 1
isa

characteristics of these elemerits are found in Tables 11 and 12.

[

Elements of ‘Gr\bub:iV-A

62—: with i
maximum coordination number of six.
Carboniis exclusively nonmetallic.

n:an
The
while.those of the othier elements of the group:are amphoteric.
o size, e

Metallic properties ap-

o ethec
uen ba the
of in ca

Silicon -also is unique for the exténsive range of complex,
insoluble alumino-silicates-it forms (page 324).: '~

Carbon cLoE : o

Carbon appears w1dely distributed in nature both in t:he
free and: combined states. The free élement is produced in
various forms;.eg, coke, lampblack or charcoal. Activated
charcoals are prepared from ligneous materials (sometimes

e a ag rbon i the

we ~and ical

treat.ment to increase surface areaz-and porosity. -Activated
charcoal is available in two forms, finely powdered (300:to

r appropriate conditions, carbon forms many binary

n, carbon tetrac

ides. Its anic a
are carbonic, percarbonic (peroxocarbonic) and the pseudobi-
nary hydrocyanic acid; (HCN). All are weak acids and are

S or
find
extensive use as gastric antacids. Potassium bicarbonate is
used as a'source of potassiumion in electrolyte replenishers.

‘Bismuth subcarbonate is an astringent and protective (page

:337). Ammoniuri carbonate is an effective reflex stimulant
(page 338) and expectorant (page 338).

SI|ICOI’I . e

. Next to oxygen, silicon'is the most abundant element on

earth.; Tt does not appear free in nature. Silicon forms an
inert oxide; silicon dioxide (sili¢a), which occurs abundantly
in nature in both amorphous and. crystalhne states, eg, sand,

o

e us eanh Fuller s earth Kie-
s Ce and infu are ous skeletal
r of oms and Th s are in the

formof spicules, rods and stars of silica. Because of their
shapes these materials act as excellent, inert, nonadsorbent
filter aids. - Because of their moderate hardness they are used
asmild abrasives. Purified Siliceous Earth is official in the NF.

-Synthetic .amorphous silicas are manufactured by two
methods. : Silica_fume is prepared by condensation of silica
from its vapor phase. . Silica gel is prepared by hydrolysis of

in or c Struc ly,

m ns c olymers es
av us co cial in
iab size, e of ce

type (silanol and/or sﬂoxane) porosity and hardness. By
selection of the product having the desired properties, amor-

e sil find e rb ccants,
e s,, IS, thi Silicon
-+ Carbon dioxide usually.is obtained as a by-product from
either-the production of alcohol by fermentation or by recov-
the k of po . on tatedsilica. :

e, its ci t-due on lo- . Silicosis is a lung condition resemblmg chronic tuberculo-
bin, but through:suffocation. Carbon dioxide is an effective oping exposure ( mor pi-
réspiratory stimulant-(page 338), cited.in the USP. t” (sil es’5 pm or and

Table 12—The Elements of Group IV-A
Element Carbon Silicon Germanium Tin Lead

Symbol C Si Ge ) Sn Pb

Atomic number 6 14 32 50 82
12 01 28 08 72.5y 118.64 207.2
[He]2s%2p? [Ne]3s23p? Ar]3d‘°4sz4p [Kr]4d'05s*5p? [Xe]4f145d!°6s*6p>
4—to 4+ 4—to 4+ 2+, 4+ 2+, 4+ 24, 4+
0.77 1.17 1.22 1.41 1.54
2.60 (4-) 2.71 (4-) 0.87 (2+23 0.93(2+) 1.20 (2+)
0.30 (4+)* 0.54 (1+) 0.67 (14) 0.83 (4+) 0.91 (44)
11.264 8.149 8.09 7.30 7.38
2.65 190 201 1.58 1.87
27 x 107 27.7 7 x 10* 6 x 1074 1x 1073

“Coordination number 4.
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Silicon forms numerous silicic acids, eg, metasilicic acid,
[HSi04), orthosilicic acid, [H,SiO, ] or disilicic acid, [HgSixO7].
These and others occur in nature as silicates. Except for the
alkali salts, silicates are insoluble in water or acids, but they
are attacked readily by hydrofluoric acid, forming gaseous
silicon tetrafluoride. The alkali silicates do not occur in na-
ture but are prepared by fusion of finely divided silica with the
desired alkali base or carbonate.

The “‘insoluble’ silicates have structural arrangements
dominated by the large diffuse oxide ion. Since cations of
high charge, eg, Si** or Al**, are small and compact, they have
only a secondary role in determining the structures. Physical
properties, eg, density, hardness, refractive index, are deter-
mined almost completely by the oxygen-‘‘packing’’ arrange-
ment.

There are two ‘‘close-packed’ oxide ion arrangements, cu-
bic and hexagonal. Ineach, the oxygen arranges in identical
layers; the difference arises from the placement of the layers
with respect to one another. Two types of openings are
possible between neighboring spheres: The smaller open-
ings are occupied by small cations, eg, Si**, resulting in a
tetrahedral arrangement of four oxide ions around each cation.
The larger openings between adjacent oxide ions are occupied
by somewhat larger cations, eg, Li*; Mg2?*, Fe?*. Six oxide
ions surround each cation in an octahedral arrangement.
The aluminum ion, which is intermediate in size, can occupy
either tetrahedral or octahedral spaces. When cations too
large to occupy either of the inter-oxide ion spaces, eg, NH,*,
Na*,K*, Ca?*, are present, the oxide structure opens.in one of
two ways. Groups of the oxide ion layers separate to give an
overall layered structure with the large cations forming a new
layer between. - The cldys have this structure. Or, the oxide
ions may spread in a three-dimensional manner to give room-
like cavities within the structure. The cavities are occupied
by the large cations. Feldspars and zeolites have this latter
structure . i

- A persistent problem preventing early workers from success-
fully elucidating silicate structures was their failure to recog-
nize that ions of the ideal structure may be substituted to some
extent by other ions of the same radius; irrespective of charge.
This phenemenon, ‘isomorphous replacement,’” is wide-
spread amongthesilicates. Because of this, empirical formu-
las, based on analytical data, are meaningless. - The illustra-
tive formulas used in the following discussions are ‘‘ideal”
formulas. Because of isomorphous replacement, the actual
formula of a given silicate may differ somewhat from the ideal.

Before discussing specific insoluble:silicates it must be said
that all are chemically inert. The properties which distin-
guish them and determine their use are structural or related to
surface phenomena.

Chain silicates are unidimensional arrangements of silicate
tetrahedra sharing two oxygeris per tetrahedron; in effect each
chain is a macroanion. - Since these chains consist of Si-O
bonds having 50% covalent character, they are difficult to
break. Electrical neutrality is maintained by placing a suffi-
cient.number of cations, usually K* and/or Ca2*, between the
chains. Electrostatic forces being weaker than covalent
forces, these crystals cleave readily to give rise to the typical
fibrous structure of asbestos, eg, serpentine asbestos,
(HO)sMgg(Siy0;,).HyO. These asbestos chains are useful as
filter aids and as insulation. Asbestosis is a palmonary condi-
tion similar to silicosis. " ‘

Attapulgite, Mgs(SigOp0)(0OH),.8H,0, is a double-chain
structure with rather large open spaces between the chains.
These spaces are occupied by water molecules which provide
hydrogen bonding to hold the chains together. It hasadsorp-
tive properties similar to kaolin.

The layer silicates include talc (talcum, soapstone), the
micas, the chlorites (no relationship to ClO,~) and the three
clay minerals, the montmorillonites (bentomtes) kaolins, (ka-
olinite) and the illites.

Tale, Mg3(OH)25i40,, is the softest mineral known. There
are no cementing cations or molecules between silicate layers;
they are held together by van der Waals forces. Conse-
quently, the talc layers cleave easily to give the characteristic
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smooth, unctuous feel. Talc adheres readily to the skin, is
chemically inert and has very low adsorptive powers. It is
used in dusting powders as a protective and lubricant, to
prevent irritation due to friction. It also is used in medicated
dusts and used widely in cosmetic applications. While there
are no problems in its use on intact skin, talc must not be used
on broken skin, wounds or surgical incisions. This precludes
its former use as a dusting powder and lubricant for surgical
gloves.

Because of its inertness and nonadsorptive character, talcis
auseful filter aid. Only particles which are passed by a No 80
sieve, but retained by a No 100 sieve, should be used. Finer
particles suspend and are not removed easily by subsequent
filtration. Talc is official in the USP. }

In mica, Al;[(OH),(Si;010)]K, and chlorite, Mgs[(OH),-
(S814049)], negatively charged silicate layers are bound to-
gether by cations. Thus, these silicates cleave readily along
the cation layer since the electrostatic forces are weaker than
the .covalent bonds within the silicate layer. .Neither has
pharmaceutical applications. !

The clays, montmorillonite (Smectite), Al;[(OH),-
(Sig020)].3nH0 and kaolinite, [(OH)Al4][(OH)2(Si400)], are
layer structures built of alternating layers of aluminum oxide
(hydrargillite) and silicate. The montmorillonites have higher
Si05:Al,05 ratios with much  isomorphous. replacement -of
aluminum. Magnesium neveris present in the kaolins. :

The distinguishing feature of the bentonite (montmorillo-
nite) clays is the insertion of up to three distinct layers of
hydrogen bridged water molecules between the aluminosili-
cate layers. Not all water hydrogens are needed to bond the
water molecules within their layer; the unused hydrogens bind
the layers to each other and to the aluminosilicate layers.
These water layers may be removed, one at a time, by heat.
The thickness of the individual crystals decreases in steps as
each water layer is removed. By treating with water, the
water layers are restored, one at a time, with'a return to the
original thickness. This may be repéated indefinitely.
Because of this phenomenon, bentonite clays are known as
“swelling clays.”

The bentonites have gelling properties which make“them
useful suspending agents, ion-exchange properties and deter-
gent properties. Bentonite and Bentonite Magma are official
inthe NF, as is Purified Bentonite, a colloidal montmorillonite.

Kaolins are found always in the form of ‘microcrystals of
colloidal dimensions. - The properties are somewhat similar
to bentonite. They areused as clarifying agents and are good
excipients forinorganic salts.. They find employment as intes-
tinal'adsorbents and protectives. Externally they are used as
dusting powders.  Kaolin is official in the USP. ‘

The three-dimensional, or lattice silicates have been de-
scribed previously. Inthe feldspars, KAlSi3Og,the most com-
mon rock, 'the large cations, eg, K*, are trapped in enlarged
cavities within the alumino-silicate' network. On the other
hand, in the zeolites, CaAl,SiyO,,.6H,0, and in the synthetic
molecular steves, these cavities have ‘connecting openings,
or hallways, between one-another and to the exterior of the
crystal. Thus the’cations (and water molecules) in these
cavities are freé to move about within the.crystal and may be
exchanged with external cations. These latter silicates are
valuable as ion exchangers, desiccants, carriers for catalysts
and for the separation of organic gases, eg, ethylene from £
ethane. Certain forms of molecular sieves have been triedas |
antacids. See Clathrates, Chapter 14.

Pumice is a porous rock of volcanic origin, usually found in
the vitreous state. Being a three dimensionally linked s0-
dium aluminosilicate it is a hard, chemically inert, nonadsorp-
tive material. In the powdered form it is used as a filter
medium and dispersing agent. It is found in dental prepara-
tions as an abrasive.

Magnesium trisilicate is prepared by precipitation, using &
soluble silicate and a soluble magnesium salt.  Although it
has an analytical composition approaching’ disilicate, it is
actually a mixture of magnesium hydroxide, hydmted magne-
sium oxide and silica gel. The insoluble magnesium com-
pounds are responsible for the antacid action; the silica gel




acts as a protective. Magnesium trisilicate also is employed:

asa
G u to identify
silic g ase, eg, Nay

to hide the blue-green color of the iron usually present in
silica; borates, to reduce the coefficient of expansion; potas-
si res ete. .

an ide neétwork,
On standing in contact with aqueous
This leaching is acceler-

it can be reactive.
solutions, alkali will leach from it.

sion, see Silicones, in Chapter 52.
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~Germanium
properties of this element are interm  ate to those of
in. Ith c ea
has rem c es

it valuable in the manufacture of semiconductors and other
microelectronic parts.. '

Tin

and stannate(IV) (stannate), [SnO3]?~, ions.
The only official compound is stannous fluoride [tin(II)
fluoride], applied topically as a dental prophylactic.

evidence the ity of this

ther solub this ion. The
scep I de tor hy
omp S ms in on

organisms often resistant to other germicides.

Lead

This element is the most metallic of the group. However,
some residual amphoteric character is present, particularly in
thé +4 oxidation state.” At one time lead compounds found

h ast 5.

¢ ‘ ep it
isno longer used. It is absorbed readily in the intestinal tract
and broken skin, and depositéd in the bone.

Elements of Group IV-B

Because of their minor importance, a detailed treatment is
unnecessary. Some important characteristics are given in
Table 11. All members of the group occur in nature only in
the combined state. The +2 and +4 oxidation states are
common to all. All members of the group possess ampho-
teric properties and their cations readily form complexes.

Titanium
iy d
S d
e g
a

most important compound is the dioxide, TiOz, which is
official in the USP. It is used as a solar-ray protective. As
such, it is a popular ingredient in various lotions and creams

for the prevention of sunburn. This action is the.result of its
high covering power as a white pigment, a consequence of its
high refractive index.

Zirconium and Hafnium

Hafnium occurs in small quantitiesin zirconium ores. Asa
con , unless pur , zirco ou
incl ng perc of ium. as
hydrous oxide or nate h u as ion or cream
for contact derm The s de was-used in

deodorant and antiperspirant preparations. However, it has
been discovered that zirconium is toxic; and these uses have
been discontinued. At present there are no applications of
these two elements in the health sciences.

Elements of Group V

The elements of this group have five valence electrons.
Two of the electrons occupy s orbitals. The three remaining

electrons are in different orbitals in the A and B subgroups,
giving the structures ns®np® and (n — 1)d’ns?, respectively.

Elements of Group V-A

sp gar s -
m ic n L
all 0 f

f‘& and +5 are common to all. Bismuth functions primarily
in the +3 state. All members except bismuth also exist in a
~3 oxidation state. Hydrides are of the covalent MHy type,
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characterized by an unshared electronpair. This allows these
hydrides to form coordinate covalent bonds. The oxides of
nitrogen and phosphorus are acidic. Those of arsenic and anti-
mony are amphoteric, but are sufficiently acidic for the elements
to be classified as nonuetals. The common oxide of bismuth,
Bi»0,, is basic; the less-important pentoxide is acidic.
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Table 13—The Elements of Group V-A

Element Nitrogen Phosphorous Arsenic Antimony Bismuth

Symbol P As Sb Bi
Atomic number 15 33 51 83
Atomic weight 30.97 74.92 121.75 208.98
Orbital electrons [Ne}3s*3p? [Ar]34d!01st4p® [Kr]4d!°5s25p? [Xe}df''5d!96s26p?
Oxidation states 3—,3+,5+ 33—, 3+,0+ 3—,3+,5+ 3—, 34,5+
Atomic radius (A) 1.06 1.21 1.41 1.5
Ionic (crystal) radii (A) 1.32 (3+) 0.58 (3+) 0.72 (3+) 0.90 (3+) 1.17 (3+)

(coordination no 6) 0.27 (b+) 0.52 (6+) 0.60 (6+) 0.74 (5+) 0.90 (5+)
Ionization potential, ev 14.48 11.10 10.5 8.5 8.0
Electronegativity 3.04 2.19 2.18 2.05 2.02
% of carth’s crust 4.6 x 107% 0.12 5% 107 104 2 x 1079

Nitrogen

Nitrogen occurs free in the atmosphere (78%) and com-
bined in nitrates and organic compounds. It is a colorless,
tasteless and odorless, inert gas. It is nonflammable and
does not support combustion. Due to its stable triple-bond
structure, the Ny molecule shows little reactivity with other
elements. The free nitrogen atom is very reactive.

The inertness of nitrogen is the result of the bonding exist-
ing in the molecule. There is a ¢ bond between the atoms,
and two  bonds which fuse to form an electron cloud (dough-
nut) encasing the entire molecule. This electron cloud effec-
tively prevents breaking of the o bond for reaction with other
elements. The cyanide ion and carbon monoxide have elec-
tron structures similar to that of the nitrogen molecule and
also show an extraordinary stability.

Nitrogen is prepared primarily by the fractional distillation
of liquid air. At the temperature of the electric arc it com-
bines with oxygen forming nitrogen(V) oxide, which is con-
verted into nitric acid. In the presence of catalysts and at
great pressure and elevated temperature, it combines with
hydrogen to form ammonia.

Unlike phosphorus and the other members of the family,
nitrogen does not expand its coordination sphere beyond
three. ‘The nitric acid of chemistry is the meta acid. There
is no ortho acid, hypothetically H;NO,. Nitrogen in the +5
state is too small to accommodate four oxygen atoms.

Therapeutically inactive, elemental Nitrogen NF, is em-
ployed pharmaceutically as an inert atmosphere in ampules
and other containers of substances that would be affected
adversely by air. Nitrogen(I) Oxide (nitrous oxide) USP, is
an inhalatory general anesthetic.(page 337). Sodium Nitrite
USP, is used as an antidote to cyanide poisoning; it also is a
‘vasodilator but is slower acting than the organic nitrite and
nitrate esters-commonly used for this purpose. The nitrate
ion frequently is used as an anion for medicinally active cat-
ions; eg, silver nitrate, thiamine mononitrate.

Very significant work has shown that the simple, paramag-
netic molecule, nitric oxide, NO, is an important neurotrans-
mitter produced by neurons and other cells and causing re-
sponses such as vasodilation by acting as a ligand for iron in a
heme group with a resulting lowering of blood pressure.
This knowledge rationalizes the action of drugs such as the
organic nitrites and sodium nitroprusside.

Nitrite ion is toxic; it reacts with hemoglobin to form
methemoglobin. Nltrltes are also potentially dangerous since
they can form N-nitroso derivatives of amines and amides,
which may be'carcinogenic. ' Nitrate ion is reducible to nitrite
in the intestine and may cause methemoglobinemia. For the
above reasons the use of nitrates and nitrites as food preserva-
tives has been questioned.

Phosphorus

Phosphorus exists in two common allotropic forms, yellow
and red. Yellow phosphorus (white phosphorus) has a dis-
tinctive, disagreeable, ozone-like odor. = On exposure to air,
or when heated at about 50°; it ignites spontaneously. It is
almost insoluble in water, but is soluble in chloroform, ben-
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It is poisonous and on the skin it
Copper(Il) sulfate is used

zene or carbon disulfide.
causes severe, slow to heal burns.
as an antidote.

Red phosphorus isa brown to red amorphous powder.  Itis
nonpoisonous and nonflammable in air, except at high
temperatures. It is insoluble in any common solvent.

The use of imorganic phosphorus compounds in modern
medicine is restricled primarily to the orthophosphates.
Tribasic calcium, magnesium and aluminum phosphates are
used as gastric antac1ds and the monobasic alkali phosphates
are effective urinary acidifiers. Dibasic sodium phosphate is
the active ingredient in various saline cathartics and enemas.

Phosphoric Acid NF, is used to form soluble salts of in-
soluble medicinal bases. _The dihydrogen phosphate- mono-
hydrogen phosphate system is a valuable buffer in physiologi-
cal ranges. Hypophosphorus Acid NF is an antoxidant, used
primarily with iodide and iron(II) salts. The radioactive iso-
tope, 3%P, is employed therapeutically (Chapter51).

Phosphorus is essential to plant and animal life. A com-
plex basic calcium phosphate constitutes the main inorganic
component of bones and teeth. Dihydrogen phosphate and
monohydrogen phosphate ions constitute the ion pair of one
of the buffer systems of the blood and body fluids. The
phosphate moiety has important roles in the metabolism of
various organic materials; eg; carbohydrates.

Arsenic

Inorganic arsenic compounds rarely are employed in mod-
ern medicine. There no longer are official compounds; ar-
senic trioxide and potassium arsenite were the last. They
were used as alternatives, tonics and antileukemics. Sodium
arsenate, "As, has been used as a diagnostic aid.

Arsenic compounds are poisonous. Ifstill inthe Gl tract, a
freshly prepared mixture of iron(IIl) and magnesium hydrox-
ides is administered orally as an antidote. If already ab-
sorbed, dimercaprol by intramuscular injection is effective.

