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ABSTRACT: A series of poly(1,4-cyclohexylenedimethylene 1,4-cyclohexanedicarboxy-
late) (PCCD) samples, characterized by different cis/trans ratio of the 1,4-cyclohexa-
nedicarbonyl unit, have been synthesized and analyzed by thermogravimetry (TGA),
calorimetry (DSC), and X-ray diffraction (WAXD). The thermal stability results are
good and are not affected by the stereochemistry of the 1,4-cyclohexylene units. On
the other hand, the thermal transitions are notably influenced by the cis/trans con-
tent. With the increment of the ¢rans content the polymer changes from completely
amorphous to semicrystalline material. Ty, T.,, and crystallinity increase. These
results suggest that the trans configuration induces a better chain packing and
higher symmetry, improving the crystallizability of the samples. The effect of the mo-
lecular structure on the thermal properties is analyzed by using a statistical
approach. From the effective correlations found between stereochemistry of the Cg
rings and transition temperatures it is possible to extrapolate that the configuration
of 1,4-cyclohexylene ring deriving from 1,4-cyclohexanedicarboxylic acid or dimethyl
1,4-cyclohexanedicarboxylate results to be the main element responsible for the ther-
mal properties. This is due to the high rigidity of the 1,4-cyclohexanedicarbonyl unit
with respect to 1,4-cyclohexanedimethyleneoxy unit, deriving from the diol. © 2008
Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 46: 619-630, 2008
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INTRODUCTION

Poly(1,4-cyclohexylenedimethylene 1,4-cyclohex-
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phatic polyesters, characterized by good thermal
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Scheme 1. Chemical structure of monomers used to
synthesize PCCD.

weather, heat, light, and humidity. They are
materials with a large potential field of applica-
tions, especially after the recent improvements in
their preparation procedure.’ The synthesis
starts from 1,4-cyclohexanedicarboxylic acid
(CHDA) or dimethyl 1,4-cyclohexanedicarboxy-
late (DMCD) and 1,4-cyclohexanedimethanol
(CHDM) (see Scheme 1), which are monomers
characterized by the presence of 1,4-cyclohexy-
lene moieties. The 1,4-cyclohexylene rings adopt
a chair conformation which produces consider-
able rigidity in the polymer backbone. Indeed,
glass transition (7T,) and melting (T,,) tempera-
tures of polymers containing 1,4-cyclohexylene
moieties are found to be higher with respect to
those of the corresponding aromatic polymers.*®
Therefore, PCCD polymers are expected to have
good thermal properties, that is, high T, and T},
values.

Furthermore, it is noteworthy that the 1,4-
cyclohexylene rings can exist in two isomeric
forms, cis and #rans. Particular attention has
been paid in literature to the thermal cis/trans
isomerization of the 1,4-cyclohexylene rings
incorporated into the backbone of polyamides
and polyesters,®® because it appears that the
cis/trans ratio present depends on the chemical-
physical properties of the polymers. For exam-
ple, crystalline or liquid-crystalline phases are
characterized by the presence of the trans iso-
mer, whereas in isotropic phases a thermody-
namically stable cis/trans ratio of 34/66 is
found.®°!! Moreover, a considerable influence of
the cis/trans ratio on thermal behavior has also
been observed.'*18

In this work, a series of PCCD samples with
different cis/trans isomeric ratio have been
prepared. The samples can be divided into two
families: (i) samples obtained from CHDM
containing 66% trans isomer and CHDA with

various trans isomer content; (ii) samples deriv-
ing from CHDM containing 66% trans isomer
and DMCD with various ¢rans isomer content.

The cis/trans isomeric ratio equal to 34/66 is
commercially available for CHDM and does not
vary during the synthesis and characterization,
because CHDM is unable to isomerize.? On the
other hand, the 1,4-cyclohexylene rings in
CHDA and DMCD can isomerize, for example,
during the polymer synthesis or during thermal
treatments carried out at temperatures higher
than 260 °C and for longer than 1 h. Therefore,
the initial cis/trans ratio of the cycloaliphatic
units in the CHDA or DMCD monomers can
notably vary in the final PCCD polymers. Thus,
it appears very important to analyze the corre-
sponding possible changes in the thermal prop-
erties of the materials, and to find a relationship
between cis/trans ratio and properties.

