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pension structures,? 2 the conformation of flexible po-
lyelectrolytes,?3! and dynamic properties of macroions.?23

Figure 5 shows the concentration dependencies of the
rotational relaxation times of HPAA. The 7,’s decreased
slightly (especially for HPAA of « = 0.177) as the polymer
concentration increased. This means that the conforma-
tion of HPAA begins to shrink with increasing concen-
tration, which is reasonable if we take into account the
increased effect of electrostatic shielding on the intrama-
croion repulsion with polymer concentration.

It should be emphasized here that the relaxation times
observed by the CSF method do not always give only the
fast rotational relaxation times (7,). The slower relaxations,
which are usually over 10 times larger, are often observed,
especially for low molecular weight HPAA samples. The
slow process is identified tentatively as the fluctuation of
local assemblies of macroions in solution. Regrettably, the
values of relaxation times reported previously for HPAA
solution!? were slow steps, not the fast rotational ones,
because the previous relaxation time data were too large
compared with those expected from the theory, eq 3.

In conclusion, the rotational relaxation times of poly-
(acrylic acid) are observed by the conductance stopped-
flow technique. The conformation of the macroion is found
to be highly stretched at high degrees of neutralization («).
The chain shrinks with decreasing «. The highly deionized
HPAA molecules at a« = 0 are stretched.

Registry No. HPAA, 9003-01-4.
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ABSTRACT: Poly(cis/trans-1,4-cyclohexanedimethanol-alt-formaldehyde) (PCDO) chains, obtained by
condensation of the cis, cis/trans (28/72), and cis/trans (10/90) isomers of 1,4-cyclohexanedimethanol with -
formaldehyde, were cross-linked with an aromtic triisocyanate. The networks exhibit a well-developed « process
associated to the glass—rubber transition, whose location is relatively independent of the substitution (eq-ax
or eq—eq) of the cyclohexane ring. The cis isomer presents a mechanical subglass absorption, labeled 3, centered
at —60 °C at 1 Hz and a weak v relaxation. The fact that a similar 3 process also appears at the same temperature
and frequency in poly(cis-1,4-cyclohexanedimethanol sebacate) (cis-PCDS) suggests that the relaxation is
caused by molecular motions associated to the glycol residue. The dielectric relaxation spectra exhibit, in
addition to the glass—rubber relaxation, two subglass peaks whose maxima are located at -30 (8) and -74 °C
(v), at 0.5 kHz. Since the activation energy of the dielectric 8 peak is 18.1 kcal mol™, the absorption would
be centered at ca. 65 °C, at 1 Hz, almost at the same temperature as the mechanical one, suggesting that
similar molecular motions produce both relaxations. The mechanical subglass region in the relaxation spectra
of cis/trans(10/90)-PCDO networks resembles that of poly(trans-1,4-cyclohexanedimethano! sebacate)
(trans-PCDS) in that a broad and diffuse relaxation, extending in a temperature span of more than 100 °C,
appears. An inspection of this region in the cis/trans(28/72)-PCDO networks indicates that complex molecular
motions involving more than a single structural unit are responsible for the mechanical 8 relaxation. Two
peaks centered at —30 (3,) and —60 °C (3,) are detected in the subglass dielectric relaxation of the networks
with the highest trans-cyclohexylene units content. Finally, the free volume interpretation gives a good account
of the mechanical and dielectric relaxation processes that take place in the glass-rubber transition.

Introduction

The study of the secondary relaxations in polymers
containing six-membered saturated rings bonded to the
chains has been the subject of numerous investigations in
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the past.!® As far as the subglass relaxations are con-
cerned, polymers with cyclohexyl rings anchored to side
groups show a prominent relaxation process at a frequency
around 1 Hz at temperatures in the vicinity of -80 °C,
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whose activation energy® amounts to 11-12 kcal mol™. The
absorption also appears on dynamic mechanical curves of
polymers plasticized by low molecular weight compounds
containing a cyclohexane ring. The fact that the value of
the activation energy of the process is similar to that in-
volved in the chair-to-chair transition in cyclohexane rings
suggests that the prominent subglass absorption is caused
by flipping motions of the cyclohexyl group.® However,
this behavior is not general. Thus from mechanical re-
laxation studies performed on mixtures of poly(methyl-
methacrylate) with 1,1-dichlorocyclohexane, Heijboer*
found that the cyclohexane peak does not appear in those
compounds in which there is no difference in the chair-
to-chair transition conformers. In agreement with this
Karpovich!® reported that the absorption of the ultrasound
presents no maximum in 1,1-dimethylcyclohexane and
dioxane, but it presents one in cyclohexyl alcohol and
cyclohexylamine. Similar results were reported later by
Kotlik et al.? for other cyclohexane derivatives.