Antimony

Antimony compounds have physiological reactions resem-
bling those of arsenic. The compounds are potentially toxic.
Except for Antimony Potassium Tartrate (antimonyl potas-
sium tartrate, tartar emetic) USP, and for Antimony Sodium
Tartrate USP, antimony compounds are no longer in common
medical usage. Both antimony potassium and antimony so-
dium tartrates are used in the treatment of schistosomiasis, a
parasitic disease involving:flukes.

Bismuth

With the exception of sodium bismuthate, [NaBiO3], in
which the bismuth functions anionically in the +5 oxidation
state; the important bisrmuth compoundsiof coinmerce are the
Bi3+ variety. The basic salts, bismuth subcarbonate, bis-
muth subgallate and bismuth subnitrate are employed for
their astringent; mildly germicidal and antacid properties.
Bismuth Subnitrate, Bismuth Subgallate and Milk of Bismuth
are official in the USP. Milk of Bismuth owes its antacid
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Table 15—The Elements of Group VI-A

Sulfur

-8
16
32.06
[Ne]3s23p*
2—,2+,6+
1.04

1.70 (2-)
0.43 (6+)
10.36
2.58
0.052

Selenium

Se

34 .

78.9¢
[Ar]3di94s24p*

Tellurium
Te
52
127.6
(Kr]4d'°5s%5p*
2—, 44,6+
1.37
2.07 (2-)
0.57 (6-+)
9.0
2.1
10-7
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Téble 1 ransition Elements i , .
VI-B
v ii Vanadium .2, Niobium Tantalum Chromium : :Molybdenum= Tungsten:
v Nb Cru Mo .
23 41 24, : ¢ .42
50.94.. , 52.00. . . 95.94, °
[Ar]3d34s* [Ar]3d°4s!
24,34, 4+, 5+ 24,3+, 4+, 6+
1.22- ' 1.18 ) )
0.40 (5+) 0.76 (3+) 4+)
- 0.68(6+) 0.74(6+)
671 iwcab 6.77 7.98 »
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0021 cal.b x 1074
Colloidal bismuth ‘
iillcer disease. ~
Elements of Group V-B'
T m, be¢ 5 size
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"

iciproperties of Group

Polonium

1.08 (4+)

0.81 (6+)

2.0
10714



330 CHAPTER 23

minerals such as CaCOj3 or FesO3.  The industrial process for
preparing oxygen is the fractional distillation of liquid air.
‘When liquid air is allowed to evaporate under controlled con-
ditions, the nitrogen and inert gases escape initially, followed
by nearly pure oxygen.

The weighted atomic mass of the mixture of naturally occur-
ring oxygen isotopes formerly was the standard for all chemi-
cal atomic weights. This standard has been replaced by the
most abundant carbon isotope, '*C. The isotopes of oxygen
have been separated and introduced into specific molecules as
tracer elements.

Oxygen USP, is employed as a therapeutic gas in the treat-
ment of conditions involving hypoxia. Ozone, Os, an allo-
tropic form of oxygen, is a powerful oxidizing agent. Ozonized
air (air treated to convert some of its oxygen into ozone) is
used in various disinfecting and bleaching operations.

Chemically, oxygen is very reactive, combining directly,
under appropriate conditions, with all elements except mer-
cury, silver, gold and members of the platinum family. It is
electronegative with respect to all elements except fluorine.
The oxides of nonmetallic elements are acidic, while those of

alsar ic. The of many ele eg ony
‘tellu , are am c. Inall, ‘W —2
oxidation number. g )

Hydrogen peroxide and the peroxides are a series of oxygen
compounds in which oxygen has an oxidation number of — 1.
They are valuable oxidizing and reducing agents. ’

Hydrogen peroxide is prepared by the electrolysis of a
concentrated solution of eithéer sulfuric acid or ammionium

ers
nt. el
the ge

distillation under reduced pressure. )

Pure concentrated hydrogen peroxide is stable. However,
commercial preparations must be stabilized; usually, a preser-
vative is added, eg, acetanilid. Traces of mineral acid, eg,
phosphoric acid, often are added, as the stability increases in
acid medium.

xide is a 3%, s

an s. Co n isex s s
ume strength, the volume of oxygen gas released from one
volume of solution; ten volume is 3%. : Hydrogen Peroxide
Concentrate USP, is the 30% solution. It is a powerful oxi-
dant and must not be used on the skin, etc. Hydrogen Perox-
ide Topical Solution USP, is the 3% solution. It is a mild, fast
acting, oxidizing germicide which will destroy most patho-
genic bacteria. Hydrogen peroxide, 6%, is the only common
bleach mild enough for use on hair.

Hydrogen peroxide is available as a solution in anhydrous
glycerine (1.5%) and as urea peroxide, a stable crystalline 1:1
compound, usually in 4 to 10% solution in anhydrous glycerine.
A monograph for Carbamide Peroxide is found in the USP and
the monograph for Carbamide Peroxide Topical Solution USP,
has a generic purity rubric statement. These preparations
are preferable to hydrogen peroxide in treatment of oral and
ear infections. Zinc peroxide and sodium perborate have
beenlisted in past compendia. o ;

Sulfur

This element exists in several allotropic formis. At room
temperature a-sulfur (rhombic sulfur) is the stable form.” At

rium point, 96°, c s -

stable form. O t e -
P, are
ul han
m

As an ointment, precipitated sulfur is used as the scabicide.
Sulfur ointments and lotions are used in dermatological appli-
cations as keratolytics. Elemental sulfur also has fungicidal

action. Sublimed sulfur is used as'a cathartic.
S appears in s sof co The first,
bas the —2 oxid st givesri gen sulfide

and the sulfides. The second and third series, based on +4
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ox on states, give rise to the two sulfur oxides and
ids salts.

Hydrogen sulfide, and soluble sulfides in solution, react
readily with suspended, finely divided sulfur to give rise to
mixtuges of polysulfides, Sy2~, S327, S427, S5°7), usually writ-
ten S,2-.

Sulfurated Potash USP, consists largely of potassium poly-
sulfides, sulfate and thjosulfate. It is prepared by careful
heating of a mixture of potassium carbonate and sublimed
sulfur. The compound is very soluble in water, giving an
alkaline reaction. The polysulfide component is soluble in
ethanol. Sulfurated potash is used in the form of lotions,
ointments and aqueous solutions for the treatment of psoria-
sis and other chronic skin conditions and has parasiticidal
activity.

Sulfurated potash must be stored in tightly sealed contain-
€rs to prevent reaction with carbon dioxide and oxygen. Itis
incompatible with acid.

White Lotion USP is prepared by adding freshly prepared,
filtered, sulfurated potash solution to zinc sulfate solution.
The order of mixing is important. It is an astringent and
protective. .

Selenium Sulfide (and Lotion) USP, is employed as a 2.5%
suspension in the topical treatment of seborrheic dermatitis
(dandruff). Care is essential to prevent introduction into the
eyes ormouth. In addition the hands must be cleansed thor-
oughly after using since selenium is toxic. Cadmium sulfide
also is used in the treatment of seborrheic dermatitis. While
less irritating, it requires the same precautions as selenium
-sulfide.

Sulfur Dioxide NF, usually is prepared industrially by burn-
ing sulfur. It is the acid anhydride of sulfurous acid and its
salts, the sulfites. All are used in pharmaceutical practice as
antoxidants;and preservatives._

- -Attempts to crystallize sodium bisulfite yield, instead, nor-
mal sodium sulfite crystals. If the crystallization is carried
out under a sulfur dioxide atmosphere crystals of the metabi-
On dissolving metabisulfite in water,

sults

4052 + H0 — 2HSO;"

. Sodium Metabisulfite NF should be used when sodium bisul-
fite is specified. It is used as an antoxidant. A monograph
for Potassium Metabisulfite is included in the NF.

ios e USP is p from the by
r su Since the on has an ed
electron pair, and elemental sulfur lacks one electron pair for
completion of a stable octet, a coordinate covalent bond forms
easily, giving the thiosulfate ion: It is used as an antidote for
cyanide poisoning. It is a valuable analytical reagent for the
determination of iodine. '

In the +6 oxidation state sulfur gives rise to sulfuric acid
and the:-sulfates. Sulfuric acid is an important: acid and is
listed in the.NF. Several sulfates are cited officially but with
the:exception of sodium sulfate (saline cathartic), all applica-
tions are .ascribed more appropriately to the cation present,
eg, barium sulfate or bleomycin sulfate.

~Selenium and Tellurium

In sele
gous e of 1
those to be ‘expected in terms of relative atomi¢ size and
electronegativity.
ium is 1 S, it is
trace LTt is ly thro

Toxicity usually is not a problem if it is applied to small areas
of unbroken, unirritated skin. Prolonged contact with the
skin results in contact dermatitis. The use of selenium sul-
fide, thé only official compound, has been described under

Sulfides. Selenomethionine Se 75 Injection USP'is used in
the s of and growths.
T has cations at this time.
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“Tablef he Elements of G VHI-A
-Element , .rChlorine v Bromine lodine’ Astatine
Symbol Cl Br . v I At !
9. o 17 35 RS IO 53 .:85
35.45 79.90 (210)
o [Ar P [Xe]4f'15d1%6s26p°
ot - )b+ +
ot 0 I
*, Toric (ctystal) radii(A) ¢ Lo
halide anion ~ + ' < Sto1.82 b
..coordinationno 6:° . 64 0.53 (7+) 0.76 (7+)
al, ev, 7.42 1 11.84
98 2.96. 1, 2.2
% of earth’s crust 3 x 10°2 1.6 X L0~

RE:

.. Elements.of Group VI-B-

The elements of this group are metallic in behavior. The
lower oxidation state oxides are basic while those of the
hi s are acidic, rise to
m tungstates. ionsofh
tion numbers ‘have-a tendency to:unite with oxygen to give
stable -yl cations,‘eg,"CrO%*, chromyl. ;.. These elements show

Chromium and m@ denum are esse
Mono sfor C c I n) and -
nium bdate I : in th
Chromium has a wide margin of safety between amounts
usually ingested and those showing adverse effects. The
radioactive isotope, ®!Cr, is employed as a biological tracer in

trace elements.

1 in or t eir. ntal .n certain hematological procedures (Chapter 51). Their com-
an .. S pr s are pounds are important in analytical pharmaceutical opera-
Table 14. tions ) ) '
Elements. of Group VII-A

Examination of the valence electron structure of these ele-
ments suggests —1, +1, +3, +5and +7 as possible oxidation
states. Fluorine, the most:electronegative element, appears
only as the simple fluoride ion (which readily acts as aligand).
Only chlorine forms compounds in all five oxidation states.

The halogen binary compounds may be ionic and/or cova-
lent, depending on electronegativity differences.. All halo-
gens unite with hydrogen to form covalent gaseous hydrogen
halides. These gases are extremely soluble in water, giving
rise to very strong acids, eg, hydrochloric acid. The ionic
binary compounds show a displacement series: a halogen of
lower atomic weight will displace a halide ion of higher atomic
weight

21 + Cl, — 2C1~ + I,

Thus, of the halogens, fluorine is the strongest oxidizing agent

and fodine the weakest. Conveérsely, iodide is the strongest

ses
of t

Fluorine
Fluorine isthe most reactivé ofthe electronegative elements.
gold lme
s. 1 llno

als, including the othe.r halogens. Beryllium fluoride is one

Table 17—Transition Elements

Group VIII-First Triad

Element
Symbol Mn Te
Atomic number 25 43
Atomic weight 54.94 (98)
Orbital electrons [Ar]3do4s [Kr]4d55s?

Oxidation states

Atomic radius (A)

Ionic (crystal) radii (A)
(coordination no 6)

lonization potential, ev

Electronegativity

% of earth’s crust
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24, 3+, 4+, 6+, T+
117

0.81 (2+)

0.40 (6+)

7.43

1.55

0.085

2+, 3+, 4+, 6+, T+
1.27

0.56 (7+)
7.23:

1.9

zero (7)

Iron Cobalt Nickel
Re Fe Co Ni
75 26 27 28
186.2 55.85 58.93 58.71
[Xe]df!15d56s2 [Ar]3d®4s?  [Ar]3d71s? |Ar]3d%4s?
3+,4%+,5+,6+, 7+ 24,3+ 2+, 3+ 2+, 3+
1.25 117 1.16 1.15
081 (3+) 075 2+) 079 (2+) 0.83 (2+)
0.69 (5+) 0.69 (3+) 0.69 (3+) 0.70 (3+)
7.87 7.83 ca85 7.6
1.9 185 188 1.91
107 5 23 x 107 8 x 1071
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of the very few fluorides not ionized completely. Fluorine is
an essential element and is present in the teeth and bone.

Sodium Fluoride, Sodium Fluoride Tablets, Sodium Fluo-
ride Oral Solution, Stannous Fluoride (Tin(II) Fluoride), Stan-
nous Fluoride Gel, Sodium Fluoride and Phosphoric Acid Gel,
Sodium [Fluoride and Phosphoric Acid Topical Solution and
Sodium Monofluorophosphate are listed in the USP.
Stannous fluoride is oxidized easily by oxygen of the air to give
the tin(IV) ion which is ineffective as a dental prophylactic.
For this reason solutions of this salt must be prepared freshly
at the time of use. A developing cloudiness of the solution
indicates that the oxidation is proceeding since the tin(IV) ion
formed is precipitated as the insoluble hydroxide.

In addition to its use over several decades as a dental
prophylactic, fluoride also has found use, in larger doses, in
the treatment of osteoporosis. However, in spite of its offi-
cially sanctioned addition to some drinking water, contro-
versy over the advisability and safety of ingesting fluoride at
the 1 ppm level for long periods persists.

The use of fluoride to prevent, halt or reverse osteoporosis
is questionable since studies have been reported in which a
positive correlation exists between the use of fluoridated wa-
ter and an elevated risk of hip fracture.

Chlorine

Elemental chlorine is a very reactive nonmetallic element.
Most common chlorides are water soluble, the main excep-
tions being AgCl, Hg,Cl; and CuyClo. A few, eg, PbCl,, are
slightly soluble. The oxygenated chlorine compounds are
mostly water soluble.

Hydrochloric acid, NF, is a pharmaceutical necessity for
purposes such as neutralizing, stabilizing or solubilizing other
substances. In diluted form, it is a gastric acidifier but other
compounds, more readily amenable to administration, usually
are preferred.  Sodium, potassium and calcium c¢hlorides are
employed in electmlyte replenishers; the first named is the
sole ingredient of physiological salt solution. Ammonium chlo-
ride is an expectorant and a systemic acidifying agent. The
chloride ion is frequently the carrier of choice for. other metal
cations such as those of zinc, aluminum and mercury, but with
these the medicinal value is referable to the metal rather than
the chloride.

Sodium Hypochlorite Solution USP is an effective germi-
cide, viricide and deodorant because of the oxidizing power of
hypochlorous acid. The hypochlorite ion is reduced rapidly
by organic matter.

Dilution of Sodium Hypochlorite Solution (Dakin's Solu-
tion) to the 0.5 or 0.1% or even more dilute concentrations,
together with an adjustment of pH to less alkaline values, are
required to produce a solution that is suitable for use on
human tissues, eg, in burn wound therapy.

Sodium hypochlorite is prepared by electrolysis of sodium
chloride solutions under conditions such that the chlorine
formed at the anode reacts with the hydroxyl ion resulting
from removal of hydrogén ion as hydrogen gas at the cathode

Cl, + 20H- — ClO~ 4 H,0 + ClI7-

Sodium chloride is always an impurity in the resulting solution.
To improve its stability the pH is adjusted to 10 or greater. = -

Bleaching powder, calcium hypochlorite, is one of the
most effective and least expensive disinfectants:-
uct is formed by passmg chlorine gas over moist, slaked lime.
Its composition is variable but hydroxide, hypochlorite and
chloride ions are present in the mixture.

Potassium chlorate occasionally is present in mouth washes,
vaginal douches and other local cleansing preparations; how-
ever, its antiseptic value is too weak to be of any value.

Bromine

Bromine is a dark reddish brown, fuming liquid with a
suffocating odor. The fumes are highly irritating to the mu-
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The prod- -

cous membranes and they burn and blister the skin. It at-
tacks most metals and organic tissue. Chemically, bromine
resembles chlorine with slight differences referable to the
comparative size of the two atoms and their electronegativi-
ties.

Bromine is a powerful caustic and germicide but is not
employed as such. It is a common chemical reagent.
Utmost care should be exercised in handling bromine. All
work with bromine should be done under ideal conditions of
ventilation. Ifthe skinis exposed to bromine, the area should
be washed immediately with a solution of sodium bicarbonate
and treated with glycerine. Cautton: Bromine containers
should be opened only after they have been cooled thor-
oughly.

Bromine has no known biological role. In proper dos-
age the bromide ion provides central depressant action.
Sodium, potassium and ammonium bromides are employed
commonly. Excessive continued dosage may elicit a toxic
condition, brominism.

lodine

Except for astatine, iodine is the most metallic of the
halegens. Its oxo-salts are very stablewhile the simple:anion
is oxidized slowly by the oxygen of the air. When reacting
with the other halogens it assumes the cationic role;-eg, ICls.
Many workers consider I0H the hydroxide of iodine. Iodine
is an effective antimicrobial.

Iodine solutions include potassium or sodium iodide to
enhance the solubility of the iodine by the formation of polyio-
dide ions. Loss of the element to air is reduced greatly since
polyiodide solutions have a lower iodine vapor pressure.
Iodine, Potassium Iodide, Sodium Iodide and various iodine
solutions are cited in the USP, as is Povidone-lodine.
Povidone is a synthetic polymer which has a special affinity for
iodine molecules. The advantages of povidone-iodine are
reduced volatility of the iodine and a decreased irritation on
application. Iodine also is available in the form of cationic
and nonionic surface active salts, used as sanitizing agents.

Iodine is essential for proper thyroid functioning and is
utilized physiologically either in the elemental form or as
potassium or sodium iodide. In proper dosage, iodide ion
exerts expectorant action; examples are hydrogen iodide (as
hydriodic acid syrup) and potassium iodide. The radioactive
isotopes, 12T and '3!], have diagnostic and therapeutic applica-
tions (Chapter 51).

Elemental iodine is toxic, and corn starch and sodium thio-

sulfate are effective chemlcal antidotes.

Astatine
Astatine is a synthetic radioactive element. It resembles

iodine butis more metallic. It has no pharmaceutical applica-
tions.

. Pseudohalogens (Halogenoids)

Inorganic anions such as CN-, CNO~, CNS—, N3~ and
[Fe(CN)g]3~! resemble the halide anions and are known as
pseudohalogens. The similarity of the cyanide ion especially
is marked; it has properties intermediate to those of the:-chlo-
ride and bromide ions. Similarities include insoluble silver
salts soluble in ammonia, preparation of HX by adding concen-
trated sulfuric acid to the sodium salt, preparation of X, by
adding MnO, and concentrated sulfuric acid,to the sodium
salt, formation of polyions, etc.

The most striking difference is the very wea.k acidic charac-
ter of the pseudohalogen hydrides, eg, the pK, of HCN is'8.9
while that of HClis ca —10.

The pseudohalogens have no pharmaceutical apphcatlons
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rized as a local anti-infective of the type and
an astringent and a powerful deodorant cleanser. It is

used in the form of dilute (0.01 to 1%) solutions. As the
compound reacts, manganese(IV) oxide precipitates on the
skin causing a temporary darkening of the surface. Gast

lavage using dilute permanganate solutions is antidotal for
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Technetium

Technetium (from Greek technetos, meaning artificial) was
so0 named because it was the first element produced artificially.
Radioactive technetium, 9Tc, is used diagnostically in various
forms (Chapter 51).

Rhenium S
h [ al
li e it
b

E ements of Group V

consists of three elements (triads) in each of the long rows and
fills the space between the elements of Groups VII- B and I-B.

The first triad follows manganese and includes iron, cobalt
and nickel (Table 17), known as the ferrous metals. They are
characterized by.their strong ferromagnetism. The second
triad follows technetium and includes ruthenium, rhodium
and palladium. The third triad follows rhenium and includes
osmium, iridium and platinum. The elements of these latter
-two triads are known as the platinum metals. The termnoble
metals also is used: Theiplatinum metals are characterized
by their extreme inertness to chemical reaction. :*

is used in
and Cisplatin for
Carboplatin, cis-diammine
is another com-
usedinc  erthérapy.