For this reason, we have prepared PCCD
polymers with ¢rans content of the Cg rings
derived from CHDA and DMCD varying from
about 25 to 100%, and we have managed to pre-
vent the cis/trans isomerization of these cycloali-
phatic units under the conditions used in PCCD
characterization. The final aim of this work is to
try to distinguish the role of the configuration of
the 1,4-cyclohexylene ring deriving from CHDA
or DMCD from that of the ring deriving from
CHDM on the PCCD thermal properties.

As the characterization of the PCCD polymers
presents a notably complexity, mainly from a
structural point of view, in this article we report
only the first results obtained by TGA, DSC,
and WAXD analyses.

EXPERIMENTAL

Materials

The PCCDs were synthesized in our laboratories
in a two-stage process, starting from CHDA or
DMCD and CHDM, as described in literature.??
The monomers were purchased from Aldrich with
a defined cis/trans ratio. The CHDM used is char-
acterized by 66% of trans isomer content. CHDA
is a sample containing 99% of ¢trans isomer: dur-
ing the synthesis this percentage notably
decreases because the isomerization process is
catalyzed by acids. For this reason, it is possible
to obtain the PCCD polymers from CHDA with a
lower degree of trans content with respect to the
starting 99% trans content. Two commercial
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Table 1. Description of the PCCD Samples: trans
Isomer Percentage in the Polymers, Calculated on
the Cyclohexylene Rings Derived from CHDM,
CHDA, and DMCD; Molecular Weight and
Molecular Weight Distribution

trans % in
the Polymers?® M,
x107%  M./M,

Sample CHDM CHDA DMCD (g/mol)® (g/mol)®
D66-A79 66 79 - 20.8 2.3
D66-A91 66 91 - 39.1 2.0
D66-E24 66 - 24 43.3 2.2
D66-E52 66 - 52 83.7 2.7
D66-E66 66 - 66 56.3 2.9
D66-E81 66 - 81 60.4 2.4
D66-E90 66 - 90 45.6 2.4
D66-E97 66 - 97 55.1 2.2

2 Calculated by 'H NMR.
» Measured by GPC in CHCls.

DMCD samples have been used, characterized by
22 and 100% of trans isomer content, respectively.
The different percentages of trans isomer in the
Cg rings of polymers have been obtained by start-
ing of a convenient mechanical mixture of the two
DMCD monomers. The PCCD synthesis has been
carried out in the presence of titanium tetrabut-
oxide (TBT) as catalyst.

Characterization

The 'H NMR spectra were recorded at room
temperature on samples dissolved in CDCl;
using a Varian Mercury 400 spectrometer, the
proton frequency being 400 MHz. In Table 1 the
samples are coded as Dxx-A(or E)yy, where xx
indicates the percentage of Cg rings deriving
from CHDM (D) in trans configuration, and yy
the percentage of Cg rings deriving from CHDA
(A) or DMCD (E) in trans configuration. The
trans percentages reported are calculated by 'H
NMR on the polymer by using the ratio of the
signals centered at 2.3 (frans isomer) and 2.5
(cis isomer) ppm for the A or E units, and by
using the ratio of the signals centered at 3.9
(trans isomer) and 4.0 (cis isomer) ppm for the
D units. Molecular weights (expressed in equiva-
lent polystyrene) were determined by gel perme-
ation chromatography (GPC), using a Hewlett
Packard Series 1100 liquid chromatography
instrument equipped with a PL gel 54 Mixed-C
column. Chloroform was used as eluent, and a
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calibration plot was constructed with polysty-
rene standards.

The thermogravimetric analysis (TGA) was
performed using a Perkin-Elmer TGA7 thermo-
balance under nitrogen atmosphere (gas flow
40 mL/min) at 10 °C/min heating rate from 40
to 900 °C. The temperature of the maximum
degradation rate (Tp), corresponding to the max-
imum of the differential thermogravimetric
curve, was calculated.

The calorimetric analysis was performed by
means of a Perkin-Elmer DSC6, calibrated with
high-purity standards at the heating rates used
during the measurements. The measurements
were performed under nitrogen flow. To cancel
the previous thermal history, the samples were
initially heated to 250 °C (260 °C for D66-E97),
kept at this temperature for 1 min and then
cooled to 10 °C at 20 °C/min. After this thermal
treatment, the samples were analyzed by heat-
ing from 10 to 250 °C (260 °C for D66-E97) at
20 °C/min (2nd scan). During the cooling scan
the crystallization temperature (T'cc) and the
enthalpy of crystallization (AHcc) were meas-
ured. During the 2nd scan the T, the T, and
the enthalpy of fusion (AH,) were measured.
Other peculiar thermal treatments are described
in the Results and Discussion part.

