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ABSTRACT: Dielectric and mechanical loss tangent measurements performed on networks prepared from
the cis (PCCS), trans (PTCS), and cis/trans (50/50, PCC) isomers of poly(oxymethylene-1,4-cyclo-
hexylenemethyleneoxysebacoyl) present a well-defined « absorption associated with the glass—rubber transition,
whose location and strength depends on the presernice of crystallites on the samples. The o mechanical absorption
at 1 Hz corresponding to amorphous PCCS and PCC networks is centered at —26 °C in both cases; however,
the maximum of the peak is shifted to ~17 °C for PTCS networks quenched from the melt. Only a weak
dielectric « process is detected at low frequencies in the latter networks due to the presence of crystallites
that presumably preclude the possibility that amorphous-phase dipoles can relax over all directions. Two
subglass mechanical relaxations labeled 3 and v and located at —60 and —140 °C (at 1 Hz), respectively, appear
in both PCCS and PCC networks, whereas the relaxation spectra of PTCS networks present at 0.1 Hz a broad
subglass § absorption that can be resolved in two overlapping peaks centered at ~80 (3;) and —105 °C (8,).
The fact that the mechanical relaxation spectra of PCCS and PCC are similar suggests that the § relaxation
in PTCS must be associated with molecular motion modes involving more than two structural units. However,
the dielectric loss tangent versus temperature plot of PCC presents in the subglass region all the absorptions
corresponding to the parent homopolymers. The critical interpretation of the dielectric relaxation behavior
of the networks indicates that subglass dielectric absorptions are probably caused by conformational changes
that take place in the glycol residue, whereas the mechanical responses may be caused by molecular motions
in which conformational changes take part that involve skeletal bonds beyond those of the glycol residue.

Introduction

In recent years attention has been paid to the studies
of relaxation phenomena in aliphatic polyesters after a long
period of relative neglect.!® These systems show a well-
developed glass-rubber transition that in some cases, owing
to the relative low melting point of some members of the
family, tend to interfere with the observation of crystalline
o, processes; consequently, the notation 3 is used to denote
this transition. Below the 8 peak another prominent ab-
sorption appears, labeled v, that can extend over an in-
terval of temperature of ca. 100 °C, and its behavior is
similar to the vy processes in polyethylene. Most of the
investigations in these polymers were undertaken with the
aim of elucidating the nature of the molecular motions that
occurring either in the amorphous or in the crystalline
phases give rise to the mechanical and dielectric relaxations
observed in polymers in general.$

An important family of polyesters, from a basic point
of view, is the one formed by polymers obtained by con-
densation of aliphatic diacids and glycols containing a
cyclohexane residue in their structure.%!® The mechanical
and dielectric properties should be strongly dependent on
both the conformations of the cyclohexane ring and the
relative positions of the carbon atoms in the cyclohexane
in which the substitution of the hydrogen atoms is per-
formed. Although three conformations (chair, boat, and
skew) are possible for cyclohexane, it seems that this ring
in the cycloaliphatic polyesters is in the chair form.?1% In

the case of 1,4-disubstituted cyclohexanes, the equatorially
substituted chair forms give rise to the trans isomers,
whereas cis isomers are obtained if the substitution is
equatorial/axial.

This work describes the results obtained from isocronal
experiments performed on model networks prepared from
the cis, trans, and copolymers cis/trans isomers of poly-
(oxymethylene-1,4-cyclohexylenemethyleneoxysebacoyl)
(PCS) chains. Attempts have also been made to establish
the molecular interpretation of the relaxations observed.