Elements of the First Triad

The important oxidation states are +2, achieved by the loss

two ctrons, and +3 inwh  an ad
lost le17). Thestability he +2
increases from iron to nickel. The free metals and the +2
re ing age The a
c nic and onic ¢ of
high stability.
Iron

Ironis distributed widely in nature. It functions in divalent
and trivalent states to form iron(Il), ferrous and iron(III),
ferric compounds, respectively. Iron(II) compounds are usu-
ally green in the hydrated state and white in the anhydrous
state. Iron(Ill) salts are usually yellow to brown in the hy-
drated state but vary in color when anhydrous. Aqueous
solutions of iron(Ill) salts hydrolyze strongly to give acid
solutions. Iron(Il) salts undergo slight hydrolysis and are
oxidized easily in solution. The behavior of the iron(III) ion
is similar to that of aluminum(III).

Iron, in‘either oxidation state, readily forms seluble coordi-
nation complexes with ligands such as phosphate, citrate,
tartrate and amines. Iron does not precipitate from many of
these complexes with the usual iron precipitants.

Iron‘is an essential trace element. It is the important ele-
ment in the transportation of oxygen by hemoglobin. It func-
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tions in various cytochromes which are essential oxidative
enzymes of the:body cells.

A study‘¢éarried out in Finland has cast‘doubt on the advisabi-
ity of the routirie use of hematinics sin¢e men with higher
levels of ferritin (an iron storage protein) were found to be
more prone to experience heart attacks. Interpretation of

s in u n’'s ab to

era h gen. ca
that p isth mu found
to be’ fore ney uiring

use-of a hematinic: The usé of Wématinics without substanti-
ated need is not advised.

Numérous iron(Il) and iron(III) compounds, complexes and
solutions have been used as hematinics in the past.
However, because of their greater gastrointestinal irritation
and poor absorption, iron(IIl) compounds and their prepara-
tions are used rarely today. Ferrous Fumarate (and Tablets),
Ferrous Gluconate (and Tablets, Capsules and Elixir), Fer-
rous Sulfate (and Oral Solution, Syrup, and Tablets) and Dried
Ferrous Sulfate are official in the USP. Iron Dextran Injec-
tion [colloidal iron(IIl) hydroxide with partially hydrolyzed
dextran] and Iron Sorbitex Injection [a complex of iron with
sorbito! and citric acid] are cited in the USP as injectable
forms for patients with poor gastrointestinal tolerance or poor
absorption of iron. Reduced iron formerly was used as a
hematinic. It survivestoday inthefortification of foods, eg,
flour.
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Iron(Ill) compounds are astringent (page 337). Sodium
nitroprusside USP, Na,[Fe(CN);(NO)].2H,0, is a vasodilator.
A monograph for Sterile Sodium Nitroprusside is provided in
the USP.

Cobalt

The important cobalt salts of commerce are those of co-
balt(II). Most contain water of hydration and are red in color,
but when rendered anhydrous they are blue. Because of this
color change anhydrous cobalt(1II) chloride is included in dehy-
drating agents for gases to indicate when they are spent.

There is evidence that the presence of traces of cobalt may

catalyze the physiological utilization of iron. This has led to
the introduction of medicinal specialty products containing
iron in association with cobalt designed for use in the treat-
ment of iron deficiency anemias. Cyanocobalamin (vitamin
B,2), is the only cobalt compound officially cited. The radio-
active isotopes, "7Co and “°Co, are used diagnostically and
therapeutically (Chapter 51).

Nickel

The important nickel compounds are in the +2 oxidation
state. There are no nickel compounds of medical impor-
tance.

Water

About 75% of the earth’s surface is

Land masses in polar regions are
covered with thick sheets of ice. In vapor form, water is an
important constituent of the earth’s atmosphere. In com-
bined form, water occurs abundantly in many minerals, eg,
gypsum (CaS0,4.2H,0). In addition, water occurs in all ani-
mal and vegetable tissues; it constitutes some 70% of the
human body and over 90% of vegetables such as cucumbers
and watermelons.

Together with ammonia and hydrogen fluoride, water is
distinguished from other covalent hydrides by the strong hy-
drogen bonds existing between adjacent molecules. Despite
the ability of fluoride ion to form stronger hydrogen bonds
than oxide, hydrogen-bonding reaches its peak inh water be-
cause two protons are available per molecule. Hydrogen
fluoride has only one available proton per molecule and ammo-
nia has only one open site permolecule for hydrogen-bonding.

Because of the extensive hydrogen-bonding, the physical
properties of water are unique among the other hydrides.
Most obvious is the existenice of water as a liquid under normal
conditions. All other covalent hydrides are gases. The heat
of fusion and melting point, heat of vaporization and boiling
point, specific heat, surface tension, viscosity and dielectric
constant of water are all much higher in absolute value than
those of other covalent hydrides. The world as we know it
would be impossible without these unusual properties of wa-
ter.

Water is a chemically stable compound. Even at 2000°K
less than 1% is dissociated into its elements. The K, for
waterisonly 10714, Despite this relative nonreactivity it acts
as a solvent, especially for ionic compounds, a ligand, as acid
or base and an oxidizing or reducing agent. In traces, water
is frequently a catalyst The acid-base properties are dis-
cussed later.

Because.of its strong permanent dipole, water often acts as
aligand in complex substances. Almost all cations form one
or more hydrates, divalent cations being more highly hydrated
;than the monovalent because of their stronger electrostatic
fields. Havingreduced field strengths because of their greater
size, large cations (eg, cesium).do not hydrate. Many anions
hydrate, eg, CuSO,.5H,0 is actually [Cu(H»-0),][S0,4.H20].

Water acts as a solvent for an unusual range of substances.
This solvent action results from one or more of its properties,
small size, strong permanent dipole, high dielectric constant
and avaﬂabﬂ.lty of protons for hydrogen-bonding. ,

‘Water is omnipresent.
covered with liquid water.

Na‘tu ral Waters

Naturally occurring waters contain dissolved minerals indig-
enous to the region. Such waters are described variously as
mineral waters, lithia waters; sulfur waters, etc. -~ Owners of
springs or other sources of such waters often claim fanciful
therapeutic effects but, in general, these claims have not been
substantiated.

Natural waters containvarying amounts of suspended mat-
ter, eg, clay, sand, microorganisms, fragments of plants and
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animals. Commonly, they are a very dilute solution (ppm) of
calcium, magnesium, iron(Ill), sodium and potassium ions
having as counterions, bicarbonate, sulfate and chloride.
The dissolved bicarbonate constitutes temporary hardness
while sulfate and chloride constitute permanent hardness.
In addition, natural water contains traces of dissolved atmo-
spheric gases, ammonia and metabolic decomposition
products. Waters in inhabited areas often include dissolved
minerals, eg, nitrate, phosphate and organic compounds from
homes, industry and farms. Detergents and dissolved traces
of insecticides and herbicides are proving especially
troublesome. The Environmental Protection Agency (EPA)
h;;ts water-quality criteria for a number of priority pollutants.

Potable Water

This is water that is “fit to drink.”” Providing potable water
is one of the mostimportant functions of modern communities.
The overall process involves the removal of insoluble matter
through appropriate coagulating, settling and filtering pro-
cesses; destruction of pathogenic microorganisms by aera-
tion, chlorination or other methods; and improvement of pal-
atability through aeration and filtration through charcoal.
Activated charcoal also removes some harmful trace impuri-
ties, eg, trihalomethanes, not removed or destroyed by previ-
ous operations. In regions where water is excessively hard,
“‘softening’’ is effected by partial removal of dissolved salts by
precipitation as carbonates (Ca2* and Mg2*) and hydroxide
[iron(III) ], by adding lime or ammonia. In order to assure an
adequate provision of the essential element fluorine, fluorida-
tion is accomplished by adding sodium fluosilicate.
Standards for potable water are issued by the EPA.

In emergencies water may be purified (rendered free of
viable microorganisms) by boiling for 15 to 20 minutes, or by
treatment with halazone or iodine.

Purified Water and Other Waters Used
in Pharmacy

Purified water is prepared by distillation, ion-exchange
(deionized, demineralized), reverse osmosis-or other methods.
Potable water, meeting EPA standards, is used in its
preparation. The object is the removal of dissolved solids.
Ion-exchange and reverse osmosis are particularly effective in
removing electrolytes. Distillation is not effective in the re-
moval of weak electrolytes and nonelectrolytes if they are
volatile.

Purified water may be rendered sterile and pyrogen-free by
repeated distillation.

Primarily because of its solvent powers and :physiological
inertness; water is an extremely-important pharmaceutical
agent. It is official in six different monographs: Purified
Water, Water for Injection; Bacteriostatic Water for Injection,
Sterile Water for Inhalation, Sterile Water for Injection and
Sterile Water for Irrigation.

i:!l::?—‘"'-{, -
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‘Heavy Water
"

The isotopes of hydrogen have been named deuterium. (two
neutrons) and tritium (three neutrons). The presence of three
neutrons in tritium results in an.unstable.nucleus. However,
like hydrogen, deuterium is stable and gives rise to.deuterium
oxide, D;O. This' compound occurs in ordinary water in.a
few ppm. Because of its greater molecular weight, the physi-

Acids and Basés ' =

Acid-base theories range from the limited classic'Arrhenius
Theory to the compréhensive theory due to'G N Lewis. In
between are’the Franklity Solvent System of aads and bases
and the Brgnsted Proton Donor Theory.

Since the body functions with aqueous media ‘and pharma-
ceuticals frequently are dispensed in aqueous solution, the
Brgnsted Theory is convenient for use in pharmacy. A mol-
ecule or ion which can provide a proton (proton donor) is an
acid; one which can accept a proton (proton.acceptor) is-a
base. On accepting a proton, a base becomes an acid; on
losing its proton, the acid becomes a base. An acid and its
base are related by the presence or absence of a proton, and
are known as a ‘‘conjugate pair.”’ Neutralization is the transfer
of a proton from the acid of one conjugate pair to.the base of
another conjugate pair. Some conjugate pairs of pharmaceu-
tical interest are given in Table 18. It is evident that acids
and bases may be cations, neutral molecules or anions.
:Some structures may be members of two different conjugate
pairs, as an acid in one and as a base in the other.

A strong acid is an acid which loses its, proton easily, a weak
acid holds its proton tenaciously. The conjugate base of a
strong acid is a weak base while that of a weak acid is a strong
base... .In neutralization the proton goes to the strongest of
the bases present. The percent ionization and the ionization
constant are measures of the strength of a given acid.

Acids and bases are used in pharmacy for analytical proce-
dures, as buffer systems, and to dissolve insoluble medici-
nals. To accomplish the latter the insoluble compound must
have a functional group capable of acting as a strong base or
as an acid. Lidocaine Hydrochloride Injection USP and Nia-
cin Injection USP are examples. The former is prepared by
reacting lidocaine with hydrochloric acid; the diethylamino
group is a stronger base than either the water molecule or the
chloride ion. Lidocaine goes into solution as a cation.
Niacin Injection is prepared by reacting niacin with either
sodium carbonate or sodium hydroxide; the carboxyl group
loses its protonto the carbonate or hydroxylion and the niacin
goes into solution as an anion.

In neutralization, as above, the pharmacist must be cogni-
zant of two requir ements which are not important in ordinary
chemical neutralizations. The counterion being introduced,
chloride ion and sodium ion, respectively, in the above ex-
amples, must be compatible physiologically with the body
fluids. Also, since strong acids or bases are being used, there

.talmamma.ls
‘moderalor in nuclear reactors and as a solvent in nuclear
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‘cal properties of deuterium oxide differ fromthose of water,

eg;bp 101.4°,spgrl.10:

Deuterium oxide;has no known therapeumc role It has
been used as a research tool.in biological and;pharmacologi-
cal mvestzgations Use of deuterium oxide, for drinking pur-
poses, has caused retardanon or sthtedgrowth in experimen-
It is avdﬂahle mmmerma.]ly and finds use as a

magnetlc resonance studles

Acids, Bases and Buffers

_can be.no excess acid:or base because of the corrosive nature
“of these reagents.

Acids and bases are also necessary for the preparation of
effervescent mixtures, a medicinal dosage form sometimes
used to render a medicinal more palatable for' oral
administration. ' Sodium bicarbonate is used as the carbon
dioxide source. ' Solid acids, eg, citric acid, tartaric acid or
sodium dihydrogen phosphate are used, frequently in combi-
nation. Reaction rate is very important in these formulations.
Sodium bicarbonate must have the correct particle size; if too
fine the reaction is too violent, if too coarse the reaction is too
slow. ‘To lower the activity of the acid, a normal salt of the
acid is included in the mixture as a diluent.

Some acids and bases listed in the compendia at present
are: Calcium Hydroxide, Potassium Bicarbonate, Potassium
Hydroxide, Sodium Bicarbonate, Sodium Carbonate, Sodium
Hydroxide, Ammonia Solution, Acetic Acid, Hydrochloric Acid
and, Diluted Hydrochloric Acid, Nitric Acid, Sulfuric Acid,
Phosphoric Acid and Diluted Phosphoric Acid.

Stability and storage problems of these compounds must be
considered. All strong bases are subject to reaction with
carbon dioxide if pr oper closures are not maintained.
Volatile compounds eg, ammonia and hydrogen chloride,
must be sealed tightly at all times, as must hygroscopic com-
pounds such as sodium hydroxide.

Buffers

Buffers are ‘used to maintain the pH of a medicinal at an
optimal value. A buffer is a solution of a weak acid and its
conjugate base, the base being provided by one of its soluble
salts. Refer to Chapter 17 for an extensive discussion of pH
and buffers.

]

Table 18—Conjugate II\_cid-Base Pairs

‘Acid Base Acid Base

H.0 OH- H.S0 HSO,~

H,O0* H.O . HSO,~ SO~

NH;* NH, H,PO, H,PO,~

RNH.,* RNH, H,PO,~ HPO.,*~

HCL Cl [AI(H,0)4 3 [AI(H,0)5(OH) |2*
H.CO, HCO;, [AI(H;0)5(OH)]>* [AL(H20)4(0OH). "
HCO,~ CO42- H.,BO,.H.O [B(OH)4]~

Physiologic Control of pH

Brgnsted acids and bases have been used to maintain and
adjust the pH of body fluids for many years. By far the
greatest interest has been in development of gastric antacids.
However, an adequate number of suitable reagents are avail-
able for s,ystemI( pH adjustments.

Gastric Antacids

The present official magnesium antacids include Magne-
sium Hydroxide, Milk of Magnesia, Magnesia Tablets, Magne-
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sia and Alumina Oral Suspension (and Tablets), Magnesium
Carbonate, Magnesium Carbonate and Sodium Bicarbonate
for Oral Suspension, Magnesium Oxide, Magnesium Phos-
phate and Magnesium Trisilicate. The official aluminum ant-
acids include Aluminum Hydroxide Gel, Dried Aluminum Hy-
droxide Gel (and Capsules and Tablets), Aluminum Phosphate
Gel, Dihydroxyaluminum Aminoacetate (and Magma, and Cap-
sules and Tablets), Dihydroxyaluminum Sodium Carbonate
(and Tablets), Alumina, Magnesia and Calcium Carbonate
Oral Suspension (and Tablets), Alumina and Magnesium Tri-
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silicate Oral Suspension (and Tablets) and the Alumina and
Magnesia preparations already listed. The calcium antacids
include: Precipitated Calcium Carbonate (and Tablets), Cal-
cium Carbonate and Magnesia Tablets and Calcium and Mag-
nesium Carbonates Tablets. Magaldrate, an aluminum mag-
nesium hydroxide sulfate, is official, as is its Oral Suspension
and Tablets. Miscellaneous official antacids include Milk of
Bismuth, Sodium Bicarbonate and Potassium Bicarbonate.
There are other gastric antacid dosage form monographs,
some including simethicone, an antiflatulent, and they are
Magnesium Oxide Capsules (and Tablets); Basic Aluminum
Carbonate Gel; Dried Basic Aluminum Carbonate Gel Cap-
sules (and Tablets); Alumina and Magnesium Carbonate Oral
Suspension (and Tablets); Alumina, Magnesium Carbonate
and Magnesium Oxide Tablets; Alumina, Magnesia and Si-
methicone Oral Suspension (and Tablets); Calcium Carbonate
Oral Suspension and Magaldrate and Simethicone Oral Suspen-
sion (and Tablets). A monograph for Magnesium Hydroxide
‘Paste which contains about 31 g of magnesium hydroxide per
100 g describes a suspension that is an intermediate in the

manufacture of Milk of Magnesia and other suspensions of
magnesium hydroxide.

Systemic Alkalizers and Acidifiers

Sodium Bicarbonate USP and Potassium Bicarbonate USP,
are used as systemic alkalizers. Because the bicarbonates
are unstable to heat, chemical problems arise in the steriliza-
tion of bicarbonate solutions,

2HCO,~ = CO,2~ + CO, + H,0.

To depress the forward reaction the solution can be saturated
with carbon dioxide. To prevent the loss of the gas, which
would result in the permanent formation of the strong carbon-
ate base, the ampules used must be sealed tightly before
sterilization, and made of glass sufficiently strong to withstand
the gas pressure developed during sterilization. On cooling
the reverse reaction becomes dominant.

Ammonium Chloride USP, Monobasic Sodium Phosphate
USP and Calcium Chloride USP are employed as systemic
acidifiers. Refer to Chapter 53 for a discussion of alkalizers
and acidifiers.

E ectro ytes and Essent al Trace E ements

‘While the roles and behavior of inorganic élements in these
categories are discussed elsewhere in this book (Chapter 54)
it is instructive to review the physical and chemical properties
which make possible their respective rolés. - Examination of
orbital electron structures, ionic radii, oxidation states, etc, as
g n Tables 7 through 17, can y1eld valuable clues to the!r
b or.

The transition elements have incompletely filled 18-elec-
tron outer shells and each can exist in several different oxida-
tion states. In most cases the shift between two electron
states is relatively easy, eg '

Fe2+ = Fe’t + e~

As a result the transition elements can act as electron sinks

e-syst olved in ox duc-

d an t such as es a
pletely filled 18- on s on
In the 2+ ion this b

Unlike the tightly held spherical 8-electron shell the 18-
electron shell is “mushy’” and deformed or polarized easily by
external fields. In turn, it can cause polarization of other
moieties. This ion is not found in redox systems, but rather
in systems such as carbonic anhydrase, which aid in the split-
ting or forming of molecules.

Unlike the incompletely filled shells of the transition ele-
ments or the 18-electron shell of the zinc ion, 8-electron shell
ions ordinarily are stable and are not deformed easily by
external fields. Those 8-electron outer shell ions with a high
charge eg, calcium, have intense charge densities in the vol-
ume surrounding the ion. This results in strong interactions
with the fields of other moieties:to form strong permanent

associations. However, an 8-electron shell effectively screens

the single charge of ions such as sodium. They are, there-
,C very w
simple

osmotic regulators, etc.
There are a number of monographs for parenteral infusions

Topica
Oxidizing Germicides

. +Hydrogen Peroxide; Sodium Hypochlorite and fodine and/or
their various solutions are cited in the USP.: : The uses of
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intended to supply electrolytes, water and carbohydrates as
riutrients. In addition to new monographs in the USP for
Ringer’s and Dextrose Injection and Lactated Ringer’s and
Dextrose Injection (with Half-Strength and Modified varia-
tions), a seriés of monographs has been introduced: with the
designation Multiple Electrolytes in each title; these mono-
graphs offer choices of cations from Na*, K*, Ca2*, Mg2* and
NH,., of anious from chloride, acetate, citrate, lactate, glu-
conate, phosphate and sulfate, plus a choice of carbohydrate
nutrient from invert sugar and dextrose. These monographs
indicate an awareness of the importance of inorganic cations
(including magnesium) and provide a variety of choices to
allow treatment of patients on an individualized basis.
In addition to providing official standards for various infu-
sions used as parenteral rehydration solutions or electrolyte
e P ene Re a-
, ic isa ch e,
sodium blcarbonate (or sodium citrate), potassium chloride
and dextrose to be dissolved and used to treat chronic diar-
rhea.
There has b,een an increased awareness, in recent years, of
the importance of minerals in the diet and of the value of

th of
se
o-
selenium.
n
&

e
chromium, manganese, selenium, iodine and molybdenum.