The wide-angle X-ray scattering (WAXD) data
were collected with a X'PertPro diffractometer,
equipped with a copper anode (K, radiation, /1 =
1.5418 A). The data were collected in the 260
range 5°—60° by means of a X’Celerator detector.
In situ high-temperature X-ray diffraction was
performed by an Anton Paar TTK450 camera.

RESULTS AND DISCUSSION

Thermogravimetric Analysis

The PCCD samples are materials with high
thermal stability. Under nitrogen flow the degra-
dation process begins above 380—400 °C and
occurs in a single step up to a complete weight
loss, as shown in Figure 1. The temperatures of
the maximum degradation rate (Tp), reported in
Table 2, evidence that all the samples behave in
a very similar way, independently of the configu-
ration of the Cg rings. This result excludes an
influence of the cis/trans ratio of the 1,4-cyclo-
hexylene units deriving from CHDA or DMCD
on the PCCD thermal stability.
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Figure 1. TGA thermograms for D66-E66 and D66-

E97 PCCD samples, obtained under nitrogen flow at
10 °C/min.

DSC Analysis

Table 2 shows the DSC results obtained after a
first heating scan at 250-260 °C (depending on
the melting process of the samples) and 1 min of
isotherm at the melting temperature, treatment
carried out to cancel the thermal history.

From the data of Table 2, it is noteworthy
that during the cooling scan from the melt at
20 °C/min only certain samples crystallize. In
particular only D66-A79, D66-A91, D66-E81,
D66-E90, D66-E97 samples—in other words,
only those samples with the highest ¢rans con-
tent—crystallize. Figure 2 shows the cooling
scans of these samples. It may be observed that
in general the exothermal peaks become more
and more intense and narrow as the ¢rans con-
tent increases, in particular by comparing the
samples belonging to one of the two series (D66-

Table 2. TGA and DSC Data
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Figure 2. DSC traces obtained during the cooling
from the melt at 20 °C/min.

A79 and D66-A91; D66-E81, D66-E90, and D66-
E97). Accordingly, the temperature at which
crystallization from the melt occurs (T'cc) and
enthalpy (AHcc) tend to increase, as shown in
Table 2. For example, for the D66-Eyy series,
the D66-E81 sample shows a crystallization pro-
cess very wide and with relatively low intensity,
whereas the D66-E97 sample shows a crystalli-
zation temperature higher than 60 °C and the
capacity to reach a relatively higher degree of
crystallinity, as suggested by the AHgc value.
Therefore, the trans configuration of the Cg
rings along the chain notably influence the
capacity of the samples to crystallize and the
crystallinity. It is significant that the other sam-
ples, with a percentage of trans stereoisomer
equal or lower than 66%, are totally unable to
rearrange toward an ordered state, in the exper-
imental conditions used.

Sample  Tp (°C)*  Tec (CC  AHee (J/g)® Ty (CCF°  Tw CCF  AH,, (J/g)°
D66-A79 464 149 25 60 187-201 30
D66-A91 458 170 28 68 209-218 30
D66-E24 462 - - 41 - -
D66-E52 462 - - 52 - -
D66-E66 465 - - 56 - -
D66-E81 461 138 22 64 195-205 22
D66-E90 459 177 31 70 219-226 27
D66-E97 458 198 31 - 233 30

& Temperature of the maximum degradation rate, measured in TGA under Ny flow at 10 °C/min.
b Measured in DSC during the cooling scan at 20 °C/min.
¢ Measured in DSC during the 2nd heating scan at 20 °C/min.
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Figure 3. DSC traces recorded during the heating
scan at 20 °C/min.

It is notable that D66-A79 and D66-E81 sam-
ples have the same trans composition but differ
in Tcc by about 11 °C (149 °C for D66-A79 and
138 °C for D66-E81). This behavior can be justi-
fied by considering the low-molecular weight of
the D66-A79 sample, with respect to the other
PCCDs.

Figure 3 shows the second heating scans of all
the samples, carried out at 20 °C/min after the
cooling scan at 20 °C/min. It is confirmed that
for these scan rates some PCCD samples (D66-
E24, D66-E52, D66-E66)—the samples contain-
ing 66% or less than 66% of the ¢rans isomer of
1,4-cyclohexanedicarbonyl units—do not show
the capacity to crystallize, and thus have the
characteristics of completely amorphous materi-
als. On the other hand, for ¢rans content equal
or higher than 79% the PCCD are semicrystal-
line, with T,s increasing notably, up to 233 °C
for the highest ¢rans content. Correspondingly,
AH, also reaches a high value (30 J/g). There-
fore, the stereochemistry of the 1,4-cyclohexylene
rings plays a fundamental role in determining
the thermal behavior of PCCD.