Experimental Section

Synthesis of the Polyesters. Hydroxyl-terminated chains
of poly(oxymethylene-1,4-trans-cyclohexylenemethyleneoxy-
sebacoyl) (PTCS), poly(oxymethylene-1,4-cis-cyclohexylene-
methyleneoxysebacoyl) (PCCS), and the copolymer (50/50) of
poly(oxymethylene-1,4-cis /trans-cyclohexylenemethyleneoxy-
sebacoyl) (PCC) were obtained by condensation of sebacic acid
with the corresponding isomers of 1,4-cyclohexanedimethanol.
The polymerization was carried out in xylene solutions by using
the procedure described elsewhere.® The glycol trans isomer had
previously been isolated from the commercial mixtures of cis and
trans (30/70) isomers by recrystallization from ethyl acetate. In
the same way, 1,4-cis-cyclohexanedimethanol had been obtained
by acetylation of commercial 1,4-cyclohexanedimethanol with
acetic anhydride by using the method given in ref 9. The all-planar
conformations of the repeating units of PTCS and PCCS are
shown in Figure 1.

Preparation of the Networks. PT'CS, PCCS, and PCC chains
of number-average molecular weights 6000, 7200, and 6800, re-
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Figure 1. Structural units of the cis and trans isomers of
poly(oxymethylene-1,4-cyclohexylenemethyleneoxysebacoyl) in
all-trans conformations.

spectively, were used to prepare model networks by end-linking
the hydroxyl-terminated chains with equimolecular amounts of
2,4-bis(p-isocyanatobenzyl)phenyl isocyanate. The soluble
fractions of PTCS, PCCS, and PCC networks amounted to 11%,
9%, and 11%, respectively.

The glass transition temperature of both amorphous PCCS and
slightly crystallized PTCS networks, measured with a Du Pont
943 TMA apparatus at a heating rate of 5 °C/min, was -40 and
—28 °C, respectively. The value of T, for PCC was also found to
be —38 °C. In some experiments PCCS and PTCS networks were
used that were crystallized from the melt at 20 °C for 7 days; the
melting temperatures of these networks, measured with a Perkin
DSC-4 calorimeter at 5 °C/min, were 40 and 59 °C, respectively.
It should be pointed out that the melting temperatures of the
uncross-linked PCCS and PTCS chains, measured in the same
conditions, were 48 and 70 °C, respectively. PCC networks, kept
at 20 °C for several weeks, did not crystallize.

Relaxation Measurements. Dynamic mechanical measure-
ments were performed with a PL-DMTA apparatus at a heating
rate of 1 °C/min. Dielectric measurements were carried out with
a three-terminal cell and a capacitance bridge (General Radio,
Type 1620 A) at nine frequencies lying in the range 0.2-100 kHz.
The dielectric measurements were made from low to high tem-
peratures in 10 °C steps; about 20 min were required to stabilize
the temperature in each step.

Experimental Results

Mechanical Relaxations. The crystallization of PCCS
networks, described in detail elsewhere,!! shows that the
reciprocal of the time required to achieve 10% of the total
crystallinity attainable presents a maximum at 0 °C, ca.
40 °C below the melting temperature of the crystallized
networks. As is easily understood, a decrease in temper-
ature initially increases the crystallization rate because of
the increase in undercooling but decreases it as the polymer
becomes sluggish and approaches the glassy state. The
crystallization rate at —20 and 13 °C is almost similar in
such a way that 10% of the total crystallinity is achieved
in ca. 500 min; however, this time reduces to only 100 min,
if the network crystallizes at 0 °C. The networks quenched
in liquid nitrogen from the melt do not exhibit crystalli-
zation vestiges at all. On the contrary, quenched PTCS
networks show weak signs of crystallinity. Since the total
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Figure 2. Mechanical loss tangent dependence on temperature,
at several frequencies, for amorphous poly(oxymethylene-1,4-
cyclohexylenemethyleneoxysebacoyl) (PCCS) networks: (0) 0.33,
(®) 1, (@) 3, and (©) 10 Hz.

Table I
Crystallinity of PCCS, PTCS, and PCC Networks
crystallinity,
network thermal history %
PCCS quenched from the melt in liquid 0
nitrogen
PCCS 7 days at 20 °C ~18
PTCS quenched from the melt in liquid vestiges (<1)
nitrogen
PTCS 7 days at 20 °C ~16
PCC 7 days at 20 °C 0

crystallinity developed in PT'CS and PCCS uncross-linked
chains amounts to 40% and 35%, respectively,!! it is ex-
pected that the total crystallinity attainable in the net-
works should be lower. By comparing the melting en-
thalpies of both PT'CS and PCCS networks with those of
the respective 100% crystalline chains,'? one obtains for
the crystallinity of the networks with different thermal
histories the values shown in Table I.