Agents

these preparations are discussed in Chapter 76.. Hypo-
chlorous acid, the active moiety in sodium hypochlorite solu-
tion, owes its gemmmdal act1v1ty to both ox1dlzmg and chlorl-
nating activity. ’ .



‘Precipitating Germicides

trate USP and Antimony Sodium Tartrate USP. The applica-
tions of these compopndg are discgss,ed m Qh@.ptglj 76.

Ast(ingents L

AI(H,0)4]** + H,0

and is about

[AI(OH)(H,0); ** + Hy0*

of.
“[AI(H;0)6)** + OH~ — [AOH)(H;0);1** + H0 -

,+ [AI(OH)(H,0);]2* + OH~ = [Al(OH),(H,0),]* + H,0
to

aluminum sulfate using carbonate ion (CaC base.
Aluminum Sulfate and Ammonium Alum and Potassium Alum
are found in the USP and also are used as astringents. Alum
may be either the potassium or ammonium form. Itisshaped
into ‘‘pencils’’ to be used as a styptic.
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Iron(III) and alurhinum ions are very similar. Iron(IIl) is
astringent, and preparations of ferric salts for such use for-
merly were recognized. While it is efficient in this capacity
its staining property is a major disadvantage. Lime water, a
saturated solution of fresh calcium hydroxide, is used as a
local astringent. Bismuth subnitrate and the other bismuth
sub-salts are'used s astringents and protectives.

oad

Protectives> ' -

In' order to possess good adhering properties protectives
must be in very finely powdered form. They also must be
relatively iniért, insoluble compounds. A wide range of com-
pounds are suitable as'protectivés. They usually are used
externally, but some applications involve the gastrointestinal

Some s Zn0, and give some
gentact g ,  eadsorbent action.

Zinc stearate, a mixture of fatty acid zinc soaps, has an unctu-
ous feel. White Lotion USP is used for its astringent and
protective powers.

'tive properties; titanium dioxide is gsed as a solar screen.
Inorganic Pigments
The most important innocuous pigments are the iron oxides.

throu the visible spectrum. Three
lved: le size, oxidation state and de-

N

isce laneous Inorganic Applications

Artificial Atmospheres

Five gases are official: nitrogen, oxygen, helium, carbon
dioxide and nitrogen(I) oxide (nitrous oxide or laughing gas).
Nitrogen is used as:a diluent for oxygen and may be used as a
protective atmosphere for easily oxidized medicinals. .

Helium, because of its low density compared to nitrogen, is
used to prepare a gaseous mixture composed of 20% oxygen
and helium. .This mixture is used to alleviate respiration
difficulties. Because of the low solubility of helium in blood
the same mixture is used as ah atmosphere for those perform-
ing under high atmospheric pressures {deep-sea divers, cais-
son workers). When ordinary air is used, rapid decompres-
sion causes bubbles of gaseous nitrogen to form in the blood.
The painful, and sometimes fatal, condition known as bends
results.

Oxygen is used when respiratory problems exist. Ordi-
narily, it is diluted with nitrogen or helium; 100% oxygen
should not be used continuously. In hyperbaric oxygen
therapy, oxygen is breathed inside a tank at up to three atmo-
spherés of pressure. While the amount of oxygen carried by
the hemoglobin is little affected, the higher oxygen pressure
increases the amount of dissolved oxygen in the plasma (Hen-
ry’s Law).

It is possible to produce oxygen that is medicinally useful
on site, eg in a hospital or nursing home, by the use of oxygen
concentrators. There are two types of membranes that are
used in the concentrators, viz, permeable plastic membranes

Page 62 of 79

and molecular sieves. The monograph for Oxygen 93 Per-
cent USP sets standards for the oxygen produced by the
molecular-sieve process.

X us uires 20 to 25% oxygen during
a . . s r surgical operations of short
duration.”” Xenon has a general anesthetic action but is too
rare for use. Magnesium ion has anesthetic action, however,
the anesthetic dose and the toxic dose of magnesium are too
close for use as a general anesthetic. Magnesium Sulfate
Injection USP is used as an anticonvulsant and central depres-
sant.

Carbon Dioxide Absorbers

. When, as in general anesthesia, a patient rebreathes air,
dangerous levels of carbon dioxide build up. To prevent this
carbon dioxide absorbers are used. Soda Lime NF, is pre-
pared by fusing calcium hydroxide with sodium hydroxide
and/or potassium hydroxide with sufficient diatomaceous
earthto yield a hard, nonfriable product. ForBarium Hydrox-
idé Lime USP, barium hydroxide is substituted for the alkali
hydroxide. The particles formed must be large enough to
allow free passage of air, but small enough to give a large
surface area for absorption. The particles must be hard to
prevent dust formation with handling. Entrainment of ab-
sorber dust in the breathed air could cause serious alkali burns
in the respiratory tract. A colored indicator is included in the
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preparation to indicate when the carbon dioxide capacity is
depleted.

Respiratory Stimulants

Carbon dioxide is used as a respiratory stimulant, usually
with 5 to 7% oxygen. Since it is the normal respiratory
stimulant it is of no value where the respiratory center is
already depressed. Carbon dioxide also is used as an inert
g alsinse ont

dasare ory ant.
The name is a misnomer; it is a mixture of ammonium bicarbon-
ate and ammonium carbamate. At room temperature it de-
composes to ammonia and carbon dioxide, two respiratory
stimulants.

NH,HCO, + NH,CO,NH, — 3NH; + 2C0, + H,0

The substance must be stored in tightly sealed containers.
Aromati¢ Ammonia Spirit USP is prépared from ammonium

a so n, arom ils,
' sis co must ed.
Expectorants
vapor i ect ren id-
er best. de nat m-

antioxidant, eg, sodium thiosulfate.

Laxatives, Enemas and Irrigation Solutions

classes accor to of
action. With the pti sulfur, the ino ice ics
are saline (osmotic, bulk) laxatives. For laxative action one
or both of the ions of the salt must not be absorbed, or be
absorbed with difficulty. This sets up an osmotic imbalance
in the intestinal tract which the body attempts to correct by
se wat The d
in stin al stim

The commonly used salts of the monohydrogen phosphate,

Cathartics are ed

and Citric Acid Oral Solution, Potassium Sodium Tartrate,

Milk of
PEG lyeth-
3350, Na NaCl, KCl) is a dry
is to be ed at use and then

consumed within a prescribed time in order to function as a
cathartic and aceomplish oral colonic lavage in preparation
for a barium enema or a colonoscopic examination.

o

amild intestinal irritant.
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Some solutions are used for irrigating various parts of the
body. For example, Citric Acid, Magnesium Oxide and So-
dium Carbonate Irrigation USP is defined as a sterile solution,
which, after the chemical reactions between citric acid and the
other two compounds are completed and the resulting solu-
tion is sterilized, is suitable for use as a urinary bladder irri-
g its pH is conducive to dis any bla
c liin ts such as those using an ling cath

Radiopaques and Imaging Agents

These are compounds capable of interfering with the pas-

yp
dy
7,
which do not interfere sufficiently to be discerned. To make
su
ic
th
b , iodine, n
u ium Su P

sion USP are used for studies of the intestinal tract. Iodine’is
incorporated into organic molecules designed to concentrate
in the organ or cavity to be studied, eg, Iopanoic Acid USP,
designed for visualization of the gall bladder. .Each molecule
of the acid has three iodine atoms. ’

The introduction and development of Magnetic Resonance

Structural Repairs

Occasionally, temporary or permanent replacement of sup-
port structures is necessary. The materials used should be
chemically inert and insoluble in the body fluids. They must
be nontoxic. They must have the strength to withstand any
P al stress to ar has
b sedasabon nt ong
bones, and to close openings in the skull. Silver has found
similar applications. It reacts slightly with body fluids, but
since insoluble silver chloride is the priricipal product this is
not a serious threat. Mercury amalgams of gold and silver
are used for dental fillings but this venerable use of mercury is
being questioned because of possible chronic toxicity. Zinc-
eugenol cement also is used for dental fillings.

Plaster of Pans is used for temporary support structures,

en the - a,

5 g :a he at is exp al

evidence indicating the existence of local gypsum
(C4S0,4.2H,0) nuclei in anhydrous calcium sulfate.

Plaster of Paris also is used for taking dental impressions;
sinee it expands slightly on setting,: it fills all spaces com-
pletelyto give a true surface replica. :
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Basic Definitions ‘
[P e sl
If a solution is placed in contact with a membrane:that -is
permeable to molecules of the solvent, but not to molecules of
the solute, the movement of solvent through the membrane'is
called osmosis. Such a membrane often is called semi-
permeable. As the several types of membranes of the body
vary in their permeability, it is well to note that they are
selectively permeable. Most normal-living-cell membranes
maintain various solute concentration gradients. A selec-
tively permeable membrane'may be defined either as one that
does not permit free, unhampered diffusion of all the solutes
present, or as one that maintains at least'one solute concentra-
tion gradient across itself. Osmosis, then, is the diffusion of
water through a membrane that malntams at least one solute
concentration gradlent across itself.

Assume Solution A is on one side of the membrané, and
Solution B of the same solute but of a higher concentration is
on the other side; the solvent will tend to pass into the more
concentrated solution until equilibrium has been’established.
The pressure required to prevent this movement is the os-
motic pressure. It is defined as the excess pressure, or pres-
sure greater than that above the pure solvent, which must be
applied to Solution B to prevent passage of solvent through a
perfect semipermeable membrane from Ato B. " The concen-
tration of a solution with respect to effect on osmotic pressure
is related to the number of particles (unionized molecules,
ions, macromolecules, aggregates) of solute(s) in solution
and thus is affected by the degree of ionization or,aggregation
of the solute. See Chapter 16 for review of colligative prop-
emes of solutions.

Body fluids, including blood and lac1 imal fluid, nomw,!ly
have an oqmotlc pressure which often is dascnbed as corre-
sponding to that of a 0.9% solution of sodium chloride. The
body also attempts to keep the osmotic pressure of the con-
tents of the ga.atromtestmal tract at about this level, but there
the normal range is much wider than that of most bodv fluids.
The 0.9% sodium chloride solution is said to be Zso- osnmt?C
with physiological fluids. The term isotornic, meaning equal
tone, is in medical usage commonly used interchangeably
with isoosmotic. However, terms such as isotonic and tonic-
ity should be used only with reference to a physiologic fluid.
Isoosmotic actually is a physical term which compares the
osmotic pressure (or another colligative property, such: as
freezing-point depression) of two liquids, neither of which
may be a physiological fluid, or which may be a physiological
fluid only under certain circumstances. For example, a solu-
tion of boric acid that is isoosmotic with both blood and
lacrimal fluid is isotonic only with the lacrimal fluid.  This
solution causes hemolysis of red blood cells because mol-
ecules of boric acid pass freely through the erythrocyte mem-
brane regardless of concentration. Thus, isotonicity infers a
sense of physiological compatibility where isoosmoticity need

Edwin T Sugna PhD
Professor ond Chcnrmon Pharmaceutics Dept

Phllodelphm College of Pharrnocy and Science
Phllodelphlo PA 19104 )

not. As another example a chemlcally deﬁned elemental
diet” or enteral nutritional fluid can be iso-osmotic with the
contents of the gastromtest;mal tract, but would not be consid-
ered:a physiological fluid, or suitable for parenteral use.

A solution.is isotonic with a living cell if there is no net gain
orloss of water by the cell, or other change in the cell when itis
in contact:with that solution.. - Physiological solutions with an
osmotic: pressure lower than that .of body fluids, or of 0.9%
sodium chloride solution, are referred to commonly: as being
hypotonic. Physiological solutions having a greater osmotic
pressure are termed hypertonic.

Such qualitative:terms are:of limited value, and it has
become necessary to state osmotic properties in quantitative
terms. To'do so, a term must be used that will represent all
the particles which may be present in a.given system. . The
term used is osmol. An osmol is defined as the weight; in
grams;.of a solute, existing in a solution as molecules (and/or
ions, macromolecules, aggregates, etc), which is osmotically
equivalent to a mole of an ideally behaving nonelectrolyte.

Thus, the'osmol-weight of a nonelectrolyte, in a‘dilute solu-

tion; generally is equal to its gram-molecular-weight. A mil-
liosimol, abbreviated mOsm; is the weight stated in milligrams.

If-one extrapolates this'concept of relating an osmol and a
molé' of a nonelectrolyte as béing equivalent, then one also
may define an osmol in the following ways. It is the amount
of solute which will provide one Avogadro’s number (6.02 X
1023) of particles in solution and it is‘the amount of solute
which, on dissolution in 1 kg of water, will result in an osmotic
pressure increase of 17,000 torr at 0° or 19,300 torr at 37°
One mOsmol is one-thousandth of an osmol. For example, 1
mole'of anhydrous dextrose is equal to 180 g. ' One osmol of
thls nonelectrolyteis also 180 g. One mOsmol would be 180
rig. Thus 180 mg of this solute dissolved in 1 kg of water will
produw an inérease in osmotic pressure of 19.3 torr at body
temperature.

For a solution of an electrolyte such as sodium chloride, one
molecule of sodium chloride represents one sodium and one
chloride ion. Hence, one mol will represent 2 osmols of
sodium chloride theoretically. Accordingly, 1 osmol NaCl =
58.5 g/2 or 29.25 g. This quantity represents the sum total
of 6.02 X 10%} jons as the total number of particles. Ideal
solutions infer very dilute solutions or infinite dilution.
However, as the concentration is increased, other factors
enter. With strong electrolytes, interionic attraction causes
a decrease in their effect on colligative properties. In addi-
tion, and in opposition, for all solutes, including nonelectro-
lytes, solvation and possibly other factors operate to intensify
their colligative effect. Theretore, it is very difficult and ol-
ten impossible to predict accurately the osmoticity of a
solution. It may be possible to.do so for a dilute solution of a
single, pure and well-characterized solute, but not for most
parenteral and enteral medicinal and/or nutritional fluids;
experimental determination likely is required.

613
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Therapeutic Considerations

It generally is accepted that osmotic effects have a major
place in the maintenance of homeostasis (the state of equilib-
rium in the living body with respect to various functions and to
the chemical composition of the fluids and tissues, eg, tempera-
ture, heart rate, blood pressure, water content or blood sugar).
To a great extent these effects occur within or between cells
and tissues where they cannot be measured. One of the most
troublesome problems in clinical medicine is the maintenance
of adequate body fluids and proper balance between extracel-
lular and intracellular fluid volumes in seriously ill patients.
It should be kept in mind, however, that fluid and electrolyte
abnormalities are not diseases, but are the manifestations of
disease.

The physiological mechanisms which control water intake
and output appear to respond primarily to serum osmoticity.
Renal regulation of output is influenced by variation in rate of
release of pituitary antidiuretic hormone (ADH) and other
factorsinresponse to changes in serum osmoticity. Osmotic
changes also serve as a stimulus to moderate thirst. This
mechanism is sufficiently sensitive to limit variations in osmo-
ticity in the normal individual to less than about 1%. Body
fluid continually -oscillates within this narrow range. An in-
crease of plasma esmoticity of 1% will stirnulate ADH release,
result in reduction of urine flow and, at the same time, stimu-
late thirst that results in increased water intake. Both the
increased renal reabsorption of water (without solute) stimu-
lated by circulating ADH and the increased water intake tend
to lower serum osmoticity.

The transfer of water through the cell membrane occurs so
rapidly that any lack of osmotic equilibrium between the two
fluid compartments in any given tissue usually is corrected
within a few seconds and, at most, within a minute or so.
However, this rapid transfer of water does not mean that
complete equilibration occurs between the extracellular and
intracellular compartments throughout the entire-body within
this same short period of titne. The reason is that fluid usu-
ally enters:the body through the gut and then must be trans-
ported by the circulatory system to all:tissues before complete
equilibration can occur. ,.In the normal person it may require
30to 60 min to achieve reasonably good equilibration through-
out the body after drinking water. Osmoticity is the property
that largely determines the physiologic acceptability-of a vari-
ety of solutions used for therapeutic and nutritional purposes.

. Pharmaceutical and.therapeutic consideration of osmotic
effects has been, to a great extent, directed toward the side
effects of ophthahmc and parenteral medicinals due to abnor-
mal osmoticity, and to either formulating to avoid the side

fluids tend to be ‘somewhat hyperosmotic to witlidraw water
and nitrogenous metabolites. Two to five percerit 'sodium

tous cornéa to facilitate an ophthalmoscopic 6r gonioscopic
examination. Glycerin solutions in 50% concentration [Os-
moglyn (Alcon)] and isosorbide solution [Ismotic (Alcon)]
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are oral osmotic agents for reducing intraocular pressure,
The osmotic principle also applies to plasma extenders such
as polyvinylpyrrolidone and to saline laxatives such as magne-
sium sulfate, magnesium citrate solution, magnesium hydrox-
ide (via gastric neutralization), sodium sulfate, sodium phos-
phate and sodium biphosphate oral solution and enema (Fleet).

An interesting osmotic laxative which is a nonelectrolyte is
alactulose solution. Lactulose is a nonabsorbable disaccha-
ride which is colon-specific, wherein colonic bacteria degrade
some of the disaccharide to lactic and other simple organic
acids. These, in toto, lead to an osmotic effect and laxation.
An extension of this therapy is illustrated by Cephulac (Marion
Merrell Dow) solution, which uses the acidification of the
colon via lactulose degradation to serve as a trap for ammonia
migrating from the blood to the colon. The c¢onversion of
ammonia of blood to the ammonium ion in the colon ulti-
mately is coupled with the osmotic effect and laxation, thus
expelling undesirable levels of blood ammonia. This prod-
uct is employed to prevent and treat frontal systemic encepha-
lopathy.

Osmotic laxation is observed with the oral or rectal use of
glycerin and sorbitol. Epsom salthas been used in baths and
compresses to reduce edema associated with sprains.
Another approach is the indirect application of the osmotic
effect in therapy via osmotic pump drug delivery systems.?

Osmolality and Osmolarity

It is necessary to use several additional terms to define
expressions of concentration in reflecting the osmoticity of
solutions. The terms include osmolality, the expression of
osmolal concentration and osmolarity, the expression of osmo-
lar concentration.

Osmolality—A solution has an osmolal concentration of
one when it contains 1 osmol of solute/kg of water. A solu-
tion has an osmolality of # when it contains n osmols/kg of
water. Osmolal solutions, like their counterpart molal solu-

solution is synonymous to a 1 molal solutlon for a typical
nonelectrolyte

With a typical electrolyte like sodlurn chloride, 1 osmol is
approximately 0.5 mol of sodium chloride. Thus it follows
that a 1 osmolal solution of sodium chloride essentially is
equivalent to a 0.5 miolal solution. Recall that 2 1 osmolal
solution of dextrose or sodium chloride each will contain the

" As in
ployed

usually are
uired, as in

ons, 0 lal  uti
itative cis is

Osmolarity—The relationship observed between molality

os  ality is ed simil and
ola A sol has an- of 1
when it contains 1 osmol of solute/L of solution. Likewise, a

solution has an osmolarity of n when it contains 7 osmols/L of
solution. Osmolar solutiorns, unlike osmolal solution, reflect
a weight in volume relationship between the solute and final
solution. * A'1 molar and 1 esmolar:sélution would be idertti-
cal for nonelectrolytes. For sodium’ chloride a 1’ osmolar
solution would contain 1 osmol of sodium chloride per liter
which approximates a 0.5 molar solution: © The advantage of
employing osmolar concentrations over esmolal concentra-
tions is the ability to'relate a specific number of osmols or
milliosmols to a volume, such as & liter or mL. :Thus, the
osmolar concept is simmpler and more practical. Volumes of



solution, ratherthan weights of solutum are more practlcal in
‘the delivery 'of liquid-dosage forms. ;

Many health professionals do not have a clear understand-
ing of the difference between osmolality and osmolarity. :
fact, the terms have been used intérchangeably. .A:1l os’mol'ar
solution of a solute always will'be. more-concentrated than a 1
osmolal solution. With dilute solutions the difference may
be acceptably small. For example;:a:0.9% w /v .solution-of
sodium: chlorlde inwater:contains 9 g-of:sodium: chloride/L of

t 8 osmo or9 S0 c

by alentto 090 al, h
1% error: For concéntrated solutionsthe %, difference. be-
tween osmolarity and osmolality is much greater and may:be
highly significant; 3.5% for 5% w /v dextrose solution and
25%:for 25%:w /v dextrose solution. . One:sheuld be:alerted
to the sizable!errors which may occur with concentrated s

as d are
eral o nal
for infants. :
:» Reference ;has been made to the terms and
hypotomc -Analogous terms are
osmotic. Assumingnormal mQOs-
mol/kg, as serum osmolality to water deficit,
the following signs and symptoms. are to accu-
these 294 to
isalert
membranes;. 31
postural
changes,

occur:

about 140 mEq of sodium and about 103 mEq of chloride.
The range of mOsmol values found for serum raises the
question as to what really is meant by the terms hypotoniec and
hypertonic for medicinal and nutritional fluids. One can find
the'statement that fluids with an osmolality of 50 mOsmol or
more above normal are hypertonic ard, if 50 mOsmol or more
below normal, are hypotonic. © One also can find the state-
ment that peripheral infusions.should not have an osmolarity
exceeding 700 to 800 mOsmol/L.* Examples of osmol con-
centrations:'of solutions used in peripheral infusions: are:
(D5W) 5% dextrose solution~—252 mOsmol/L; (D10W) 10%

Page 67 of 79

TONICITY, OSMOTICITY, OSMOLALITY AND OSMOLARITY

615

dextrose solution+=-505 mOsmol/L; Lactated Ringer’s 5% Déx-

representative example of a highly osmotic hyperalimentation

It has en is

.a maxim ra ed

subject would be an approximate incréase of 25 mOsmol/kg
of water over 4 hours.3 .