The tendency of the trans Cg rings, deriving
both from CHDA (or DMCD) and CHDM, to
crystallize can be explained by considering that
in this configuration the chain assumes a more
“stretched” form and a higher symmetry, and
thus has a better packing capacity. On the other
hand, compared with the ¢rans isomer, the cis
1,4-cyclohexylene rings introduce “kinks” into
the main chain, which may hinder the formation
of stable crystals. This observation is in agree-

Journal of Polymer Science: Part B: Polymer Physics
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ment with the literature studies. For example,
in liquid-crystalline polyesters only the ¢rans
isomer is compatible with melt anisotropy.'® The
cis units represent “kinks” which disrupt the
rigid-rod main-chain structure, leading to nonor-
dered polymers.>'* Moreover, in partially cycl-
oaliphatic polyamides, characterized by the
insertion of 1,4-cyclohexylene rings along the
chains, only the t{rans isomer was found to be
present inside the crystals, whereas the cis
units are located in the amorphous phase.'%!:17
Again, Kricheldorf and Schwarz,® who studied
the thermodynamically controlled cis/trans ratio
of polyesters deriving from CHDA, observed
that the favored ¢rans content of the crystalline
material is 100%. Moreover, the formation of
stable crystals of trans isomer seems to be the
driving force for the observed cis—trans isomeri-
zation in various polyesters.%®

By observing the curves reported in Figure 3, it
is also evident that all the semicrystalline sam-
ples, with exception of D66-E97, present a double
melting peak. As far as the melting process is con-
cerned, it is worth remembering that the multiple
behavior of semicrystalline polymers has been
intensely studied in the past and can give rise to
controversial interpretations. The main hypothe-
ses invoked to explain the multiple behavior are
(i) a melting-recrystallization-remelting process
occurring during the calorimetric scan;1972¢ (ii)
existence of different crystal structures.?2”?® For
numerous polymers, and for polyesters in particu-
lar, the multiple behavior is generally explained
in terms of a melting-recrystallization-remelting
process. The low endotherm is because of the
superimposition of the melting endotherm of the
pre-existing crystals and the recrystallization
exotherm of the just molten material. The high
endotherm, located at temperatures where the
recrystallization cannot occur more, is due to the
melting of the crystals formed during the heating
scan as dominant process.

A multiple melting behavior arising from
melting-recrystallization-remelting during heat-
ing generally exhibits a strong dependence on
the heating rate. Figure 4 shows the effect of
the heating rate on the melting peak of the D66-
A91 sample crystallized from the melt at 20 °C/
min. It is evident that the separation of the
melting process into two well-separated peaks is
more significant at low-heating rates (curves c—
e), suggesting that in these cases a recrystalliza-
tion of the crystalline phase can be promoted.
However, there is not a clear evidence of the
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Figure 4. DSC heating curves performed on D66-
A91 sample after crystallization from the melt at
20 °C/min: (a) scan at 40 °C/min; (b) scan at 20 °C/
min; (¢) scan at 10 °C/min; (d) scan at 5°/min; (e) scan
at 1 °C/min; (f) scan at 5 °C/min from 10 to 215 °C,
isotherm for 30 min at 215 °C and scan from 215 to
250 at 5 °C/min. The curves have not been corrected
for changes in the thermal lag with the heating rate.

expected shift of the high endotherm to major
temperatures and the expected increment of its
intensity with the decrement of the heating
rate. Moreover, to improve the recrystallization
process at high temperature, the sample, crys-
tallized at 20 °C/min, was heated to 215 °C (the
end of the 1st peak) at 5 °C/min, held at this
temperature for 30 min and then heated to
250 °C at 5 °C/min (curve f in the insert). It is
evident that the high-melting peak notably
increases of intensity. Therefore, the result
suggests that the sample shows the melting-
recrystallization process well known for poly-
esters, 222372629 Lt other possibilities, as for
example the presence of two different crystalline
structures, cannot be excluded. For this reason
the X-ray diffraction analysis becomes a very
powerful technique to understand the thermal
behavior of the samples. In any case, it is nota-
ble that the sample with the highest trans con-
tent shows only a melting peak, suggesting the
presence of more perfect and stable crystals.
Moreover, as the melting-recrystallization pro-
cess during the fusion is really probable in the
PCCD samples, the melting enthalpy values
reported in Table 2 are only indicative data,
because they do not refer to a simple melting
phenomenon, but to a more complex process.
This could be a reason why there is not a perfect

coincidence between the crystallization and
melting enthalpies in Table 2.