Dynamic mechanical results at four frequencies (0.33,
1, 3, and 10 Hz), obtained from low to high temperatures
on amorphous PCCS networks, are shown in Figure 2.
Like the aliphatic polyesters and polyamides,*® the cy-
cloaliphatic polyester shows a well-developed process
centered at —26 °C (at 1 Hz), named «, ostensibly to be
attributed to the glass—-rubber relaxation. Two subglass
relaxations, labeled 8 and v, can be seen in the relaxation
spectrum. The first one, centered at —60 °C (at 1 Hz),
although weaker than the « relaxation is still prominent,
and it overlaps with this relaxation at frequencies higher
than 1 Hz. The + relaxation appears as a well-defined and
broad relaxation below -100 °C.

A close inspection of the a relaxation in Figure 3 reveals
the presence of a small peak centered at —14 °C that is
attributed to incipient crystallization developed in the
networks above —20 °C. The effect of crystallinity in the
shape of the peak is also shown in Figure 3, where the
dynamic mechanical behavior of PCCS networks crystal-
lized under and without orientation is represented. As
occurs in other crystalline systems,®!3!4 the temperature
of the process is displaced upward, the width of the re-
laxation is much broader than in the amorphous one, and
the intensity of the peak decreases. This behavior is a
consequence of the fact that crystals restrict the gener-
alized long-range segmental motions in the amorphous
phase that are characteristic of a glass transition.!®* The
fact that the intensity of the peak is slightly higher in the



Macromolecules, Vol. 21, No. 7, 1988

N E i ) TTTOUT T T_—‘

|

I
-0 ¢ °c 0

1
-120 -80

Figure 3. Effect of crystallinity and orientation on the depen-
dence of the mechanical loss tangent on temperature for poly-
(oxymethylene-1,4-cis-cyclohexylenemethyleneoxysebacoyl)
networks, at 1 Hz: (©) amorphous network; (@) crystallized
network at 20 °C for 7 days; (©) crystallized network under an
elongation ratio of 1.24.

crystallized nonoriented network than in the oriented one
suggests that the orientation of the amorphous phase in
the latter networks suppresses some conformations in-
volved in the molecular motions that give rise to the re-
laxation process.

An important characteristic of the 8 subglass relaxation
is that it is broader than the glass-rubber and overlaps
with this process. Moreover, the shape and location of the
 relaxation are apparently insensitive to the presence of
crystallites but are slightly dependent on the orientation
of the amorphous phase. Again, the lower intensity of the
peak corresponding to the oriented networks seems to
suggest that the conformations that give rise to this re-
laxation are somewhat restricted. In any case the almost
null dependence of the strength of the peak on the crys-
tallinity of unoriented networks is in consonance with the
fact that the process must be associated with molecular
motions in the amorphous phase of localized character.

Because of experimental difficulties, mechanical loss
tangent versus temperature results were not obtained
below ~140 °C; consequently, the shape of the v relaxation
of PCCS networks could not be registered in its totality.
It should be pointed out, however, that the data at hand
indicate that the strength of the absorption is significantly
lower than that corresponding to the previous ones and,
at the same time, the orientation and crystallinity of chains
also decrease the strength of the relaxation process.

The relaxation behavior of quenched PTCS networks,
represented in Figure 4, shows a prominent relaxation
centered at =17 °C (at 1 Hz) followed by a diffuse and
broad relaxation that extends from ~-50 to ~-130 °C.
The strength and width of the first peak are comparable
to that exhibited by the glass~rubber transition in
amorphous PCCS, and also it is the result of long-range
motions in the amorphous phase. Therefore, the notation
«a is used for this relaxation. As can be seen in Figure 5,
the subglass relaxation can be resolved in two overlapping
peaks centered at ca. —80 °C (3,) and at —105 (3,, at 0.1
Hz).