N

Computation of Osmolarity

Severdl methods are:used to obtain numerical values of
osmolarity. The osmolar concentration, sometimes referred
to as the “theoretical osmolarity,” is calculated from the w / v
concentration using the following equation: * .

g mols osmol 1000mOsmol mOsmel ¢ °
o x = ey
L g mol osmol
The'n er of osmols/mol‘is equal to 1 for nonelectrolytes
and is equal to the number of ions per molecule for strong
electrolytes. .
calcul id n of rs
so on and - is'me of

tion 0.9% sodium chloride has dn osmolat’ concentration of
8 mO a entration of 154 mOsmol/L in
her so rid .
Two other méthods compute osmolarity from values of

The determination of osm ) dis-

r. One method has a strong t is of
P -C cip v f al
v s) (s) s c ol

found experimentally to have an osmolality of 286 mOsmol/
kg, was Calculated to have an-osmolarity of 280 mOsmol/L,

rather different from the value of 308 mOsmol/L calculated as

water from the solution density and concentration
et Y
mlisolution

mL solution - mLsolution -

then
o larity

= osmolality

The experimental value for the:osmol of 0.9% sodium
chloride solution was 292.7 mOsmol/kg; the value computed
for osmolarity was 291:4 mOsmol/L. This‘'method uses eas-
ily obtained values of -density of thé solution and of its solute
content and can be used with all systems. For example, the
osmiolality of a nutritional product was determined by the
freezing-point depression method to:be 625 mOsmol/kg;” its
osmolarity was calculated as 625 x 0.839 = 524 mOsmeol/L.

Monographs in the USP for solutions which provide intrave-
nous replenishment-of:fluid, nutrient(s) or electrolyte(s), and
for osmotic diuretics such as Mannitol Injection, require the
osmolar concentration be stated on the label in osmols/L,
except that where the contents are less than 100 mL, orwhere
the label states the article is not for direct injection butis to be
diluted before use, the label dlternatively may state the total
osmolar concentratlon in mOsmol/ mL. :

An le of the use e first metho'd» ed is the
comp of the approxi osmolar concen ““t ical os-
molarity”) of a Lactated Ringer's 5% Dextrose Solution (Abbott), which is
labeled to contain, per L, dextrose (hydrous) 50 g; sodium ¢hloride 6 g,
potassium chloride 300 mg, caicium chloride 200 mg and sodium lactate
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3.1g. Alsostated is that the total osmolar concentration of the solution is
approximately 524 mOsmol per L, in part contributed by 130 mEq of Na*,
109 mEq of Cl7, 4 mEq of K*. 3 mEq of Ca** and 28 mEq of lactate ion.

The derivation of the osmolar concentrations from the stated composi-
Lion of the solution may be verified by calculations using Eq 1.

Dewtrose

50g 1 mel 1 asmol

1000 mOsmaol
X > X =
L 198 ¢ mol Osmol

= 252 mOsmol/L

Sodiwm Chlovide
Og 1 mol 1000 mOsmol

2 osmol
X == X
L 584 g mol osmo)

mOsmol [(102.7 mOsmol Na*)
206 ————

L (102.7 mOsmol C17)
Potassium Chloride

03¢ 1 mol 1000 mOsmol
X = X x
L 7406 g mol osmol

2 osmol

8.04 mOsmol [(4.02 mOsmol K*)

# L (4.02 mOsmol C1-)
Calciwm Chloride

0.2g 1mol Bosmol 1000 mOsmol
x x x
L 111 g mol 0smol )
_5.41 mOsmol (1.80 mOsmol Ca**)
L (3.61 mOsmol C17)

Sodium Luctate
3.1g 1mol 2osmol 1000 mOsmol

L i 112 g 2 mol 0 osmol

55.4 mOsmol l(27-7 mOsmol Na*)
b

(27.7 mOsmol lactate)

The total osmolar concentration of the five solutes in the splution is 526,
in good agreement with the labeled total oamolar concentration of approxi-
mately 524 mOsmol/L.

The mOsmol of sodium in I L of the solution is the sum of the mOsmol of
the ion from sodium c¢hloride and sodium lactate, ie, 102 + 27.6 = 129.6
mOsmol. Chloride ions come from the sodium chloride, potassium chlo-
ride and calcium chloride, the total oémolar concentration being 102 +
4.02 + 3.61 = 109.6 mOsmol. The mOsmol values of potassium, cal-
cium and lactate are calculated to be 4.02, 1.80 and 27.6, respectively.

The osmolarity of a mixture of complex composition, such
as an enteral hyperalimentation fluid, cannot be calculated
with any acceptable degree of certainty and, therefore, the
osmolality of such preparations should be determined experi-
mentally.

Undesirable Effects of Abnormal Osmoticity

Ophthalmic Medication—It is generally accepted that
ophthalmic preparations intended for instillation into the cul-
de-sac of the eye should, if possible, be approximately iso-
tonic to avoid irritation (see:Chapter 89). It also has been
stated-that the abnormal-tonicity of contactlens.solutions can
cause the lens to adhere to the eye and/or cause burning or
dryness and photophobia.

Parenteral Medication—Osmoticity is of great impor-
tance in parenteral injections, its effects depending on the
degree of deviation from tonicity, the concentration, the loca-
tion of the injection, the volume injected, the speed of the
injection; the rapidity ‘of dilution and diffusion, etc. When
formulating parenterals; solutions:otherwise hypotonic usu-
ally have their tonicity adjusted by the addition of dextrose or
sodium chloride. Hypertonic parenteral drug solutions can-
not be adjusted. Hypotonic and hypertonic solutions usually
are administered slowly in small volumes, or into a large vein
such as the subclavian, where dilution and distribution occur
rapidly.-: Solutions that differ from the serum in tonicity gen-
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erally are stated to cause tissue irritation, pain on injection
and electrolyte shifts, the effect depending on the degree of
deviation from tonicity.

Excessive infusion of Aypotonic fluids may cause swelling
of red blood cells, hemolysis and water invasion of the body’s
cellsin general. When this is beyond the body’s tolerance for
water, water intoxication results, with convulsions and edema,
such as pulmonary edema.

Excessive infusion ol 7sotonic fluids can cause an increase
in extracellular fluid volume, which can result in circulatory
overload.

Excessive infusion of hypertonic fluids leads to a wide
variety of complications. For example, the sequence of
events when the body is presented with a large intravenous
load of hypertonic fluid, rich in dextrose, is as follows:
hyperglycemia, glycosuria and intracellular dehydration, os-
motic diuresis, loss of water and electrolytes, dehydration and
coma.

One cause of osmotic diuresis is the infusion of dextrose ata
rate faster than the ability of the patient to metabolize it (as
greater than perhaps 400 to 500 mg/kg/hr for an adult on
total parenteral nutrition). * A heavy load of unmetabolizable
dextrose increases the osmoticity of blood and acts as a di-
uretic; the increased solute load requires more fluid for excre-
tion, 10 to 20 mL of water being required to excrete each gram
of dextrose. Solutions, such as those for total parenteral
nutrition, should be administered by means of a metered
constant-infusion apparatus over a lengthy period (usually
more than 24 hours) to avoid sudden hyperosmotic dextrose
loads. Such solutions may cause osmotic diuresis; if this
occurs, water balance is likely to become negative because of
the increased urinary volume, and electrolyte depletion may
occur because of excretion of sodium and potassium second-
ary to the osmiotic diuresis. If such diuresis is marked, body
weight falls abruptly and signs of dehydration appear. Urine
should be monitored for signs of osmotic diuresis, such as
glycosuria and increased urine volume.

If the intravenous injection rate of hypertonic solution is too
rapid, there may be catastrophic effects on the circulatory and
respiratory systems.  Blood pressure may fall to dangerous
levels, cardiac irregularities or arrest may ensue, respiration
may become shallow and irregular and there may be heart
failure and pulmonary edema. Probably the precipitating
factoris a bolus of concentrated solute suddenly reaching the
myocardium and the chemoreceptors in the aortic arch and
carotid sinus.?

_Abrupt changes in se1um osmotlcny can lead to cerebral
hemorrhage It has been shown experimentally that rapid

infusions. of therapeutic doses of hypertonic saline with os-

motic loads produce asudden rise in cerebrospinal fluid (CSF)

pressure and venous pressure (VP) followed by a precipitous

fall in CSF pressure. This particularly may be conducive to
intracranial hemorrhage, as the rapid infusion produces an
increase in plasma volume and venous pressure at the same
time'the CSF pressure is falling. During the CSF pressure
rise, there is a drop in hemoglobin and hematocrit, reflecting a
marked increase in plood volume.

Hyperosmotic. medications, ‘'such as sodium bicarbonate
(osmolarity of 1560 at 1 mEq/mL) which are administered
intravenously, should:be diluted prior to use and should be
injected slowly to allew dilution by the circulating blood.
Rapid ‘“‘push” injections may cause a significant . increase in
blood osmotieity.®

Asto other possibilities, there may be crenation of red blood
cells and general cellular dehydration. Hypertonic dextrose
or saline, etc, infused threugh a peripheral vein with-small

blood :‘volume may traumatize the wvein' and cause
sthrombophlebitis.

Infiltration can cause trauma and necro-
sis of tissues. - Safety, therefore, demands that all intrave-
nous injections; especially highly osmotic solutions, be per-
formed slowly, usually being given preferably over a period
not less than that required for a complete circulation :of the
blood, eg, I minute. The exact danger point varies with the




state of the patient, the concentration of the solution; the
¢ of thie solute and the rate of administration.

smot ol should be disc
su In s, rease in Is of int
pressure occur when hyperglycemia produced by dextrose
infusions is reversed suddenly. by stopping the infusion and
administering saline. It also has been shown: that the CSF
pressure in humans rises during treatment:of diabetic ketoaci-
dosis in association with a fall in the plasma concernitration of
dextrose in These obs ns
may be e by ‘of declirie’in se
content of the brain and of plasma. .The congentration of
dextrose in the brain may fall more slowly than in the plasma,
causing a shift of fluid from the extracellular. fluid space to the
intracellular compartment of the CNS, resulting in increased
intracranial pressure. '

Osmometry and the Clinical Laboratory

Serum and urine osmometry may assist in the diagnosis of
certain fluid and electrolyte problems. However, osmometry
values have little meaning unlessthe clinical situation is known.
Osmometry is used in renal dialysis as a check:on the:electro-
lyte ‘composition of the fluid: In the clinical laboratory, as
stated above, the term ‘‘osmolality’’ -is used generally; but
usually is reported as mOsmol/L: It may seem:unnecessary
to mention that osmolality depends not only on the number of
solute particles, but also on the quantity of water in which they
are dissolved. However, it may help one to understand the
statement that the normal range of urine osmolality is 50.to
11400 mOsmol/L, and for a random specunen is 500 to 800
mOsmol/L.

Serum Osmoticity

© Sodium is by far the principal solute involved in serum
osmoticity. Therefore, abnormnial serum osmoticity is most
likelyto be associated with conditions that causé abnormal
sodium concentration and/or abriormal water volume.

Thus, hyperosmotic¢ serum is::likely to be caused by an
increase in serum sodium and/or loss of water. It may be
associated with diabetes insipidus, hypercalcemia, diuresis
during severe hyperglycemia or with early recovery fromrenal
shutdown. Alcohol ingestion is said to bethe most common
cause of the hyperosmotic state and of coexisting coma and
the hyperosmotic state. An example of hyperosmoticity is a
comatose diabetic with a serum osmoticity of 365 mOsmol/L.

In a somewhat analogous fashion, hypoosmotic serum is
likely to be due to decrease in serum sodium and/or excess-of
water. It may be associated with the postoperative state
(especially with excessive water replacement therapy), treat-
ment with diuretic drugs and’low-salt diet (as with patients
with heart failure, cirrhosis, etc),-adrenal disease (eg; Addi-
son’s d enital syndrome) or yndrome
of inap secretion). There diseases
which cause ADH to be released inappropriately (ie, in spite of
the fact that serum osmoticity and volume may have been
normal initially). These include oat-cell carcinoma of the
lung, bronchogenic carcinoma, congestive heart failure, in-
flammatory pulmonary lesions, porphyria, severe hypothyroid-
ism or cerebral disease (such as tumor, trauma, infection,
vascular abnormalities, etc). It also may be found with some
patients with excessive diuretic use. Serum and urine osmo-
ticity are measured when SIADH is suspected. In SIADH
there is hypoosmoticity of the blood in association with a
relative hyperosmoticity of urine. The usual cause is a mal-
function of the normal osmotic response of osmoreceptors, an
excess of exogenous vasopressin, or a production of a vaso-
pressin-like hormone that is not under the regular control of
serum osmoticity. The diagnosis is made by simultaneous
measurement of urine and serum osmolality. The serum os-
molality will be lower than normal and much lower than the
urine osmolality, indicating inappropriate secretion of a con-
centrated urine in the presence of a dilute serum.
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* Cardiac, renal-and hepatic disease characteristicallyreduce
the sodlum/ osmolality ratio;‘this being partially attributed to
the effects of inereased blood sugar, urea or unknown meta-
bolic products.. Patients inisiock may develop disproportion-
atelyelevated measured osmolality compared to calculated
osmolality, which pomts toward the presence of cuculatmg
metabolic products."

There‘are several approximate methods for estimating se-
rum osmolality from ¢linical laboratory values for sodium ion,
etc.. They may be of considerable value in an emergency
situation. '

L "Serum OSmOLality may be ‘é‘s:t’i é om |

blood sugar
mOsmeol = (1.86 x.sodium):+
. (Nain mEq/L, blood sugar and BUN in mg/100 mL)
. A quick approxunatlon is
BUN

B
mOsmol—ZNa+%+T

o 3 The osmolality is usually, but not always, very close to
two times the sodium reading plus 10. .

o

Urine Osmoticity

are not
urmary

detection of disease, as are tests of
As concentration of urine occurs in

uropathy, pyelonephritis, papillary necrosis, medullary cysts,

or i on the clini-
ca g lation, it can
be much as 120 smol/kg, and with H

su  ession as liftle mOsmol/kg. Sim r-

responsiveness of the distal tubules to circulating ADH is
suggested.

Measurement of urine osmolality during water restriction is
an accurate, sensitive test of decreased renal function. For
example, under the conditions of one test, normal osmolality
would be greater than 800 mOsmol/kg. With severe impair-
ment the value would be less than 400 mOsmol/kg.
Knowledge of urine osmolality may point to a problem even

pyelongphritis. The urine/serum osmolality ratio should be
calculated and should be equal to or greater than 3.

Osmoticity and Enteral Hyperalimentation

Some aspects of nutrition are discussed briefly here be-
cause of the potential major side effects due to abnormal
osmoticity of nutritional fluids, and because there exists in-
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creasing dialogue on nutrition among pharmacists, dietitians,
nurses and physicians. An example is the professional orga-
nization, ASPEN (The American Society for Parenteral and
Enteral Nutrition), with membership open to all of the above
health practitioners. It is desirable, therefore, that pharma-
cists be able to discuss these matters with these other health
professionals in terms of nutrition as well as medicine.

Osmoticity has been of special importance in the intrave-
nous infusion of large volumes of highly concentrated nutri-
tional solutions. Their hyperosmoticity has been a major
factor in the requirement that they be injected centrally into a
large volume of rapidly moving blood, instead of using periph-
eral infusion. Use of such solutions and knowledge of their
value have led, more recently, to the use of similar formula-
tions administered, not parenterally, but by instillation into
some part of the gastrointestinal tract, orally, by nasogastric
tube, feeding gastrostomy. or by needle-catheter jejunostomy.
This metho en ex nut , for a period of
time, to m ents sly s some of the
problems associated with injections.

Enteral nutritional formulas can be modular allowing indi-
vidual supplementation of protein, carbohydrate or fat.
Other formulas are called ‘‘defined formula diets’’ and contain
protein, carbohydrate, fat, minerals and vitamins.: These nu-
tritionally complete formulations can be monomeric (or oligo-
meric), based on aminoacids, short peptides and simple carbo-
hydrates or polymeric, based on complex protein and

cluding fat-soluble vitamihs), fat as a highly purified safflower

tion largely are obviated,
simplified greatly. Because of this increased safety and ease
of administration, the lenteric route for hyperalime on
should be used whenever possible.?

‘When ingested in large-amounts or concentrated fluids, the
osmotic characteristics of certain foods:can cause an upset in
the normal water balance withinthe body. Fora givenweight
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of .solute the osmolality of the solution is inversely propor-
tional to the size of the particles. Nutritional components
can be listed in an approximate order of decreasing osmotic
effect per gram, as'®

1. Electrolytes such as sodium chloride

2. Relatively small organic molecules such as dextrose (glucose) and
amino acids

. Dextrose oligosaccharides

. Starches

. Proteins

. Fats (as fats are not water-soluble they have no osmotic effect)

O U1

Thus, in foods, high proportions of electrolytes, amino ac-
ids and simple sugars have the greatest effect on osmolality,
and as aresult, on tolerance. The approximate osmolality of
'afew common foods and beverages is

mOsmol/kg
‘Whole milk, 295
Tomato juice 595
ice 935
o 1150

‘When nutrition of high osmoticity is ingested, large amounts
of:water will transfer to the stomach and intestines from the
fluid surrounding those organs in an attempt to lower the
osmoticity. The higher the osmoticity, the larger the-amount
of water required; a large amount of water in the GI tract-can
cause distention, cramps, nausea, vomiting, hypermotility-and
shock. The food may move through the tract too rapidly for
the water to be reabsorbed, and result in diarrhea; severe
diarthea can cause dehydration. The hyperosmotic enteral

-effects have been observed by the administration of undiluted

hypertonic oral medication;!! Table I from this work lists
average osmolality values of some commercially available
drug solutions and suspensions. Thus, there is some analogy
to the effect of hyperosmotic intravenous infusions.
Hyperosmotic feedings may result in. mucosal damage in
the GI tract: Rats given hyperosmotic feeding showed tran-
sient decrease in disaccharidase activity, and an increase in
alkaline phosphatase activity: They also showed morpho-

logice alterations in the microvilli of the small intestines.

After a period of severe gastroenteritis, the bowel.may be
unusually susceptible to highly esmetic formulas, and their
use may increase-the frequency of diarrhea. Infant formulas
that are hyperosmotic may affect preterm infants adversely
«during the.early neonatal period, and they may produce. or
predispose neonates to necrotizing enterocolitis when deliv-
ered to-the jéejunum through a nasogastric tube.