As regards the T, Table 2 shows the experi-
mental data. The table is not complete because
the sample D66-E97, with the highest crystallin-
ity, does not show any endothermal shift of base-
line, indicating that in this case the percentage
of amorphous phase is not detectable by DSC in
the experimental conditions used in this work.
It is notable that the T, values increase as the
trans percentage increases. For example, in the
series D66-Eyy, from D66-E24 to D66-E90, T,
increases by about 30 °C (from 41 to 70). This
increment is highly significant. Similar effects of
the cis/trans ratio on Ty have been observed, for
example, in polyamides obtained from CHDA
and various diamines: from 23 to 100% trans
content of the 1,4-cyclohexylene moieties T
increases up to about 17 °C.15

Considerable information exists in literature
on the influence of the structure upon the T,.
The most important factors influencing the value
of Ty were found to be the chain flexibility, sym-
metry, and the steric hindrance and bulkiness of
the side groups attached to the back-bone chain.
In amorphous polymers it has been observed that
an increment in symmetry can induce an incre-
ment in Ty, as seen for example in 1,4-ring sub-
stituted nylon 66 copolyamides which have
higher T, values with respect to 1,2- and 1,3-ring
substituted copolyamides.* One explanation for
this behavior is that in 1,4-ring polymers a better
molecular fit is achieved in the polymer back-
bone, resulting in a better chain packing and
improved orientation, which would restrict the
movement of the chains upon heating. The same
consideration can be made for analyzed poly-
mers, where the trans isomer is more symmetri-
cal than the cis isomer. Moreover, in the presence
of high trans % the high T, values observed can
be traced to the notable level of crystallinity,
which creates numerous impediments to chain
mobility in the amorphous state.

WAXD Analysis

Before WAXD measurements, the samples were
submitted to the same thermal treatments
(heating at 20 °C/min to fusion, isotherm for
1 min, cooling at 20 °C/min) as the samples
showed in Figure 3. Figure 5 shows the X-ray
powder diffraction patterns of some PCCD sam-
ples which resulted semicrystalline.

Journal of Polymer Science: Part B: Polymer Physics
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Figure 5. X-ray diffraction patterns of the semicrys-
talline PCCD samples.

The WAXD patterns of D66-A79, D66-A91,
D66-E90, and D66-E97 samples are character-
ized by the presence of peaks positioned essen-
tially at the same angular values: this evidence
suggests that the ordered fraction is arranged in
the same crystalline phase. By comparing the
WAXD data and the T',s (Fig. 3 and Table 2), it
is surprising that the D66-A79, D66-A91, D66-
E90, and D66-E97 samples have very similar
X-ray diffraction patterns (and thus same crys-
talline structure, crystallinity degree, and crys-
tal perfection) and T, varying from 187-201 °C
to 233 °C, that is, in a very wide range, of about
40-50 °C. To better understand this behavior,
the in situ WAXD analysis has been carried out
as a function of the temperature, and the results
for the D66-A91 sample are reported in Figure 6
as an example. It is evident that during the
heating scan a change in the X-ray diffraction
pattern takes place starting at about 90 °C: the
number of peaks increases and the crystallinity
degree becomes higher. This modification results
to be reversible, that is, it also occurs during the
cooling scan from high to low temperatures. It is
notable that the correspondent thermal transi-
tions are not clearly evident in the DSC traces,
at least in the experimental conditions used in
this work. Moreover, these crystal rearrange-
ments take place also in the other PCCD sam-
ples, but at different temperatures depending on
the material characteristics.

Therefore, at room temperature the PCCD
crystals are characterized by a low degree of
perfection, whereas at high temperatures they

Journal of Polymer Science: Part B: Polymer Physics
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tend to acquire more perfection or to assume a
different, more ordered crystalline structure.
For this reason, there is not a strict correlation
between the diffraction patterns of Figure 5,
which refers to the sample at room temperature,
and the T, data of Table 2, which are the T,,s
of crystals rearranged during the heating scan.
Anyway, to better understand this process a
more detailed study is necessary, which will be
the object of a following study together with spe-
cific thermal treatments to improve the polymer
crystallinity.