The dynamic relaxation spectrum of PTCS networks,
crystallized at 20 °C for 7 days, is represented in Figure
6. As usual, the o absorption is shifted to higher tem-
perature, the relaxation strength decreases, and the width
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Figure 4. Dynamic mechanical loss tangent for poly(oxy-
methylene-1,4-trans-cyclohexylenemethyleneoxysebacoyl) (PTCS)
networks quenched from the melt, at several frequencies. (See
Figure 2 for the values of the frequencies attached to the symbols

indicated.)
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Figure 5. Subglass relaxations of the cis (O), trans (©), and
cis/trans (50/50) (@) isomers of poly(oxymethylene-1,4-cyclo-
hexylenemethyleneoxysebacoyl) at 0.1 Hz; the two first networks
were quenched from the melt.
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Figure 6. Mechanical relaxation spectrum at 1 Hz of PTCS
networks quenched from the melt (0) and crystallized at 20 °C
for 7 days (@).

of the absorption increases with respect to the « relaxation
of the slightly crystallized network. Moreover, the inten-
sity of the 8 peak decreases, indicating again that the
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Figure 7. Temperature dependence of the mechanical loss
tangent on temperature, at 1 Hz, for networks synthesized from
the cis (0), trans (©), and cis/trans (50/50) (®) isomers of
poly(oxymethylene-1,4-cyclohexylenemethyleneoxysebacoyl); the
two first networks were quenched from the melt.
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Figure 8. Temperature dependence of the dielectric loss tangent
on temperature for amorphous PCCS networks at several fre-
quencies: (0) 0.2, (A) 0.5, (1) 1, (®) 2, (&) 5, (@) 10, (@) 20, (A)
50, and (m) 100 kHz.

crystallites hinder the molecular motions involved in the
process. Consequently, the § relaxation must take place
mainly in the amorphous phase.

Comparison of the relaxation behavior of cis, trans, and
cis/trans (50/50) isomers of poly(oxymethylene-1,4-
cyclohexylenemethyleneoxysebacoyl) is shown in Figure
7. It can be seen that the relaxation spectrum of the
copolymer is similar to that of the cis isomer, since the «
and 8 absorptions are located at the same temperature as
the corresponding relaxations in PCCS. The absence of
crystallinity development in the copolymer during the
dynamic mechanical measurements causes the « relaxation
to be more symmetrical and its width to be narrower than
for this relaxation in PCCS and PTCS. The 8 peak, sig-
nificantly lower in intensity than this peak in the cis iso-
mer, does not show any contribution from the trans isomer
units present in the chains. The v absorption that appears
in PCCS is also observed in the copolymer.

Dielectric Relaxations. Values of the dielectric loss
tangent as a function of temperature for quenched PCCS,
PTCS, and PCC are shown in Figures 8-10, respectively,
at nine frequencies from 0.2 to 100 kHz. An examination
of the relaxation spectrum obtained at 0.2 kHz on the
initially amorphous PCCS networks reveals a prominent
« peak associated with the glass—rubber transition, cen-
tered at the same temperature as the o mechanical re-
laxation determined at 1 Hz. Moreover, a small shoulder
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Figure 9. Dielectric relaxation spectrum for PTCS networks,
quenched from the melt at several frequencies. (See Figure 8 for

the values of the frequencies attached to the symbols indicated.)
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Figure 10. Temperature dependence of the dielectric loss tangent
on temperature, at several frequencies, for networks prepared from
poly(oxymethylene-1,4-cis/trans-cyclohexylenemethyleneoxy-
sebacoyl) (50/50) chains. (See Figure 8 for the values of the
frequencies attached to the symbols indicated.)
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Figure 11. Dielectric loss tangent at 0.2 kHz for the amorphous
PCCS networks (0) and the same networks crystallized at 20 °C
for 7 days (@).

can be detected on the low-temperature side of the « re-
laxation (at ca. -50 °C) that presumably is the result of
the overlapping of the « and 8 peaks. Finally, a well-de-
veloped v relaxation appears at roughly the same tem-
perature as the mechanical one. Summing up, the di-
electric relaxation spectra of PCCS present absorption
peaks at low frequencies that are located at roughly the
same temperatures as in the dynamic mechanical spectra.
It should be stressed, however, that at frequencies above
1 kHz, both the 8 and v peaks are shifted to higher tem-
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Figure 12. Dielectric loss tangent at 0.2 kHz for PTCS networks
quenched from the melt (Q) and the same networks crystallized
at 20 °C for 7 days (@).

peratures and consequently overlap with the « relaxation.