An important issue in the study of the subglass molec-
ular motions of polymers containing cyclohexylene groups
in the main chain is to elucidate whether the subglass
relaxation next to the glass-rubber absorption is also
caused by flipping motions of the saturated ring. The
results at hand are highly controversial. For example,
cycloaliphatic and cycloaromatic polyesters in which the
glycol residue is 1,4-cyclohexanedimethanol present sub-
glass relaxations that were attributed to molecular motions
in which the HC,,~CH, bonds of the glycol residue in-
tervene.®® On the contrary, the subglass absorptions were
assumed to be the result of flipping motions of the cy-
clohexylene group in cycloaliphatic polyethers.? It can be
concluded from the literature results that clear evidence
showing that chair-to-chair transitions contribute to the
losses was not found in polymers containing cyclohexylene
units in their structure.

In this work the mechanical and dielectric relaxations
of poly(cis/trans-1,4-cyclohexanedimethanol-alt-form-
aldehyde) (PCDO) were studied with the aim of gaining
a deeper insight into the nature of the relaxation processes
in polymers containing cyclohexylene groups in the main
chain.

Experimental Section

Materials. Commercial cis/trans-1,4-cyclohexanedimethanol
(30/70) (Eastman Kodak) was acetylated, and by successive
crystallizations of the product in n-pentane an enrichment in the
cis content of the diester that remained in the solution was
achieved. A compound with cis content higher than 99% was
obtained and was further hydrolyzed. trans-1,4-Cyclohexane-
dimethanol was obtained by two successive crystallizations of
commercial glycol from diethy! ether.

Synthesis and Characterization of Cycloaliphatic Poly-
ethers. Three cycloaliphatic polyformals with cis/trans contents
of 100/0, 28/72, and 10/90 were obtained by condensation re-
actions of the corresponding ratios of cis/trans-glycol with
formaldehyde. The reactions were carried out for 48 h under dry
nitrogen in refluxing benzene with p-toluenesulfonic acid as
catalyst. Water was removed from the reaction medium by means
of a Dean-Stark distillation trap. The polymers were precipitated
with methanol, washed several times with distilled water to
eliminate the catalyst, dissolved in benzene, precipitated again
with methanol, and finally dried under high vacuum at room
temperature.

Although the cis/trans ratio in the polymers was known from
the starting compositions of the glycols, the polymers were still
characterized by "H NMR spectroscopy. The cis/trans ratio for
each polymer was determined from the intensities of the doublets
centered at 3.31 and 3.43 ppm corresponding to the protons of
1,4 substituted methylene in the cis and trans isomers, respec-
tively.l!
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Table I
Comparison of the Glass Transition Temperature and the
Activation Energies Corresponding to Subglass Relaxations
in PCDO and PCDS Networks

E,, E,, E,
kcal/mol kcal/mol kecal/mol
mechani- dielectric dielectric

network T, °C  cal relax. relax. relax.

¢is-PCDO -4 185 18.1 13.2
cis/trans(28/72)- -4 22

PCDO
cis/trans{10/90)- 1 255 (8 17

PCDO 12.5 (B,)
cis-PCDS® -40 185 8
cis/trans(50/50)- -38 23

PCDSe
trans-PCDS® -28  18.5 (8y)

29 (8y)

@Taken from ref 8.

Preparation and Characterization of the Networks. Cy-
cloaliphatic polyformal networks were prepared from fractions
of number-average molecular weight 6200, 5900, and 6400 with
cis/trans content 100/0, 28/72, and 10/90, respectively. Hy-
droxyl-terminated polymer chains were permitted to react with
stoichiometric amounts of 2,4-bis(p-isocyanate benzyl) phenyl
isocyanate at 80 °C for 24 h. The soluble fraction of the networks
amounted to ca. 10% in all the cases. The glass transition tem-
perature of the amorphous networks was measured with a Du Pont
943 TMA apparatus at a heating rate of 5 °C/min; the values
obtained are given in the second column of Table I. X-rays and
calorimetric diagrams were obtained with a Philips PW X-ray
apparatus in the former case and with a DSC-4 Perkin Elmer
calorimeter in the latter.