Molecular Structure Analysis

As the thermal behavior of the PCCD samples is
very complex, a first attempt to correlate the
structure of the samples with their thermal
properties has been made. In this section the
chemical structure of the polymer has been ana-
lyzed by considering that the two units charac-
teristic of the PCCD are the 1,4-cyclohexanedi-
carbonyl unit (called A/E), deriving from CHDA
or DMCD, and the 1,4-cyclohexanedimethyle-
neoxy unit (called D), deriving from CHDM.
Attention has been focused on a sequence of
three 1,4-cyclohexylene rings: D-A/E-D and A/E-
D-A/E, represented in Scheme 2.

Considering that each ring can be in trans (¢)
or cis (c) configuration, eight different triads are
possible (tt¢, ctt, tet, tic, cct, tee, cte, cee) for each
D-A/E-D or A/E-D-A/E sequence. As the polymer
chain is very long, it can be considered as
formed by a high number of triads and each
triad can assume one of the eight configurations

AU
(o}
o
> E

2 10 15 20 25 30
2 theta (7)

Figure 6. In situ high-temperature WAXD for D66-
A91 sample.
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Scheme 2. Representation of the different sequences of three 1,4-cyclohexylene
rings considered for the determination of the probability of finding the triads

reported in Tables 3 and 4.

described earlier, in a random distribution.
Therefore, the probability (P) of finding a peculiar
triad, for example the probability P;. of finding
the tct triad, within the chain is calculated from
the product of the probability (f. or f;) of finding
the cis or trans configuration for each ring:

Pyt = (ft - fe - f) - 100

f; and f, are calculated by the ¢rans and cis con-
tent of D and A/E units, reported in Table 1, di-
vided by 100.

Firstly, the D-A/E-D sequence was analyzed.
Table 3 shows the probabilities of finding the
eight possible triads within the chains in the an-
alyzed samples.

As regards the thermal transitions character-
istic of the PCCD samples, the DSC data of
Table 2 have been used, independently of the
crystal modifications occurring during the heat-
ing scan (shown in Fig. 6). Indeed, these ther-
mal transitions are those which characterize the
thermal behavior and the practical applications
of the samples.

A first correlation between molecular structure
and thermal properties is described in Figure 7,

where the T, values (Table 2) are reported as a
function of the probability of finding the #t¢, cit,
tet, tie, cct, tee, cte, and cce triads (Table 3). For the
samples presenting a double melting peak, only
the first peak is reported, due to the fact that, for
the possible melting-recrystallization process, it
corresponds to the melting of the crystals actually
formed at Tcc during the cooling scan.

Firstly, it is noteworthy that linear trends,
with good correlation coefficients, are obtained.
Moreover, it is notable that T, increases with
the increment of the percentage of four triads
(ttt, ctt, ttc, and ctc). For example, T, varies
from 190 to 230 °C when the percentage of the
ttt triads changes from about 35 to 42%. The
same trend is observed for the ctt and #tc triads,
that is, for triads containing two consecutive
rings in trans configuration. This result suggests
that a high percentage of two or three t¢rans
sequences has a significant role in improving
the crystalline perfection of PCCD. The observa-
tion is in perfect agreement with the previous
discussion and with the literature results.

Moreover, by observing Figure 7, it may also
be seen that the ctc triads, that is, the triads
containing only the unit A/E in trans configura-

Table 3. Probability of Finding the tt¢, ctt, tct, ttc, cct, tce, cte, and cec Triads

in the D-A/E-D Sequence

Sample Pttt (%) Pctt (%) Ptct (%) Pttc (%) Pcct (%) Ptcc (%) Pctc (%) Pccc (%)
D66-A79 344 17.7 9.1 17.7 4.7 4.7 9.1 2.4
D66-A91  39.6 20.4 3.9 20.4 2.0 2.0 10.5 1.0
D66-E24  10.5 5.4 33.1 5.4 17.1 17.1 2.8 8.8
D66-E52  22.7 11.7 20.9 11.7 10.8 10.8 6.0 5.5
D66-E66  28.7 14.8 14.8 14.8 7.6 7.6 7.6 3.9
D66-E81  35.3 18.2 8.3 18.2 4.3 4.3 9.4 2.2
D66-E90  39.2 20.2 4.4 20.2 2.2 2.2 10.4 1.2
D66-E97  42.3 21.8 1.3 21.8 0.7 0.7 11.2 0.3
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Figure 7. Trends of T, versus the probabilities of
finding the #tt, ctt, tct, tte, cct, tee, cte, and cce triads
in the D-A/E-D sequence.

tion, improve T4, significantly, independently of
the fact that the other two rings are in cis con-
figuration. This result is important because it is
a first indication of a different effect of the ster-
eochemistry of the D and A/E units on thermal
properties.