Comparison of the diélectric relaxation spectra of
amorphous and crystalline PCCS networks at 0.2 kHz is
shown in Figure 11. The similarities between the two
spectra are higher than in the case of the mechanical ones.
It can be seen that crystallinity slightly decreases the in-
tensity of the « absorption, and it shifts a few degrees
upward the maximum of the peak. The § relaxation is
clearly detected in the crystalline network as a consequence
of the fact that the « relaxation is shifted to higher tem-
perature. The intensity and location of the 4 absorption
are not affected by the presence of crystallites in the
networks.

The dielectric loss tangent versus temperature plot for
quenched PTCS, shown in Figure 9, presents a broad 3
subglass process with a low-temperature side shoulder,
suggesting that as in the case of the mechanical relaxation,
the 8 peak is the result of two overlapping absorptions, one
centered in the vicinity of —110 °C at 0.2 kHz and the other
at =70 °C, almost 10 °C above the §; mechanical peak.

Owing to the slowness in fitting in the capacitance cell
the PTCS network quenched from the melt, significant
crystallization develops in the samples. An inspection of
the glass-rubber relaxation peak in Figures 9 and 12 re-
veals that the peak might be the result of two overlapping
peaks centered in the vicinity of —20 and 0 °C, respectively.
This phenomenon suggest that crystallinity may be so
incompiletely developed that crystalline entities are not
fully impinged and presumably two types of amorphous
material exist simultaneously: free or unconstrained and
intercrystalline constrained. Consequently two peaks,
named o and «’, could be associated to relaxation motions
of the dipoles in the free amorphous material of the un-
crystallized domains and in the intercrystalline amorphous
phase, respectively. Similar behavior occurs in poly-
(ethyleneterephthalate) (PET).15 The dielectric relaxation
spectrum of the PTCS network crystallized at 20 °C, ob-
tained at 0.2 kHz, is shown in Figure 12, By comparing
this spectrum with that obtained on the initially quenched
sample, one can see that the intensity of the § peak de-
creases as the crystallinity increases, the « peak is not
detected, and only a prominent «’ relaxation is present.

An important characteristic of the dielectric loss tangent
versus temperature plot corresponding to the copolymer
is that at difference with the mechanical spectrum it
presents at low frequencies all the relaxations that appear
in the parent homopolymers. As can be seen in Figure 10,
the spectrum at 0.2 kHz presents a glass-rubber relaxation
whose temperature at the loss maximum is located at —24
°C; the relaxation shows in turn a pronounced low-tem-
perature side shoulder at ca. —44 °C that corresponds to
the 8 peak of the cis component. Another relaxation
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Figure 13. Plot of the logarithm of the relaxation times associated
to the maximum of the a peak as a function of 1/(T + 100);
dielectric results for the copolymer PCC (®) and amorphous PCCS
(0); (®) mechanical results for amorphous PCCS networks.

centered at —70 °C corresponds to the §; peak of the trans
isomer, and the broad relaxation below -95 °C is the result
of overlapping the 8, absorption of the trans units and the
v relaxation of the cis component.