The body attempts to keep the osmoticity of the contents of
the stomach and intestines at approximately the same level as
that of the fluid surrounding them. As.a fluid of lower osmo-
ticity requires the transfer of less water to dilute it, it:should be
tolerated better than one of higher osmoticity. As to toler-
ance, there is a great variation from one individual to another
in sensitivity to the osmoticity of foods. The majority of
patients receiving nutritional formulas, either orally or by
tube, are able to tolerate feedings with a wide range of osmo-
ticities if administered slowly and if-adequate additional fluids
are given. However, certain patients are more likely to de-
velop symptoms of intelerance when receiving fluids of high
osmoticity. These include debilitated patients, patients with
GI diserders; pre- and postoperative patients, gastrostomy-
and jejunostomy-fed patients and pati ;whose GI. tracts
have not been challenged for an extended :period of time.
Thus, osmoticity always should be considered in the selection
of the formula for.each individual patient.,- With.all products,
additional fluid intake may be indicated.for individuals with
certain. clinical conditions,. Frequent feedings of small vol-

ame or a continual instillation (pumped) may:;be of benefit

initially in establishing tolerance to a formula. ,, For other

‘than iseosmotie formulas, feedings of reduced concentrgtion

(osmolality. less than 400 mOsmol/kg) also: may be helpful
initially if tolerance problems arise, in,sensitive individuals.

Concentration and size of feeding then can.be increased gradu-
ally to normal as tolerance is established.. ‘



A common disturbance of intake encountered in:eldérly
individuals relates to excess solid intake.rather than to re-
duced water intake: For example, an rly victim of a

f salt will result in
of solute. This

20 gofpr
ore than

pairment in renal function, water loss as ufine may exceed
2000 to 2500 mL per day: -Such anindividual would require
3 to 4 L of water/day simply to meet the increased demand
created by this high solute intake. Failure of the physician to
provide such a patient with the increased water intake needed
will result in a progressive water deficit which' rapidly ‘may
become critical. The importance of knowing the complete
composition of the tube feeding formulas used for incapaci-
tated patients cannot be overemphasized.

Osmolality Determination

The need for experimental determination of osmolality has
been established. In regard to this there are four properties
of solutions that depend only on the number of “‘particles” in
the solution. They are osmotic pressure elevation, boiling
point elevation, vapor pressure depréession and zing point
depression. These are called colligative properties and if
one of them is known, the others can be calculated from its
value. Osmotic pressure elevation is the most difficult to
measure satisfactorily. The boiling-point elevation may be
determined but the values are rather sensitive to changes in

ba Also, eous
bo onis co less
point depression. Thus, it.is less accurate than the freezing:

point method. Determinations of vapor-pressure lowering
are quite easy, rapid and convenient. A vapor-pressure 0s-
mometer with a precision of <2 mOsmol/kg is reported by
Dickerson, et al.l!  Another commonly used method is that
of freezing-point depression, which can be determined quite
readily with a fair degree of accuracy (see Freezing-Point

Inasmuch as water is the medium in which the various constitu-
erits of blood areeither suspended or dissolved in this method,
it is assumed that any aqueous solution freezing at =0.52° is
isotoniic with blood. Now it is rare that a simple aqueous
solution of the therapeutic agent to be injected parenterally
has::a freezing point of —0.52° and to obtain this: freezing
point it is necessary either to add some other therapeutically
inactive solute if the solution is hypotonic (freezing point
above —0.52°) or te dilute the solution if it is hypertonic
(freezing point below —0.52°). The usual practice-is to add
either sodium chloride or dextrose to adjust hypotonic paren-
teral solutions to isotonicity. Certain solutes, including am-
monium chloride, boric acid, urea, glycerin and propylene
glycol, cause hemolysis even when they are present in a con-
centration that is isoosmotic and such solutions obviously are
notisotonic. See Appendix A. :

In.a similar manner solutions mtended for ophthalmlc use
may be adjusted to have a freezing point identical to that of
lacrimal fluid, namely, —0.52°.  Ophthalmic solutions with
higher freezmg points usually are made isotonic by the addi-
tion of boric acid or sodium chloride.

In laboratories where the necessary equipment is available,
the method usually followed for adjusting hypotonic solutions
is to determine the freezing-point depression produced by the
ingredients of a given prescription or formula, and then to add
a quantity of a suitable inert solute calculated to lower the
freezing point to —0.52°, whether the solution is for paren-
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solution effective. Dilution to 1sotomc concentration is not
mdlcated in such cases. ; o

.

Freezmg-Pomt Calculatlons

brane of the:tissue; eg, red blood. cells, with which it is in
contact. In such ‘cases, Appendix-A,:giving the freezing-
point depression of solutions of different concentrations of

ces; prowdes information essentLal for solvmg

iFor most substances listed in the table the concentration of
anisatonic selution, ie, one that has a freezing point of —0.52°,

isgiven. Ifithisis notlisted in the;table, it may be determined
p on as the
ic ne oduces

an-isotonic solution.. Actuallythe depression of the freezing
point,of-a selution of an electrolyte is not absolutely propor-

t according to n;

f procaine hy or

in-100: mL has a freezing-point depression of 0.12°, whereas a
solution containing 3 g of .the same salt in 100 .mL has a
freezing-point depression iof 0.33°, mot 0.36° (3 x 0.12°).
Since the adjustment to isotonicity need not be absolutely
exact;:approximations may be made. Nevertheless, adjust-
ments to.isotonicity should beas exact as'practicable.

:Effect of Solvents—Besides water, certain:other solvents
frequently are employed in nose drops, ear drops and other
preparationsto be used invarious parts of the body. Liquids
such as-glycerin, propylene glycol or alcohol may compose
part of the:solvent.: In solving 1sotomc1ty adjustment prob-
lems for such selutions it should be kept in mind that while
these solvent..components contribute to.-the freezing-point
depression they may or may not have-an effect on the “tone”
of the tissue to which they are applied, ie; an isoosmotic
solution may not be.isotonic. It is apparent that, in such
cases, the utility of the methods described above or, for that
matter of any other method of evaluating ‘‘tonicity” is ques-
tlonable

Tonicity Testing by Observing |
Erythrocyte Changes

Observation of the behavior of human erythrocytes when
suspended in a solution is the ultimate and direct procedure
for determining whether the solution is isotonic, hypotonic or
hypertonic. If hemolysis or marked change in the appear-
ance of the erythrocytes occurs, the solution is not isotonic
with the cells. If the cells retain their normal characteristics,
the solution is isotonic.

Hemolysis may occur when the osmotic pressure of the fluid
in the erythrocytes is greater than that of the solution in which
the cells are suspended, but the specific chemical reactivity of
the solute in the solution often is far more important in produc-
ing hemolysis than is the osmotic effect. There is no certain
evidence that any single mechanism of action causes
hemolysis. The process appears to involve such factors as
pH, lipid solubility, molecular and ionic sizes of solute par-
ticles and possibly inhibition of cholinesterase in cell mem-
branes and denaturing action on plasma membrane protein.

Some investigators:test the tonicity of injectable solutions
by observing variations of red-blood-cell volume produced by
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these solutions. This method appears to be more sensitive to
small differences in tonicity than those based on observation
of a he Much conce g
the effe lutes on en obt d
by this procedure and a summary of many of these data is
given in RPS-14, page 1562.

Methods of Adjusting Tonicity

There are several methods for adjusting the tonicity of an

isotonic solution V-value method. The first two of these meth-
ods can be used with a three step problem solving process
based on sodium chloride.

1. Identify a reference solution and the associated tonicity parareter

2. Determine the contribution of the drug(s) and:additive(s) to the
totalt ity. -

3., crmine the amount of sodium chloride needed by subtracting the
contribution of the actual solution from the reference solution

The result of Step 3 also indicates whether the actual solu-
tion ic, isotonic or hyp ctual
tion s less to the total t refe
solution, then the actual solution is hypotonic. If, however,
the actual solution contributes a greater amount to tonicity
than the reference solution, the actual solution is hypertonic
and can be adjusted to isotonicity only by dilution. This may
not be on ounds.

The of s e resulting in Step 3 also can
be converted into an amount of other materials, such as dex-
eez
dix
ha of . Fo ple, in Appe A,
de ne phate values of 0. C/
© 2 tc.
It e to
co v of
culate
ue clo

The reference solution for the freezing poirnt depression
method is 0.9% sodium chloride which has a freezing point

st rib the dexam e
e in 1 can be d
isotonic as follows:
Example 1
Dexamethasone Sodium Phosphate 0.1%
Purified Water qs 30 mL

Mift Isotonic Solution

Step 1—Reference solution: 0.9% sodium chloride.

AT, =0 o
D =0.0 0.5% dexamethasone sod phosphate)
Step 2—Contribution of drug. )
0-050°C 0.1%d 0.010°
0.5% drug < 17 U= P

Step 3—Reference solution — actual solution.
0.52° — 0.01° = 0.51°

Sodium chloride needed.

X 0.51° = 0.883% NaCl

% 30 mL = 0.265 g NaCl
The above solution could be made isotonic with any appropriate material

other than sodium chloride by using the D value for that material: - For
example, to make the solution isotonic with dextrose with a D value, D =
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0.091°/1%;
1% Dextrose 0.51° = 5.60% D
0.091° X 0.51° = 5.60% Dextrose
x 30 mL = 1,68 g Dextrose

Example 2

Naphazoline HCI (N.HCI) 0 02%

Zine Sulfate 0 25%

Purificd Water qs 30 mL

MI{t Isotonic solution

Step 1-—Reference solution: 0.9% sodium chloride.
AT, = 0.52°
D = 0.14°/1% (naphazoline HCI)
D = 0.086°/1% (zinc sulfate)
Contribution of drugs.

0.14°C

Step 2

x 0.02% N.HC1 = 0.003°

X 0.25% ZnSO,4 = 0.022°

0.003° + 0.022° = 0.025°
Step 3—Reference solution — actual solution.
0.52° — 0.025° = 0.495°

Sodium chloride needed.

x 0.495% = 0.857% NaCl

x 30 mL = 0.257 g NaCl

The above solution could be made isotonic with any appropriate material
other than sodium chloride by utilizing the D value for that material. For
example, to make the solution isotonic 'with dextrose with a D value, D =
0.091°C/1%; ‘ '

1% Dextrose
X 0.495° = 5.44% Dextrose

5.44 Dextrose
x 30 mL = 1.63 g Dextrose

100 mL
Sodium Chloride Equivalent Method—A sodium chlo-
ent, “F 7 isde as the fs
ich will ce the osmo as
the d e, A, SO-
dium s E g .5%
0.17g at 1 g
.16 gN 2%

variation in the sodium chloride equivalent with concentration
is due to changes in interionic:attraction at different concentra-
tion of drug; the E value is not directly'proportional to concen-
tration as was the freezing-point depression.

The reference solution for the sodium chloride equivalent
method is 0.9% sodium chloride as it was for the freezing-
P od. o . S

sodium phosphate solution in Example
1 can be rendered isotonic using the sodium chloride equiva-
lent'method as follows:

Examplé 1
Dexamethasone Sodium Phosphate 0.1%
Purified Water : gs 30 mL

Mft Isotonic Solution C
Step 1—Referernce solution: 0.9% sodiur chloride.
X 30 mL = 0.270 g NaCl
E =0.18 gNaCl/g drug
Step 2—Contribution of drug.

0.18

1 g drug x 30 L, = 0.0054 g NaCl



Step 3—Reference solution —actual solution. -

i 0.270 g NaCl — 00054gNaCl—0265gNaCl 6 i
The above solution can be made isotonic with a material'other than'sadium
chloride, such as dextrose; by using the E value of that material.. . For
example, to make the solution isotonic with dextrose, £ = 0:16 g NaCl/g
dextrose, the amount of sodium chloride needed in Step 3, canbe con-
verted to dextrose as follows: ;

18 Dexirose 4,265 g NaCl = 1.66 g Dext
0.16 g NaCl ghabl= g Dextrose
Example 2 ) S e
Naphazoline HGI (N.HCB ~0.02%-
Zinc Sulfate, 0.25%
“ipurified:'Water qs © 30 mL

Mft Isotonic Solution -
Step 1—Reference solution: 0.9% sodium chloride.
0.9 g NaCl

100 mL

E = 0.27 g NaCl/g N-HCI P
E = 0.15,g NaCl/g ZnSO4

x 30 mL = 0.270 g NaCI

Step 2'—Contribuﬁon of érugéi

027gNaCl 002gNHCL 0 o
1 g NHC Toomp o0 mh = 00028 R

015gNaCl 025gZ080, oo
1 g ZnS0;, oomp  oomb= 0ot e N

0.002 g NaC) + 0.011 g NaCl = 0.013 g NaCl

Step 3—Reference solution — actual solution.
0.270 g NaCl .~ 0.013 g NaCl = 0.257 g NaCl

The above solution ¢an be made isotonic with a material other than sodium
chloride, such as dextrose, by using the F value of that material.
For example, to make the solution isotonic with dextrose, E = 0.16 g

NaCl/g dextrose, the amount of sodium chloride needed in Step 3 can be

converted to dextrose as follows:

1 g Dextrose
0.16 g NaCl

Isotonic Solution V-Values—The 'V value” of a drug is
the volume of water to be added to a specified weight of drug
(0.3 g or 1.0 g depending on the table used) to prepare an
isotonic solution. Appendix B gives such values for some
commonly used drugs. The reason for providing data for 0.3
g of drug is for convenience in prepanng 30 mL (approxi-
mately 1 fluidounce) of solution, a commonly prescribed
volume.
to prepare an isotonic solution of the prescribed drug and then
dilute this solution to final volume with :a suitable isotonic
vehicle.

The two solutions in the previous examples can be prepared
as follows using the Vvalue method:

x 0.257 gNaCl = 1.61 g Dextrose

Example 1
Dexamethasone Sodium Phosphate 0.1%
Purified Water as 30 mL

Mft Isotonic Solution

Step I—The V value for dexamethazone sodium phosphate can be
calculated from the sodium chloride equivalent, £, as outlined in the
footnote in Appendix B.

LOO mL Soln
0.9 g NaCl

for adilute solution: 5.67 mL Soln = 5.67 mL H,O
V = (5.67 ml, H,0)/(0.3 g drug)

0.17 g NaCl
1 g drug

x 0.3 g drug = 5.67 mL Soln

Step 2-——Amount of drug necded.

0.1 g drug

W x 30 mL = 0.030 g drug

Page 73 of 79

The basic principle underlying the use of Vvaluesis

TONICITY, OSMOTICITY, OSMOLALITY AND OSMOLARITY 621

Volume of water needed to prepare an isotonic solution.

567mLH,0 . " ] .

. ‘m‘XOOSOgdmg—O57mLHgO } -

Step,; 8—’1"0 prepére the solutlon, d:saolve Cl 0'30 £ of drug in p 57 mL
water, and gs to volume with a suitable 150tnnlc vehicle such as 0. 9%
sodium chloride solution, 5.51% dextrose or an isotonic phosphate buffer.

4 }

Example 2
Naphazoline HCI (N.HCI) 0.02%
Zinc Sulfate 0.25%
! Purified'Water, - st - 7 sl 30 mL

..Mt Isotonic Solution

Step 1—The V value for napha?dhne HCI ean be calculated from the
_kodium chloride equivalent, £, as outlined in the footnote in Appendix B;

the Vvaluefor zine sulfate is taken directly from Appendix B.
‘_IUOmLSuIn l)2TgNaCl S 0:3 i HEIS 900 e
09 gNaCl 1 gN.HCI g .

for a dilute solution: 9.00 mL Soln = 9.00 mLH; ,O
.V =(9.00 mL H,0)/(0.3 g N.HCD)

Vi= 00 mL HoO/O 3 8ZnS0O,

)

Step 2—Am0um of drugs neLded {

0.02 ¢ N.HCI 30 mL = 0.006
To0 L oML = 0006 2 NHGL,
025gmS0,
Pnay  SDOM e ine o o BANSEY

Volume of water needed to prepare an isotonic solution.

9.00mLEO . 4
0.5 g N.HCI x 0.006 g drug = 0.18 mL H,O |
5.00mLHO 075 g 7050, = 1.25 mL H,0
P x (). =]. 4
0.3'g S0, 284St = LART ¥

0.18 mL H,0 + 1.25 mL H,0 = 1.43 mL H,0

Step 3—To prepare the solution, dissolve 0.006 g of naphazoline HC]
and 0.075 g zinc sulfate in 1.43 mLwater, and gs to volume with a suitable
isotonic vehicle such as 0.9% sodium chloride solution, 5.51% déxtrose or
an isotonic phosphate buffer.
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Appendix A—Sodium Chloride Equivalents, Freezing-Point Depressions and Hemolytic Effects
of Certain Medicinals in Aqueous Solution

0.5% 1% 2% 3% 5% Isoosmotic concentration®
E D E D E D E D E D % E D H pH

Acetrizoate methylglucamine 0.09 0.08 0.08 0.08 0.08 12.12 0.07 0o 71
Acetrizoate sodium 0.10 0.027 0.10 0.055 0.10 0.109 0.10 0.163 0.10 0.273 9.64 0.09 0.52 0 6.9t
Acetylcysteine 0.20 0.055 0.20 0.113 0.20 0.227 0.20 0.341 4.58 0.20 0.52 100* 2.0
Adrenaline HC] 4.24 68 4.5
Alphaprodine HCl 0.19 0.053 0.19 0.105 0.18 0.212 0.18 0.315 4.98 0.18 0.52 100 5.3
Alum (potassium) 0.18 0.15 0.15 6.35 0.14 24* 3.4
Amantadine HCL 0.31 0.090 0.31 0.180 0.31 0.354 2.95 0.31 0.52 91 5.7
Aminoacetic acid 0.42 0.119 041 0235 0.41 0.470 2.20 0.41 0.52 o* 6.2
Aminohippuric acid 0.13 0.035 0.13 0.075
Aminophylline 0.098¢
Ammonium carbonate 0.70 0.202  0.70 0.405 1.29 0.70 0.52 97 1.7
Ammonium chloride 1.12 0.8 1.12 0.62 93 5.0
Ammonium lactate 0.33 0.093 0.33 0.185 0.33 0.370 2.76 0.33 0.62 98 5.9
Ammonium nitrate 0.69 0.200° 0.69 0.400 ! 1.30 0.69 0.52 91 5.3
Ammonium phosphate,

dibasic 0.58 0.165 0.55 0.315 1.76 0.51 0.52 0 79
Ammonium sulfate 0.55 0.158 0.55 0.315 1.68 0.54 0.62 0 53
Amobarbital sodium 0.256 0.143¢ 0.25 3.6 025 052 0 93
d-Amphetamine HCI 2.64 98 b5.7
Amphetamine phosphate 0.34 0.20 0.27 0.47 3.47 0.26 0.52 0 45
Amphetamine sulfate 0.22 0.129¢ 0.21 0.36 4.23 0.21 0.52 0 59
Amprotropine phosphate 5.90 .44 0 42
Amylcaine HCl 0.22 0.19 , 4.98 0.18 100 5.6
Anileridine HCl 0.19 0.052 0.19 0.104 0.19 0.212 0.18 0.316 0.18 0.509 5.13 0.18 0.52 12 2.6
Antazoline phosphate 6.05 90 4.0
Antimony potassium tartrate 0.18 0.13 0.10
Antipyrine ) 0.17 0.10 0.14 0.24 0.14 040 6.81 0.13 0.52 100 6.1
Apomorphine HCI 0:14 0.080¢ v
Arginine glutamate 0.17 0.048 0.17 0.097 0.17 0.195 0.17 0.292 0.17 0.487 537 0.17 052 0 6.9
Ascorbic acid 0.105¢ - 5.05 0.52> 100* 2.2
Atropine methylbromide 0.14 0.13 0.13 7.03 0.13
Atropine methylnitrate ' 6.52 0 52
Atropine sulfate 0.13 0.075 0.11 0.19 0.11 0.32 8.85 0.10 0.52 Q- 15:0
Bacitracin : 0.05 0.03 0.04 0.07 0.04 0.12 b
Barbital sodium 0.30 0:171¢ 0.29 0.50 ] 3.12 0.29 0.52 0 98
Benzalkonjum chloride 0.16 0.14 0.13 “
Benztropine mesylate 0.26 0073 0.21 0.115 0.15 0.170 0.12 0.203. 0.09 0.242
Benzyl alcohol : 0.17:0.09¢ 0.15
Bethanechol chloride 0.50 0.140 0:39 0.225 0.32 0.368 0.30 0.512 3.06 0.30 0 6.0
Bismuth potassium tartrate 0.09 " 0.06 0.05
Bismuth sodium tartrate 0.13 0.12 0.11 | 8.91 0.10 0 6.1
Boric acid 0.50 0.288¢ 1.9 047 0.52 100 4.6
Brompheniramine maleate 0.10 0.026 0.09 0.050' 0.08 0.084 . i
Bupivacaine HCl 0.17 0.048 0.17 0.096 0.17 0.193 0.17 0.290 0.17 0.484 538 0.17 0.52 83 6.8
Butabarbital sodium 0.27 0.078 0.27 0.155 0.27 0.313 0.27 0.470 3.33 0.27 0.52 0 6.8
Butacaine sulfate 0.20 0.12 0.13 0.23 0.10 0.29
Caffeine and sodium benzoate '0.26' 0.15 0.23 0.40 3.92 0.23 0.52 0 7.0
Caffeine and sodium salicylate 0.12-0.12 0.17 0295 0.16 046 ° 5.77 0.16 0.52 0 638
Calcium aminosalicylate * il 4.80 0' 6.0
Calcium chloride 0.51 '0.298° 1.70 0.53 0:52 “Q '%B.6
Calcium chloride (6 H;0) 0.85 0.20 , 25 036 0.52 0 5.7
Calcium chloridé, anhydrous 0.680.39 1.3 0.69 0.52 0 56
Calcium disodium edetate 0.21 0.061 ' 0.21 '0.120 0.21 0.240 0.20 0.357 450 '0:20 0.52 0 6.1
Calcium gluconate o 0.16 0.091¢ 0.14 0.24 '
Calcium lactate 022 0.13 0.12 0.36 4.5  0.20 0.52 0 6.7
Calcium lactobionate 0.08 0.022 0.08 0.043 0.08 0.085 0.07 0.126 0.07 0.197
Calcium levulinate 0.27 0.16 0.25 0.43 3.58 0o 72
Calcium pantothenate i 5.50 0 7.4
Camphor 0.12¢
Capreomycin sulfate 0.04 0.011 0.04 0.020 0.04 0.042 0.04 0.063 '0.04 0.106
Carbachol 0.205°¢ 2.82 0 59
Carbenicillin sodium 0.20 0.059 0.20 0.118 0.20 0.236 0.20 0.355 440 0.20 0.52 0 6.6
Carboxymethylcellulose . .