Analysis of the remaining curves shows that
T, decreases as the percentages of the ccc, tcc,
cct, and tct triads increase. Also in this case, for
the sequences of two or three rings in cis config-
uration, the result is expected: the presence of
“kinks” along the macromolecular chains pre-
vents a high-crystal perfection and high-melting
peak. However, the decrement of T, with the in-
crement of the percentage of tct sequences is
very interesting: in this case, if the A/E unit
presents the ring in cis configuration, crystal
perfection decreases. Instead, we observed that
the ctc triads improve T,. Therefore, it seems
that the configuration of the A/E unit has a very
important effect in influencing the trend of T',.

Given these results, the effect of the percent-
age of triads on the crystallization temperature,
measured in DSC during the cooling scan from
the melt (Table 2), is also significant. In Figure 8
it is evident that the presence of the #¢t, ctt, ttc,
and ctc triads causes an increment of Tcc. The
trends are the same with respect to those
observed in Figure 7, indicating that a high-
crystallization capacity and crystal perfection
are improved by the presence of two and three
sequences of rings in frans and, more signifi-
cantly, by the presence of an isolated ring,
belonging to A/E unit, in ¢trans configuration. On

Journal of Polymer Science: Part B: Polymer Physics
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the contrary, two and three sequences of rings
in cis and, more significantly, an isolated ring
belonging to A/E unit, in cis configuration in-
hibit the crystallization process.

Therefore, to emphasize the different effect of
the stereochemistry of the Cg ring, depending on
whether it belongs to A/E or D unit, we have an-
alyzed the molecular structure of the PCCD
samples focusing on the A/E-D-A/E sequences
[Scheme 2(b)]. In this case, two A/E units and
only one D unit have been considered. The prob-
ability of finding the eight possible triads (¢,
ctt, tet, tte, cct, tee, cte, cee) has been calculated
and the results are reported in Table 4.

Figure 9 describes the trend of T, as a func-
tion of the probability of finding the different
triads in the A/E-D-A/E system. Now an impor-
tant difference may be seen with respect to the
trends reported in Figures 7 and 8: the incre-
ment of T, occurs only for two kinds of sequen-
ces, that is, ¢t and ¢ct. All the other sequences
(ccc, cct, cte, tee, tte, and ctt) induce a decrement
of T,,. It is notable that for T¢c the trend is
exactly the same. Therefore, the ccc, cct, cte, tee,
ttc, and ctt triads are responsible of lower crys-
tal perfection and lower tendency to crystallize.
Then, in this case the presence of two consecu-
tive rings in ¢rans configuration (triads ¢tc and
ctt) is not determinant in improving crystalliz-
ability. Indeed, the configuration of the ring of
A/E unit appears to be the most important fac-
tor influencing crystallization capacity: its trans
configuration favors crystallization, whereas its
cis configuration is unfavorable.
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Figure 8. Trends of T'cc versus the probabilities of
finding the #tt, ctt, tct, tte, cct, tee, cte, and cce triads
in the D-A/E-D sequence.
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Table 4. Probability of Finding the tt¢, ctt, tct, ttc, cct, tce, cte, and cec Triads

in the A/E-D-A/E Sequence

Sample Pttt (%) Pctt (%) Ptct (%) Pttc (%) Pcct (%) Ptcc (%) Pctc (%) Pccc (%)
D66-A79  41.2 10.9 21.2 10.9 5.6 5.6 2.9 1.5
D66-A91  54.7 5.4 28.2 5.4 2.8 2.8 0.5 0.3
D66-E24 3.8 12.0 2.0 12.0 6.2 6.2 38.1 19.6
D66-E52 17.8 16.5 9.1 16.5 8.4 8.4 15.2 7.8
D66-E66  28.7 14.8 14.8 14.8 7.6 7.6 7.6 3.9
D66-E81  43.3 10.2 22.3 10.2 5.2 5.2 2.4 1.2
D66-E90  53.5 5.9 27.5 5.9 3.1 3.1 0.7 0.3
D66-E97  62.1 1.9 32.0 1.9 1.0 1.0 0.1 0.03

As regards the glass transition, Figure 10
describes the trend of T, as a function of the
probability of finding the different triads in the
D-A/E-D sequences. It is notable that the same
results discussed for T, and T¢c (Figs. 7 and 8)
are obtained. Analogously, for the A/E-D-A/E
sequences the trend of Ty versus the probability
of finding the different triads is exactly the
same of that shown in Figure 9 for 7, and that
obtained for Tcc. As a conclusion, T, increases
as the percentage of ¢#t triads increases and
when the 1,4-cyclohexylene ring in A/E unit is
in trans configuration.