Temperature Dependence of the Relaxation Times.
To investigate whether the a process is really associated
with a change in free volume as occurs in the glass tran-
sition, we assumed that the relaxation time r;, associated
with a mechanism i, is related to the free volume by the
Doolittle equation'®

7; = A exp(B/¢) 1)

where B is a constant whose value is believed to be 1, and
¢ = (v = vy) /v, is the relative free volume, v, being the
occupied volume. The Doolittle equation leads to the
Vogel expression?’

log r; =log A’+ (m/2.303) /(T - T.) (2)

if the assumption is made that the volume v linearly in-
creases with temperature in accordance with

V= VO + af(T - Tw) (3)

where T, is the temperature at which the free volume
would be zero were it not for the formation of the glassy
state.!81% Accordingly, if the volume governs the process,
plots of the logarithm of the inverse of the frequency
against the temperature at which the loss maximum ap-
pears should be a straight line. Plots of this kind for the
mechanical and dielectric « relaxations of PCCS and for
the dielectric & process of PCC are shown in Figure 13.
Unfortunately, the o mechanical relaxation of the co-
polymer could not be studied because we only dispose of
loss tangent data at a single frequency. Moreover, it was
not advisable to proceed with this analysis in PTCS be-
cause significant crystallization occurs in the networks.

Since fitting of experimental results to eq 2 requires a
choice of T, trials were made until curvature was mostly
eliminated by using the rule of thumb that this parameter
is usually about 50 °C below the glass transition; thus 7.,
= -100 °C was found for PCCS and PCC, respectively.
The value of m in eq 2 is related to the free volume at T,
by the equation!®

m = (B/¢g)(T, - T.) @)
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Table 11
Activation Energies E, (in kcal mol™') Associated with the
Mechanical Subglass Relaxations for PCCS, PTCS, and
PCC Networks

network E.(3) E,(v)

PCCS 185 8 (6)°
18.5 (8

PTCS 29 (8,)

PCC 23

¢The quantity in parentheses represents the value of E, for the
dielectric relaxation.

Values of ¢,/B = 0.026 and 0.022 were calculated from the
analysis of the dielectric and mechanical results of PCCS,
respectively, in good agreement with the value of 0.025 *
0.005 reported for most amorphous polymers;'® the value
¢g/B = 0.021 is obtained from the dielectric results of the
copolymer. In view of these results it can be concluded
that the a processes in the amorphous polyesters is gov-
erned by the volume.

Values of the activation energies E, associated with the
8 and v relaxations, obtained from Arrhenius plots, are
shown in the second and third columns of Table II. It
is worthy to note that the activation energy involved in
both dielectric and mechanical v processes in PCCS is
similar. However, the activation energies associated with
the B processes in PCCS and PTCS are somewhat larger
than those reported for similar relaxations in aliphatic
polyesters, suggesting that the relaxations could involve
molecular motions in which the bulky cyclohexane ring
intervenes.

Discussion

Although the glass-rubber relaxation at low frequencies
is obviously dependent on intramolecular and intermole-
cular interactions, transitions that occur at high temper-
ature suggest relatively high barriers to bond rotations. In
other words, the glass-rubber transition is straightfor-
wardly connected to chain flexibility. Conformational
flexibility per skeletal bond of a chain of N skeletal bonds
may be expressed in terms of the conformational partition
function by the equation?

z=ZUN (5)

However, since Z depends on the conformation chosen as
reference, chain flexibility may alternatively be expressed
by the conformational entropy S, which is related to z by
the relationship??!

S =R(nz+ (T/z)dz/dT) (6)

which is independent of the reference state chosen for its
evaluation. Values of S were obtained by using the con-
formational energies described in detail elsewhere.>!* The
results obtained for S at 30 °C were 1.38 and 1.39 cal/(mol
K) for PCCS and PTCS, respectively. The closeness of
these values suggests that the glass—rubber relaxation
should take place in roughly the same interval of tem-
perature in both cases. The fact that the glass-rubber
relaxation for the cis isomer occurs at a slightly lower
temperature than for the trans isomer is partially a con-
sequence of the presence of crystallinity in the latter
polymers that can affect the transition in an unpredictable
manner.