sodium 0.03 0.007 0.03 0.017 0.145
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Appendix A—Continued .
o * 0.5% 1% 2% 3% 5% Isoosmotic concentration®
2 E D E' D2 E' D E ! D3 EY D % E D H pH
Cephaloridine 0.09 0.023 0.07 0.041 0.06 0.074 0.06 '0.106 0.05 iy '
Chloraminé-T 4.10 100* 9.1
Chioramphenicol 0.064 ; G .
Chloramphenicol ¢ | ' '
""sodium succinate 0.14 0.038 0.14 0.078 0.14 0.154 0.13 0.230 0.13 0.382 6.83 0.13 0.52 partial 6.1
Chlordiazepoxide HCl 0.24 0.068 0.22 0.125 0.19 0.220 0.18 0.315 0.17 0.487 550 0.16 0.562 66 2.7
Chlorobutanol (hydrated) i 10.24 014 L8 i iy '
Chloroprocaine HCl 0.20 0.0564 0.20 0.108" 0.18 0.210 s . 1 |
Chloroquine phosphate 0.14 0.039 0.14 0.082 0.14 0.162 0.14 0.242 0.13 0379 7.15 0.13: 0.52 0 4.3
Chlorogquine sulfate 0.10°0.028 0.09 0050 0.08 0.090 = 0.070.127 +0.07 0.195
Chlorpheniramine maleate 0.17 0.048 0.15 0.085 0.14 0.165 0.13 0.220 0.09 0.265 !
Chlortetracycline HC1 0.10 0.030 0.10 0.061 0.10 0.121 b
Chlortetracycline sulfate : 0.13 0.08 0.10 0.17 : : i
Citric acid 0.18 :0.10¢ 0.17 0.295 0.16 '0.46 5.52 0:16+ 0:52 100* 1.8
Clindamycin phosphate 0.08 0.022 0.08 0.046 0.08 0.095 0.08 0.144 0.08 0.242 10.73 0.08 0.52 58* - 6.8
Cocaine HCI 0.16 0.090°¢ ue 0.15 0.2¢ 0.14 0.40 6.33 0.14 052 47 4.4
Codeine phosphate 0.14 0.080°¢ 0.13-'0.23 : 0.13 -0.38 7.29 0:12 0.52 0 4.4
Colistimethate sodium “0.15 0.045 0.15 0.085 0.15 0.170 0.15 0.253 0.14 0.411 6.73 0.13 0.52 0 7.6
Cupric sulfate 0.18 0.100¢ 0.15%15 0.14 6.85 0.13 i trace*’ 3.9
Cyclizine HC1 - 0.20 0.060 o - ’ b il : :
Cyclophosphamide ©0.1070.031 V'0.10 °0.061F 0.10-" 0.125 - ! t ] I
Cytarabine 0.11° 0.034 0.1 0066+ 0.11+0.134 0.11 0.198+ 0.11 0.317 8.92 0.10 0.52 0 8.0
Deferoxamine mesylate 0.09 0023 0.09 0047 0.09-0.093 0.09 0.142 0.09 0.241 !
Demecarium bromide 0.14 0038 0.12 0.069 0.10 0.108 0.08 10.139" 0.07 0.192 ¥
Dexamethasone sodium ' : ' 2
phosphate 0.18 0.050 0.17 0.095 0.16 0.180 0.15790.260 0.14 0.410 6.75 0.13 0.52 0 8.9
Dextroamphetamine HCI 0.34 0.097 0.34 0.196 0.34 0.392 2.64 034 0.62 ! !
Dextroamphetamine phosphate V1025 0141 1 0.25 ' 044 3.62 0.25 0.52 0 v 4.7
Dextroamphetamine sulfate 0.24 0.069 0.23 0.134 022 0.259 0.22 0.380 4.16 022 0.62 0 5:9
DeXxtrose: 0.16'0.091¢ ¥ C0.6 28 0.16' 0.46 5.561 0.16 0.52 0 5.9
Dextrose (anhydrous) 0.18 0.101¢ 0.18 0.31 5.05 0.18 0.52 0 6.0
Diatrizoate sodium 0.10° 0.025 0.09°0/049 0.09 0.098 0.09 0149 0.09 0.248 10.565 0.09 0.52 OBNELT 9
Dibucaine HC] 0.074¢
Dicloxacillin sodiurn (1 H0) 0.10 0.030 0.16 0.061 0.10 0.122 '0.10° 0.182
Diethanolamine 0.31 0.089 0.31 0.177 0.31 0.358 2.90 0.31 0.52 100 11:3
Dihydrostreptomycin sulfate 0.06 0.03 L 0.05 0.09 0.05 0.14- 19.4 0.05 0.52 0 6.1
Dimethpyrindene maleate 0.13 0.039 0.12 0.070 0.11 0.120 ¢
Dimethyl sulfoxide 0.42 0.122 0.42 0245 0.42 0.480 2.16 0.42 0.52 100 7.6
Diperodon HCI 0.15 0.045 0.14 0.079 0.13 0.141
Diphenhydramine HCl 0.161¢ 5.70 88* 55
Diphenidol HC1 0.16 0.045 0.16 0.09 0.16 0.180 f
Doxapram HCI 0.12 0.035 0.12 0.070 0.12 0.140 0.12 0.210
Doxycycline hyclate 0.12 0.035 0.12°0.072 0.12 0.134 0.11 -0.186 0.09 0.264
Dyphylline 0.10 0.025 0.10 0.052 0.09 0.104 0.09 0/155 0.08 0.245
Echothiophate iodide 0.16 0.045 0.16 0.090 0.16 0.179 4
Edetate disodium 0.24 0.070 0.23 0.132 0.22 0.248 0.21 0:360 4.44 0.20 0.52 0 4.7
Edetate trisodium ) LU Ll
monohydrate 0.29 0.079 ' 0.29°0.158 0.28 0.316 0.27 '0.472 . 3.31 0.27 0.52 0 8:0
Emetine HCI 0.058¢ 0:17 0.29 i
Ephedrine HCl 0.30 0.165¢ 0.28" 3.2 028 96 59
Ephedrine'sulfate 0.23 0.13 0.20° 0.35 454 020 052 0 5:7
Epinephrine bitartrate 0.18°0:104 0.16 0.28 0.16 0.462 5.7 0.16 0.52 100* 3.4
Epinephrine hydrochloride 0.29 0.16 0.26 3.47 0.26
Ergonovine maleate 10.089¢ =
Erythromyein lactobionate 0.08 0.020 0.07 0.040° 0.07 0.078 0.07 0.115 0.06 0.187
Ethyl alcohol ' 1.39 100 6.0
Ethylenediamine 0:253¢ 2.08 100* 11.4
Ethylmorphine HCI 0.16 0.088° 0.15 0.26 0.15 0.43 6.18 0,15 0.52 38 4.7
Eucatropine HCI 0.114
Ferric ammonium citrate
(green) ' 6.83 0 5.2
Floxuridine 0.14 0.040 0.13 0.076 0.13 0.147 0.12 0.213 0.12 0.335 8.47 0.12 0.52 3* 4.5
Fluorescein sodium “ 2 0.31 0.181¢ 0.27 0.47 3.34 027 052 0, = 87
Fluphenazine 2-HCI 0.14 0.041 0.14 0.082 0.12 -0.145 0.09 0.1565
d-Fructose 5.05 0 59
Furtrethonium iodide 0.24 0.070 0.24 0.133 0.22 0.250 0.21 0.360 4.44 0.20 0.52 0 ‘:"4
Galactose 4.92 0 5.9
Gentamicin sullate 0.05 0.015 0.05 0.030 0.05 0.060 0.05 0.093 0.05 0.153
p-Glucuronic acid 5.02 4g* = 16
Glycerin 0.203¢ 2.6 o 69
Glycopyrrolate 0.15 0.042 0.15 0.084 0.15 0.166 0.14 0.242 0.13 0.381 7.22 0.12 052 g2 40
Gold sodium thiomalate 0.10° 0.032 ' 0.10 0.061 0.10 0.111 0.09 0.159 0.09 0.250 ° .
Hetacillin potassiura 017 0048 017 0095 * 0.17 0.190 0.17 0.284 0.17 0474 550 0.17 0.52 0o 63
Hexafluorenium bromide 0.12 0.033 0.11 0.065
Hexamethonium tartrate 0.16 0.045 0.16 0:089 ' 0.16 0.181 0.16 0.271 0.16 0.456 5.68 0.16 0.52
Hexamethylenc sodium : 4.0
acetaminosalicylate 0.18 0.049 0.18 0.099 0.17 0.199 0.17 0297 0.16 0.485 5.48 0.16 0.52 0 )
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Appendix A—Continued

0.5% 1% 2% 3% 5% Isoosmotic concentration
E D E D E D E D E D % E D H pH

Hexobarbital sodium 0.156¢
Hexylcaine HCI 4.30 100 4.8
Histamine 2HCI 0.40 0.115 0.40 0.233 0.40 0.466 2.24 040 0.52 79 3.7
Histamine phosphate 0.149¢ 4.10 0 4.6
Histidine HC} 3.45 40 3.9
Holocaine HC1 0.20 0.12
Homatropine hydrobromide 0.17 0.097 0.16 0.28 0.16  0.46 5.67 0.16 0.52 92 5.0
Homatropine methylbromide 0.19 0.11 0.15 0.26 0.13 0.38
1-Homosulfanilamide HCI 3.69 0 4.9
Hyaluronidase 0.01 0.004 0.01 0.007 0.01 0.013 0.01 0.020 0.01 0.033
Hydromorphone HCI 6.39 64 5.6
Hydroxyamphetamine HBr 0.15¢ 3.71 92 5.0
8-Hydroxyquinoline sulfate 9.75 59 2.5
Hydroxystilbamidine isethionate  0.20 0.060 0.16 0.090 0.12 0.137 0.10 0.170 0.07 0.216
Hyoscyamine hydrobromide 6.63 68 5.9
Imipramine HCI 0.20 0.0568 0.20 0.110 0.13 0.143
Indigotindisulfonate sodium 0.30 0.085 0.30 0.172
Intracaine HC 4.97 85 5.0
Iodophthalein sodium . 0.07° 9.68 100 9.4
Isometheptene mucate 0.18 0.048 0.18 0.095 0.18 0.196 0.18 0.302 4.95 0.18 0.52 0 6.2
Isoproterenol sulfate 0.14 0.039 0.14 0.078 0.14 0.156 0.14 0.234 0.14 .0.389 6.65 0.14 0.52 trace 4.5
Kanamycin sulfate 0.08 0.021 0.07 0.041 0.07 0.083 0.07 0.1256 0.07 0.210
Lactic acid 0.239¢ ol 2.30 100* 2.In
Lactose 0.07 0.040° 0.08 0.09 .. 9.75  0.09 0% 5.8
Levallorphan tartrate 0.13 0.036 0.13 0.073 0.13 0.143 0.12 0.210 0.12 0.329 9.40 0.10. 052 59* 6.9
Levorphanol tartrate 0.12- 0.033 0.12 0.067 0.12 0.136 0.12 0.203
Lidocaine HC1 0.13¢ I i 4 4.42 85 4.3
Lircomycin HCl 0.16 0.045 0.16 0.090 0.15 0.170 0.14 0.247 0.14 0.400 6.60 0.14 0.52 0 4.5
Lobeline HClL 0.09" : »
Lyapolate sodium 0.10 0.025 0.09 0.051  0.09 0.103 0.09 0.157 0.09 0.263 9.96 0.09 052 0 6.5t
Magnesium chloride 0.45 2.02 0.45 0. 63
Magnesiur sulfate 0.17 0.094¢ 0.15 0.26 0.15 0.43 6.3 0.14 0.62 0 6.2
Magnesium sulfate,

anhydrous 0.34 0.093 0.32 0.184 0.30 0.345 0.29 0.495 +3.18 0.28  0.52 0 7.0
Mannitol 0.098¢ 5.07 o* 6.2
Maphenide HCI 0.27 0.075 0.27.0.1563 0.27 0.303 0.26 0.448 3.55 0.25 0.52
Menadiol sodium

diphosphate 4.36 0 8.2
Menadione sodium

bisulfite 5.07 0 5.3
Menthol 0.12¢
Meperidine HC1 0.125¢ 4.80 98 5.0
Mepivacaine HCI 0.21 0.060 0.21 0.116 0.20 0.230 0.20 0.342 4.60 0.20 052 45 4.5,
Merbromin 0.08 .
Mercuric cyanide 0.15 0.14 0.13
Mersalyl 0.06
Mesoridazine besylate 0.10 0.024 0.07 0.040 0.05 0.058 0.04 0.071 0.03 0.087
Metaraminol bitartrate 0.20 0.060 0.20 0:112  0.19 0.210 0.18 0.308 0.17 0505 5.17 0.17 0.52 59 3.8
Methacholine chloride 0.184¢ 3.21 0 4.5
Methadone HCL 0.101¢ . 8.59 100* 5.0
Methamphetamine HCL 0.213¢ . 2.75 97 5.9
Methdilazine HC1 0.12 0.035 0.10 0.056 . 0.08 0.080 0.06 0.093 0.04 0.112
Methenamine 0.23 0.24 3.68 0.25 100 8.4
Methiodal sodium 0.24 0.068 0.24 0.136 0.24 0.274 0.24 0.410 3.81 0.24 0.52 0 5.9
Methitural sodium 0.26 0.074 0.25 0.142 0.24 0.275. 0.23 0.407 ., 3.85 0.23 052 78 9.8
Methocarbamol 0.10 0.030 0.10 0.060
Methotrimeprazine HCl 0.12 0.034 0.10 0.060 0.07 0.077 0.06 0.094 0.04 0.125 o
Methoxyphenamine HCI 0.26 0.075 0.26 0.150 0.26 0.300 0.26 0.450 3.47 0.26 052 96 5.4
p-Methylaminoethanolphenol . !

tartrate 0.18 0.048 0.17 0.095 0.16 0.190 0.16 0.282 0.16 0.453 5.83 0.16 0.52 0 6.2
Methyldopate HC1 0.21 0.063 0.21 0.122 0.21 0.244 0.21 0.365 4.28 0.21 0.52 partial 3.0
Methylergonovine maleate 0.10 0.028 0.10 0.056
N-Methylglucamine 0.20 0.057 0.20 0:111 . 0.18 0.214 0.18 0.315 0.18 0.517 5.02 0.18 0.52 4 . 113
Methylphenidate HC1 0.22 0.065 -0.22 0.127 . 0.22 0.2568 0.22 0.388 4.07 022 052 66 4.3
Methylprednisolone Na

succinate 0.10 0.025 0.09 0.051 = 0.09 0.102 0.08 :0.143 0.07 0.200
Minocycline HC1 0.10 0.030 0.10 0.058 0.09 0.107 0.08 0.146
Monoethanolamine 0.53 0.154 0.53 0.306 1.70 053 052 100, 11.4
Morphine HCI 0.15 0.086¢ 0.14
Morphine sulfate 0.14 0.079¢ 0.11 0.19 0.09 0.26
Nalorphine HCI 0.24° 0.070 0.21 0.121. 0.18 0.210 0.17 0.288 0.15 0.434 .6.36 0.14 0.52 , 63 4.1
Naloxone HCl 0.14 0.042 0.14 0.083 0.14 0.158 0.13 0.230 0.13 0.367 8.07 0.11 052 35 5.2
Naphazoline HCL 0.27 0.144, { 0.24 3.99 0.22 100 5.3
Neoarsphenamine ¢ 2.32 17 7.8
Neomycin sulfate 0.11 0.063¢ 0.09 1016, - 0.08, 0.232
Neostigmine bromide 0.22 0.127¢ 0.19 4.98 0 4.6

0.20 0.115¢ 0.18 0.17 5.22 0.17

Neostigmine methylsulfate
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Appendix A-=Continued
tz :3 _0.5% 1% 2% 3% 5% Isoosmotic concentration®
E D EY D E D E D ES D % E D H pH

Nicotinamide 0.26 '0.148¢ 0.21 -0.36 449 020 052 100 7.0
Nicotinic acid 0.25 0.144¢ i L
Nikethamide ek 70.100¢ 5.94 100 6.9
Novobiocin sodium 0.12 0.033 0.10 0.057 0.07 0.073 s Lot
Oleandomycin phosphate ~0.08 0.017 0.08 0.038 0.08 0.084 0.08 0.129° 0.08 0.255 10.82 0.08 0.52 0 50
Orphenadrine citrate 10.13 0.037 0.13-0.074 0.13-0.144 * 0.12° 0.204 *' 0.10" 0.285
Oxophenarsine HCI ) : 3.67 traceé* ... 2.3
Oxymetazoline HCl 0.22 0.063 '0.22'0.124° 0.20 0.232 0.19 0.335 % 492 0.18 0.52 867" 5.7
Oxyquinoline sulfate 0.24 0.068 0.21 0.113 0.16 0.182 0.14 0.236 0.11 0.315 :
d-Pantothenyl alcohol 0.20 0.0563 0.18 0.100 0.17 0.193 0.17 0.283 0.16 0.468 560 0.16 0.52 92 v 6.8
Papaverine HC1 0.10 0.061¢ 3 -
Paraldehyde 0.25 0.071 0.25 0.142 0.25 0.288 0.25 0.430 3.65 0:25 0.52: 97 58!
Pargyline HC1 \ 0.30 0.083 0.29 0.165 0.29 0.327 0.28 0.491 3.18 0.28 0.52 91 38
Penicillin G, potassium 0.18 0:102¢ L ' 017029 0.16 0.46 548 0.16 052 0 62
Penicillin G, procaine 0.06¢
Penicillin G, sodium 0.18 0.100¢ 0.16 0.28 0.16 0.46 5.90 18 572
Pentazocine lactate 0.15 0.042 0.15 0.085 0.15 0.169 0.15 0.253 0.15 0.420
Pentobarbital sodium 0.145¢ 4.07 -0 9.9
Pentolinium tartrate 5.95 55*% 3.4
Phenacaine HCl 0.09¢
Pheniramine maleate 0:09¢ :
Phenobarbital sodium 0.24 0.135¢ 0.23 0.40 "' 3.95 0.23 0.52 0 9.2
Phenol 0.35 0.20 ' 28 032 052 0* 5.6
Phentolamine mesylate 0.18 0.052 0.17 0.096 0.I6 0.173 '0.14 0.244 0.1}13 0.364 823 0.11 0.52 83 3.5
Phenylephrine HCl 0.32 0.184¢ 0.30 3.0 030 0 4.5
Phenylephrine tartrate 5.90 58% 5.4
Phenylethyl alcohol 0.25 0.070 0.25 0.141 0.25 0.283
Phenylpropanolamine HCl 0.38 0.219¢ 2.6 0.35 95 5.3
Physostigmine salicylate 0.16 0.090¢
Physostigmine sulfate 0.074¢
Pilocarpine HC1 0.24 0.138¢ 0.22 0.38 4.08 0.22 052 89 4.0
Pilocarpine nitrate’ '0.23 0.132¢ 1020 0.35 4.84 020 052 88 3.9
Piperocaine HCI : Voo HGg, 24 i 5.22 65 -~ 5.7
Polyethylene glycol 300 0.12 0.034 0.12 0.069 0.12 0.141 0.12 0.216 0.13 0.378 6.73 0.13 0.52 53 3.8
Polyethylene glycol 400 0.08 0.022 0.08 0.047 0.09 0.098 0.09 0153 0.09 0272 850 0.11 0.52 0 4.4
Polyethylene glycol 1500 0.06- 0.015 0.06 0.036 0.07°0.078 0.07 0.120 0.07 0.215 "10.00 0.09 0.52" 4 4:1
Polyethylene glycol 1540 - 0.02 0.005 '0.02 0.012 0.02 0.028 0.03 0.047 0.03 0.094 .
Polyethylene glycol 4000 0.02 0.004 0.02 0.008 0.02 0.020 0.02 '0.033 0.02 0.067
Polymyxin B sulfate 0.09 0.052 0.06 0.10 0.04 0.12
Polysorbate 80 0.02 0.005 0.02 0.010 0.02 0.020 0.02 0.032  0.02 0.055
Polyvinyl alcohol