The results obtained can be discussed by
observing the configurations of the two sequen-
ces D-A/E-D shown in Scheme 3: ctc and ict.
The influence of these two sequences on the
thermal transitions, previously discussed, is sig-
nificant because the first sequence (a) causes an
increment of Ty, T'cc, and T, whereas the sec-
ond (b) induces a decrement of the Ty, Tcc, and
T, (see Figs. 7, 8, and 10). When the Cg ring in
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Figure 9. Trends of T, versus the probabilities of
finding the #tt, ctt, tct, tte, cct, tee, cte, and cce triads
in the A/E-D-A/E sequence.

A/E unit is in trans configuration an improve-
ment of the thermal properties occurs, whereas
when the Cg ring is in cis configuration the ther-
mal properties are lower.

It is noteworthy that the central ring is
linked to two ester groups, where the carbon
atoms are characterized by sp? hybridization,
with planar geometry and bond angles of 120°.
This structure has a certain degree of rigidity.
On the other hand, in unit D the rings are con-
nected to two —CHy— groups, which are char-
acterized by carbon atoms with sp® hybridiza-
tion, tetrahedral geometry, and bond angles of
about 109°. In this case, each carbon atom pos-
sesses a higher mobility and can assume differ-
ent but equivalent orientations in space. There-
fore, the most rigid structure, the A/E unit, is
found to have the highest influence in determin-
ing the thermal properties.

In particular, the rigidity of A/E unit in ¢rans
configuration [Scheme 3(a)] gives a high symme-
try to ctc triad, improving chain packing, crystal-

-c-cand c-c-f

folc: aNd G-tet

20 30
Probability in D-A/E-D sequence (%)

40 50

Figure 10. Trends of T, versus the probabilities of
finding the #tt, ctt, tct, tte, cct, tee, cte, and cce triads
in the D-A/E-D sequence.
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cis D — trans A/E —cis D

o)
c
o~

trans D — cis A/E — trans D

Scheme 3. Two configurations of D-A/E-D sequence.

line order, and also T;. On the other hand, the
cis configuration of A/E unit [Scheme 3(b)] is
characterized by a high-steric hindrance of the
two substituent groups. This leads to less proba-
bility of chain folding and crystallizability for ¢ct
than ctc triad.

CONCLUSIONS

The study of the thermal properties of PCCD
has been performed on samples at different cis/
trans ratio of the 1,4-cyclohexylene units deriv-
ing both from CHDA (A) or DMCD (E). It is no-
table that the cis/trans ratio is retained during
thermal treatments, as isomerization between
the two configurations does not take place. As a
result, the thermal behavior of PCCD is highly
dependent on the stereochemistry of the 1,4-
cyclohexylene units. With the increment of the
trans content, the polymer changes from com-
pletely amorphous to semicrystalline material.
Correspondingly, T, increases from about 40 to
70 °C and T,, varies from about 190 to 235 °C.
This behavior has been attributed to the better
chain packing which occurs in the presence
of the more “stretched" #¢rans configuration.
Indeed, the rings in cis configuration cause
“kinks” and a lower degree of symmetry.
Moreover, an analysis of the molecular struc-
ture shows that the stereochemistry of 1,4-cyclo-
hexylene ring deriving from CHDA or DMCD is

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb

the main element responsible for the thermal
properties. This result is due to the higher rigid-
ity of the 1,4-cyclohexanedicarbonyl unit with
respect to 1,4-cyclohexanedimethyleneoxy unit,
deriving from CHDM. Therefore, when the
most rigid structure is in ¢rans configuration
Tq, Tw, and Tcc tend to increase, whereas the
cis configuration of the 1,4-cyclohexanedicar-
bonyl unit tends to induce a decrement of T,
and crystallizability.

Some aspects about the crystalline phase and
the crystal modifications occurring during the
heating and cooling scans are now under inves-
tigation and will be the object of a future study.
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