Comparison of the relaxation behavior to that of the cis
(PCCT), trans (PCTT), and cis/trans (28/72 PTCT) iso-
mers of poly(1,4-cyclohexylenedimethyleneterephthalate)
(PCT)? is especially important to assign the molecular
motions that give rise to the subglass relaxations found in
the polymers described in the present work. The cis-
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cycloaromatic isomer (PCCT) shows a strong mechanical
v peak at =73 °C (at 1 Hz), and this relaxation is shifted
to —95 °C in the case of the trans isomer (PCTT).22
Moreover, the copolymer PTCT presents a composite v
peak, which can be resolved in two components associated
to the cis and trans glycols. It is worthy to point out that
poly(ethylene glycol terephthalate) (PET)?? exhibits a
mechanical v relaxation similar to that of PTCT, and this
suggests that a common mechanism is the cause of this
relaxation in PET and PCT polymers. It is believed that
the two primary processes centered at —73 and ~95 °C are
associated with the gauche and trans conformations of the
methylene bonds, respectively.?? Accordingly, the possi-
bility that the relaxation is caused by flip-flop motions of
the rigid cyclohexane chair as it seems to occur in cyclo-
hexyl polymer derivatives?#? should be ruled out.

The mechanical 8 relaxation of PCCS and the me-
chanical 4 absorption of PCCT appear at roughly the same
temperature, and both are symmetrical. The latter con-
ditions suggests a single dominant relaxation mechanism
involving the cyclohexane ring. The strength of the v
absorption in the cycloaromatic polyesters seems to be
significantly higher than the 8 absorption in the cyclo-
aliphatic ones. However, a big difference can be detected
in the mechanical subglass relaxation behavior of the trans
isomers of cycloaromatic and cycloaliphatic polyesters.
Thus, whereas the former exhibits a symmetric peak of
lower intensity than the cis,? the latter presents two
overlapping peaks. Moreover, it is worthy to point out that
the dynamic mechanical spectrum of PCT copolymers
shows a v relaxation that clearly can be resolved into two
peaks, one associated with the cis structural units and the
other with the trans, whereas the mechanical 3 absorption
of the cycloaliphatic copolymer PCC only presents the
contribution corresponding to the cis component. This
suggests that the mechanical 8 relaxation in PTCS must
be associated with molecular motion modes that probably
involve more than two units. Hence the presence of cis
structural units in the copolymer disrupts that motion, and
consequently the mechanical contribution from the trans
units to the 8 relaxation in PCC becomes negligible.

Cycloaromatic polyesters do not show a relaxation cen-
tered at -140 °C as the cis isomers of cycloaliphatic po-
lyesters do, and this seems to indicate that the mechanical
v relaxation in the latter polymer must be caused by
complex molecular motions involving skeletal bonds of the
axial-substituted part of the glycol coupled with motions
of some skeletal bonds of the acid residue.

The fact that the mechanical and dielectric relaxations
are centered at nearly the same temperature in PCCS
networks seems to suggest that the mechanisms respon-
sible for both types of relaxations should be similar. The
analysis of the structural characteristics of both PCCS and
PTCS chains indicates that the molecular mechanisms that
can give rise to significant dielectric activity are associated
with molecular motions of the skeletal bonds of the glycol
residue. The small correlation between the dipoles sepa-
rated by eight methylene groups of the acid residue seems
to preclude a significant contribution to the dielectric
activity of the chains from motions involving these meth-
ylene groups.

Values of the square of both the dipole moment and the
end-to-end distance r of the segment lying between i - 1
and i + 7 bonds in Figure 1 were calculated for the cis and
trans isomers of PCS by substituting the cyclohexane ring
for a 2.97-A virtual bond connecting the carbon atoms in
the 1,4-positions, its direction making angles 8, = 149.5°
and 6, = 101.7° with the equatorial and axial C-H bonds,



Macromolecules, Vol. 21, No. 7, 1988

Table III
Square Dipole Moments and Dimensions of Some
Representative Conformations Corresponding to Nine Bond
Segments (i - 1 through i + 7 in Figure 1) of the PCCS

Relaxations in Cycloaliphatic Polyester Networks 2127

Table IV
Square Dipole Moments and Dimensions of Some
Representative Conformations Corresponding to Nine Bond
Segments (i - 1 through i + 7 in Figure 1) of the PTCS