(99% hydrotl) 0.02 0.004 0.02 0.008 0.02 0.020 0.02 0.035 0.03 0.075
Polyvinylpyrrolidone 0.01 0.003 0.01 0.006 0.01 0.010 0.01 0.017  0.01 0.035
Potassium acetate 0.59 0.172 0.59 0.342 1.63 059 0.52 0 7.6
Potassium chlorate 1.88 : 0 6.9
Potassium chloride 0.76 0.439¢ 1.19 0.76 0:52 0 5.9
Potassium iodide 0.34 0.196¢ 2.59 0.34 0.52 0 7.0
Potassium nitrate 0.56 0.324¢ 1.62 0.56 0 5.9
Potassium phosphate 0.46 0.27 2.08 043 0.62 0 8.4
Potassium phosphate, :

monobasic 0.44 0:25' 2.18 0.41 0.52 0 4.4
Potassium sulfate 0.44 2.11 0.43 0 6.6
Pralidoxime chloride 0.32 0.092 0.32 0.183 '0.32 0.364 ' it 2.87 0.32 0.52 0 1.6
Prilocaine HCl 0.22 0.062 0.22 0.125 0.22 0.250 0.22 0.375 4.18 0.22 052 45 4.6
Procainamide HCl 0.22 0:13 0.19 0.33° ' 0.17 0.49
Procaine HCl 0.21 0:122¢ 0.19 0.33 0.18 5.06 0.18 0.52 91 5.6
Prochlorperazine edisylate 0.08 0.020 0.06 0.033 0.05 0.048 0.03 0.056 0.02 0.065
Promazinie HCl - 0.18 0.050 0.13 0.077 0.09 0.102 0.07 0.112 0.05 0.137
Proparacaine HC] 0.16 0.044 0.15 0.086 0.15 0.169 0.14 0.247 0.13 0380 7.46 0.12 0.52
Propiomazine HCl 0.18 0.050 0.15 0.084 0.12 0.133 0.10 0.165 0.08 0.215
Propoxycaine HCI 6.40 16 5.3
Propylene glycol 2.00 100 515
Pyrathiazine HC! 0.22 0.065 0.17 0.095 0.11 0.123 0.08 0.140 0.06 0.170
Pyridostigmine bromide 0.22 0.062 0.22 0.125 0 0.260 0.22 0.377 4.13 0.22 0.52' 0 7.2
Pyridoxine HCL 3.05 31* 3.2
Quinacrine

methanesulfonate 0.06¢
Quinine bisulfate 0.09 0.06 0.09 0.16
Quinine dihydrochloride 0.23 0.130¢ 0.19 0.33 0.18 507 0.18 0.52 ‘trace* 2.5
Quinine hydrochloride 0.14 0.077¢ 0.11 0.19
Quinine and urea HC] 0.23 0.13 0.21 0.36 4.5 0.20 0.52 64 2.9
Resorcinol 0.161° 3.30 96 5.0
Rolitetracycline 0.11 0.032 0.11 '0.064 0.10° 0.113 0.09 0.158 0.07 0.204
Rose Bengal 0.08 0.020 0.07 0.040 0.07 0.083 0.07 0.124 0.07 0.198 149 0.06 0.52
Rose Bengal B 0.08 0.022 0.08 0.044 0.08 0.087 0.08 0.131 0.08 0.218
Scopolamine HBr 0.12 0.07 0.12 0.21 0.12 0.35 7.85 0.11 0.52 8 4.8
Scopolamine methylnitrate 0.16 0.14 0.13 6.95 0.13 0 6.0
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0.5% 1% 2% 3% 5% Isoosmotic concentration®
E D E D E D E D E D % E D H pH

Secobarbital sodium 0.24 0.14 0.23 0.40 3.9 0.23 0.62 trace 9.8
Silver nitrate 0.33 0.190¢ 2.74 0.33 0.52 0* 5.0
Silver protein, mild 0.17 0.10 0.17 0.29 0.16 0.46 551 0.16 0.52 0 9.0
Silver protein, strong 0.086¢
Sodium acetate 0.46 0.267 2.0 0.45 0.52
Sodium acetazolamide 0.24 0.068 0.23 0.135 0.23 0.271 0.23 0.406 3.85 0.23 052
Sodium aminosalicylate 0.170¢ 3.27 0 7.3
Sodium ampicillin 0.16 0.045 0.16 0.090 0.16 0.181 0.16 0.072 0.16 0.451 5.78 0.16 0.52 0 8.5
Sodium ascorbate 3.00 0 6.9
Sodium benzoate 0.40 0.230¢ 2.25 0.40 0.52 0 7.5
Sodium bicarbonate 0.65 0.375 1.39 0.65 0.52 0 8.3
Sodium biphosphate (H,0) 0.40 0.23 2.45 0.37 052 0 4.1
Sodium biphosphate (2.H.0) 0.36 2.77 0.32 0 4.0
Sodium bismuth thioglycollate 0.20 0.055 0.19 0.107 0.18 0.208 0.18. .0.303 0.17 0.493 5.29 .0 8.3
Sodium bisulfite 0.61 0.35 1.5 0.61 0.52 0* 3.0
Sodium borate 0.42 0.241¢ 2.6 0.35 0.52 0 9.2
Sodium bromide 1.60 0 6.1
Sodium cacodylate 0.32 0.28 3.3 0.27 0 8.0
Sodium carbonate, i

monohydrated 0.60 0.346 156 0.58 0.52 100 , 11l.1
Sodium cephalothin 0.18 0.050 0.17 0.095 0.16 0.179 0.15 0.259 0.14 0.400 6.80 0.13 0.52 partial 8.5
Sodium chloride 1.00 0.576¢ 1.00 1.73 1.00 2.88 0.9 1.00 0.52 0 6.7
Sodium citrate 0.31 0.178¢ 0.30 :0.52 3.02 0.30 0 7.8
Sodium colistimethate 0.16 0.045  0.15 0.087 . 0.14 0.161 0.14 0235 0.13 0.383 .6.85 0.13 0.52 0 8.4
Sodium hypophosphite 1.60 0 7.3
Sodium iodide 0.39 0.222¢ 2.37 0.38 052 0 6.9
Sodium iodohippurate 5.92 : 0 7.3
Sodium lactate 1.72 0 6.5
Sodium lauryl sulfate 0.10 0.029 0.08 0.046 0.07 0.068 0.05 0.086
Sodium mercaptomerin 5.30 = 0 8.4
Sodium metabisulfite 0.67 0.386¢ J 1.38 0.65 0.52 5% 4.5
Sodium methicillin 0.18 0.050 0.18 0.099 0.17 0.192 0.16 0.281 0.15 0.445 6.00 0.15 0.52 0 5.8
Sodium nafcillin 0.14 0.039 0.14 0.078 0.14 0.158 0.13 0.219 0.10 0.285
Sodium nitrate 0.68 1.36 0.66 0 6.0
Sodium nitrite 0.84 0.480¢ 1.08 0.83 0* 8.5
Sodium oxacillin, 0.18 0.050. 0.17 0.095 0.16 0.177 0.15 0.257 0.14 0.408 6.64 0.14 0.52 0 6.0
Sodium phenylbutazone 0.19 0.054 0.18 0.104 0.17 0.202 0.17 0.298 .0.17 0.488 5.34 0.17 .0.52
Sodium phosphate 0.29 0.168 0.27 0.47 3.33 0.27,-.0.52 0. 9.2
Sodium phosphate, dibasic 3

(2 Hy0) 0.42 0.24 2.23 0.40 0.52 0 9.2
Sodium phosphate, dibasic

(12 H,0) 0.22 0.21 4.45 0.20 0 9.2
Sodium propionate 0.61-0.35 1.47 0.61 0.52 0 7.8
Sodium salicylate 0.36 0.210¢ 263 0.36 0.2 0 6.7
Sodium succinate 0.32 0.092 0.32 0.184 0.31 0.361 290 031 0.5b2 0 8.5
Sodium sulfate, anhydrous 0.58 0.34 1.61 056 0.52 0 6.2
Sodium sulfite, exsiccated 0.65 0.38 1.45 0 9.6
Sodium sulfobromophthalein 0.07 0.019 0.06 0.034 0.05 0.060 0.05 0.084 0.04 0.123
Sodium tartrate 0.33 0.098 0.33 0.193 0.33 0.385 2.72 033 052 0 7.3
Sodium thiosulfate 0.31 0.181¢ 2.98 030 0.52 0 7.4
Sodium warfarin 0.18 0.049 0.17 0.095 0.16 0.181 0.15 0.264 0.15 0.430 6.10 0.15 0.52 0 8.1
Sorbitol (12 H,O) 5.48 Y 0 5.9
Sparteine sulfate 0.10 0.030 0.10 0.056 0.10 0.111 . 0.10 -0.167 0.10,. 0.277 9.46 0.10 0.52 19* 3.5
Spectinomycin HCl 0.16 0.045 0.16 0.092 0.16 0.185 0.16 0.280 - 0.16 0.460 5.66 0.16 0.52 3 4.4
Streptomycin HC1 0.17 0.10¢ 0.16 0.16
Streptomycin sulfate 0.07 0.036° 0.06 :0.10 0.06 0.17
Sucrose 0.08 0.047¢ 0.09 0.16  0.09 .0.26 ,925 0.10. 0.52 0 6.4
Sulfacetamide sodium 0.23 0.132¢ 0.23 .0.40 3.85 0.23 0.52 0 8.7
Sulfadiazine sodium 0.24 0.14 0.24 0.38 424 021 0.52 0 9.5
Sulfamerazine sodium 0.23 0.13 0.21 0.36 .4.53  0.20 0.52 0 9.8
Sulfapyridine sodium 0.23 0.13 0.21 0.36 455 020 052 | 5 104
Sulfathiazole sodium 0.22 0.13 0.20 0.35 482 0.19 0.52 0 9.9
Tartaric acid 0.143¢ 4 . 3.90 75* 1.7
Tetracaine HCI 0.18 0.109¢ .0.15 0.26 0.12 0.35
Tetracycline HC1 0.14 0.081¢ 0.10
Tetrahydrozoline HCl 4.10 60* 6.7
Theophylline 0.020 et
Theophylline sodium glycinate : 2.94 0 8.9
Thiamine HCI 0.139° 3 4.24 87* , 3.0
Thiethylperazine maleate 0.10 0.030 0.09 0.050 0.08 0.089 0.07 0:119 0.05 0.153 )
Thiopental sodium 0:16567 3.50 74 10.3
Thiopropazate diHCI] 0.20 0.053 0.16 0.090 0.12 0.137 0.10 0.170 0.08 0.222
Thioridazine HCI 0.06 0.015  0.05 0.026 0.04 0.042 0.03 0.055 0.03 0.075
Thiotepa 0.16 0.045 0.16 0.090 0.16 0.182 0.16 0.278 0.16., 0.460 ' 5.67 0.16 0.52 10* 8.2
Tridihexethyl chloride 0.16 0.047 0.16 0.086 0.16 0.191 0.16 0:280 .0.16 0.463 5.62 0.16 0.52 97 5.4
Triethanolamine. 0.20: 0.058 0.21 0.121 0.22 0.252 0.22 0,383 405 0.22 052, 100 10.7
Trifluoperazine 2HCI 0.18 0.052 0.18 0.100 :0.13 0.144
Triflupromazine HCl 0.10 0.031 0.09 0.051 0.05 0.061 0.04. 0.073 0.03 0.092
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0.5% 1% 2% 3% 5% Isoosmotic concentration«
E D E D E D E D E D % E D H pH
[} 3

Trimeprazine tartrate 0.10 0.023 0.06 0.035 0.04 0.045 0.03 0.052 0.02 0.061
Trimethadione - - 0.23 0.069--0.23 0.183-- 0.22 0.257 0.22 0.378 - - w422 - 021 052 --100 6.0
Trimethobenzamide HCI 0.12 0.033 0.10 0.062 0.10 0.108 0.09 0.153 0.08 0.232
Tripelennamine HC1 0.13¢ 5.50 100 6.3
Tromethamine 0.26 0.074 0.26 0.150 . 0.26 0.300 0.26 0.450 3.45 026 052 150 102
Tropicamide 0.10 0.030 0.09 0.050 8
Trypan blue 0.26 0.075 0.26 0.150 .
Tryparsamide 0.11¢ . 43
Tubocurarine chloride 0.076¢ I
Urea 0.59 0.34 1.63 0.55 052 100. .6.6
Urethan 0.18° 2.93 100 6.3
Uridine 0.12 0.035 0.12 0.069 0.12 0.138 0.12 0.208 0.12 0.333 8.18 0.11 0.52 0* 6.1
Valethamate bromide 0.16 0.044 0.15 0.085 0.15 0.168 0.14 0.238 0.11 0.324
Vancomycin sulfate 0.06 0.015 0.05.,0.028.. .0.04 0.049,. 0.04. 0.066 0,04 0.098. .,
Viomycin sulfate ., - 7 ; T 000841005, L i Lt 0.12 . 0.07.:0.20 - - :
Xylometazoline HCI 0.22 ,0.065 , 0.21.:0.121.  0.20 0.232 0.342 ) 4.68 L 019 0.562 88 5.0
Zinc.phenolsulfonate . | ' - : il — - : VA0 0* 54
Zinc sulfate 0.15. 0,086¢ 1, 0.5 0.23'" 0:120:35 765" 01 052 v

T SR ] ! L
« The unmarked values were taken from Hammarlund et-al'*~!% and Sapp et al.17 -

-.? Adapted from Lund et al.!?
¢ Adapted from BRC.™

4 Obtained from several sources.

1L

Epinephrine bitartrate

©.E: sodium chloride ‘equivalents.  B: = freezing-point-depression, °C. H: hs'mnlysu., Y, at the cmu:tenl.rntl(m wiuch is.is0- u:smo!.:c with, 0.9%
Nqu based on freezing-point determination .or equivalent.test. - pf; approximate pH nf solution st.udmd fnr hemoiy‘uc action.*: thange in
appearance of erythrocytes and/or solution.}”~19t:  pH determined after addition of ‘blood.

NB-—See also, Budavari S, ed: Merck[nde’t 11th ed, Merck & Co, R:ﬂlw.;v]\' IHBS, pp MlSL 79- 101

Appendix B—Isotonic Solution V-Values?0:* ‘
: Water . Water bl "Water
needed for | needed for | . needed for
" jsotonicity, ! S isotonicity, isotonicity;
Drug:(0.3 g) 2 mikt it o s Drug (0.3 g) mL Drug (0.3 g) mL

Alcohol Hopge Epinephrine hydrochloride 9.7 '

Ammonium chloride 37.3 Ethylmorphine hydrochloride 5.3 Silver nitrate 11.0

Amobarbital sodium 8.3 Fluorescein sodium 10.3 Silver protein, mild BT

Amphetamine phosphate 11.3 Glycerin 11.7 Sodium acetate 15.3

Amphetamine ‘iulhte B Holocaine hydmLhJonde 6.7 Sodium bicarbonate g

Antipyrine 5.7 Homatropine hydrubromlde (54 Sodium biphosphate, 15.3

Apormorphine hydrochlonde 4.7 ¢ Homa‘tropme meéthylbromide 6.3 anhydrous

Ascorbic acid 6.0 Hyosdyamme sulfate 4.9 Sodium biphosphate 13.3

Atropine methylbromide AT Neomyecin sulfate 3.7 Sodium bisulfite 20.3

Atropine sulfate ‘ 4.3 1 ‘Oxytetracycline hydrochloride 4s3,, Sodium borate 14.0

Bacitracin 1.7 Benicillin G, potassium 6.0 Sodium iodide 13.0
. Barbital sodium 10.0 Penicillin G, sodium ’ 6.0 . Sodium metabistilfite 22.3

Bismuth potassium tartrate 3.0 Pentobarbital sodium 8.3 Sodium nitrate 22.7
" Boric acid 16.7 Phenobarbital sodium 8.0 " Sodium phosphate 9:7

Butacaine sulfate 6.7 Physostigmine salicylate 513% Sodium propionate 20.3

Caffeine and sodium benzoate 8.7 Pilocarpine hydrochloride- 8.0 ¢ Sodium sulfite, exsiccated 21.7

Calcium chloride * 17.0 Pilocarpine nitrate 7.7 Sodium thiosulfate 10.3

Calcium chloride (6 Hy®) 117 Piperocaine hydrochloride 7.0 Streptomycin sulfate 2.3

Chlorobutanol (hydrated) .-8.0 Polymyxin B sulfate ; 3.0 Sulfacetamide sodium 7.7

Chlortetracycline sulfate 4.3 Potassium chloride 25.3 Sulfadiazine sodium 8.0

Cocaine hydrochloride 5.3 Potassium nitrate 18.7 Sulfamerazine sodium 7.7

Cupric sulfate 6.0 Potassmm phosph’lte 14.7 Sulfapyridine sodium 7.7

Dextrose, anhydrous 6.0 _ monobasic Sulfathiazole sodium 7.3

Dibucaine hydrochloride 4.3 Procmma.m;de hydrochloride’ 7.3 Tetracaine hydrochloride 6.0

Dihydrostreptomycin sulfate 2.0 Procaine hydrochloride 7.0 Tetracycline hydrochloride 4.7

Ephedrine hydrochloride 10.0 Scopolamine hydrobromide 4.0 Viomycin sulfate 2.7

Ephedrine sulfate 7.7 Scopolamine methylnitrate 5.3 Zinc chloride 20.3

6.0 Secobarbital sodium 8.0 Zinc sulfate 5.0

* Table of "“Isolonic Solution Values” showing volumes in mL of water to be added to 300 mg of the specified drug in sterile water to produce én isotonic

solution.

The addition of an isotonic vehicle ‘(commonly referred 'to as diluting solution) to make 30 mL yields 'a 1% solution.

Solutions prepared as directed above are 1soosmotlc with 0. 9% sodium chloride solution but may not be isotonic with blood (see Appendix A for

hemolysis data).

b V-values for drugs which do not appear in Appendix B, but are listed in Appendix A can be calculated from the sodium chloride equivalent for 1%

drug.
Evample
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0.19 g NaCl

1 g drug

for dilute solution 6.33 mL soln =

:Calculate the V-valué for anileridine HC] (Appendix A defines E = 0.19).
100 mL Soln
0.9 g Na(]

6.33 mL water

..V = 6.33 mLwater/0.3 g drug.

% 0.3 g drug = 6.33 mL Soln
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