Chains Chains
conformation u?, D2 r2, A? conformation u?, D? r?, A?
tteeg*tt 7.17 55.6 ttetett 0 123.0
ttg=cg*tt 7.27 115.7 ttg*tg*tt 7.01 125.4
ttgTcgtt 14.28 91.8 ttgttg¥tt 0 149.3
tgTgegitt 1.42 120.7 tggTtgTtt 12.84 120.3
tg*cegtt 1.40 38.9 tgTg¥teg®t 10.71 85.5
ttceggtt 12.97 48.8 tg*gTteg®t 0.20 75.3
tgTgregTgt 12.75 111.2 ttetgTg*t 4.82 95.4
tg*gTegTg®t 0.68 129.1 tggTtgTg*t 12.07 119.4
tteeg*gtt 12.97 48.8 tg¥eteg™t 0 101.6
ttgfegTgTt 10.73 71.2 tgTeteg™t 9.16 95.8

respectively.® The remaining skeletal bond angles were
assumed to have the following values: Z/OCOCH, = 114°,
¢OCH,C,H = 110°, and <.CH,COCH, = 113°. Bond
lengths of 1.51, 1.53, 1.33, and 1.43 A were used for C-
H,-CO, CyH-CH,, 0-CO, and O-CH,, respectively. Ro-
tational states about O—-CH, bonds were assumed to be*'
located at £75°. Bond rotations of the same sign about
the two consecutive bonds O—-CH, and CH,-CyH in the
equatorially substituted side are not permitted; however,
bond rotations of different sign are allowed and apparently
have the same energy as the tt conformations. Finally,
CyH-CH, bonds in the axially substituted part are re-
stricted to £120°, while the rotational angles about these
bonds in the equatorially substituted side are 0 and £120°.
The dipole moment associated with each ester group has
a value of 1.89 D, and its direction makes an angle of 123°
to the direction of the CH,~CO bond.?

Taken as reference the planar conformations in Figure

1 for PTCS and PCCS are ttctett and ttecett, respectively,

the transformation of coordinates from reference frame i
+ 5toi + 4 and from { + 3 to i + 2 requires that 180° be
added to the rotational angles indicated above for i + 4
and i + 2; 8 = 0° and 180° for { + 3 virtual bond for the
trans and cis isomers, respectively.

Values of u? and 72 for the conformations allowed to the
cis glycol residue are shown in the second and third col-
umns of Table III. It can be seen that the polarities
corresponding to the two conformations of lowest energy
(ttg*cg*tt and ttg*cg*tt)® differ considerably, but the
square of the distance is similar in both cases. Thus the
values of 2 and r? are 7.27 D? and 115.7 A2 in the former
conformation and 14.28 D? and 91.8 A? in the latter. The
results of Table III indicate that it is possible to postulate
molecular motions involving conformational changes that
entail a significant dielectric and mechanical activity. For
example, transitions from tg*ccg®tt to tg*gTcg*g™t change
12 and r2 from 1.40 D? and 38.9 A2 to 12.75 D? and 111.2
A2 It is expected that the conformational transitions that
give rise to significant changes in polarity and length in-
tervene in the B relaxation, whereas in the v relaxation will
probably take part conformational transitions in which the
changes in u? and 72 are moderate. Although it is not
possible to state which of the conformations in Table ITI
will intervene in the 8 and v processes, the results suggest
that at least the dielectric absorptions must be caused by
conformation changes that take place in the glycol residue.

The results obtained for u? and r? in the trans glycol
residue are shown in Table IV. As in the cis isomer the
two conformations of lowest energy®!? ttg*tg*tt and ttg*-
tg¥tt exhibit similar vlaues for r? (125.4 and 149.3 A?,
respectively), but their polarities vastly differ. Thus the
values of u? are 7.01 and 0 D? for the former and latter
conformations, respectively. A close inspection of the

results of Table IV indicates that it is possible to postulate
conformational transitions that give rise to large dielectric
activity. However, the changes in r? are relatively small,
and this suggests that the mechanical response may be
caused by molecular motions in which take part confor-
mational changes that involve skeletal bonds beyond those
of the glycol residue.
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