Mechanical and Dielectric Measurements. Dielectric
measurements were performed with a three-terminal cell and a
capacitance bridge at several frequencies lying in the range 0.2-100
kHz. The complex permitivity was recorded in 10 °C steps, about
20 min being required to stabilize the temperature in each step.
Dynamic mechanical measurements were carried out with a PL-
DMTA apparatus at a heating rate of 1 °C/min.

Results

Mechanical and Dielectric Relaxations. Owing to
their structural regularity, the cycloaliphatic polyformals
used in this study should be crystalline. trans-PCDO
chains have a relatively high melting point (86 °C), and
the crystallization induction time at room temperature is
small.l! However, the induction time increases as the
cis-cyclohexylene content increases until eventually it
becomes infinite for cis-PCDO chains. Actually, crystal-
linity was not detected in these chains kept at 0, 10, 20,
and 30 °C for several weeks. For this reason, networks
prepared from cis-PCDO chains are amorphous. Networks
with 28/72 and 10/90 cis/trans cyclohexylene content are
also amorphous immediately after quenching from the
melt. Even more, crystallinity vestiges were not detected
in these latter networks kept at room temperature for more
than 1 h after quenching. Mechanical and dielectric ex-
periments were performed on amorphous networks im-
mediatley after quenching, proceeding from low to high
temperature. In the case of cis/trans (10/90) PCDO
networks, dynamical mechanical experiments were also
carried out on samples in which the degree of crystallinity
was estimated to be 12%.

The mechanical relaxation behavior of ¢is-PCDO net-
works is shown in Figure 1. The spectra present a well-
developed process centered at 7 °C at 1 Hz, labeled «
relaxation, that is associated with the glass-rubber tran-
sition, together with a subglass absorption labeled 3 re-
laxation and centered at —60 °C at 1 Hz. Moreover, ves-
tiges of a weak and broad relaxation also appear below
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Figure 1. Mechanical loss tangent-temperature plots for

amorphous poly(cis-1,4-cyclohexanedimethanol-alt-formaldehyde)

at three frequencies (Hz): (©) 0.1, (0) 1, and (@) 10. Results at

0.33 and 3 Hz are not represented for the sake of clarity.
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Figure 2. Details of the subglass relaxation spectra at 0.33 Hz

for amorphous cis-PCDO (®), cis/trans(28/72)-PCDO (©), and

cis/trans(10/90)-PCDO (O) networks.

-100 °C; this will be named v relaxation.

The relaxation spectra of amorphous cis/trans (10/90)
PCDO networks also exhibit a strong relaxation whose
maximum is located at 8 °C at 1 Hz, ostensibly to be
attributed to the glass-rubber transition, followed by a
broad and diffuse subglass relaxation extending in a tem-
perature span of more than 100 °C. The relaxation could
be the result of two overlapping peaks, one (8;) centered
at —65 °C at 1 Hz and the other (8,) located at —90 °C. A
detailed comparison between the mechanical subglass re-
laxations at 0.33 Hz corresponding to cis-PCDO, cis/
trans(28/72)-PDCO, and cis/trans(10/90)-PCDO net-
works are shown in Figure 2. It can be seen that the
networks with an intermediate cis-cyclohexylene content
exhibit a 8 absorption (whose strength has decreased sig-
nificantly with respect to that of the cis- and trans-PCDO
networks) and two additional diffuse relaxations centered
at 95 and -110 °C.

Dynamic mechanical results for crystalline cis/trans-
(10/90)-PCDO networks are shown as a function of tem-
perature in Figure 3. As expected,'?!? the strength of the
glass—rubber transition decreases, the position of the «
absorption is shifted to higher temperature with respect
to that of the amorphous network as a consequence of the
decrease in chain mobility caused by the crystallites, and
the width of the relaxation times distribution increases.
The presence of the crystallites also decreases the strength
of the secundary relaxations, suggesting that the molecular
motions that are involved in the processes take place in
the amorphous phase.

Dielectric relaxation results as a function of temperature,
at frequencies lying in the range 0.5-50 kHz, are shown
for cis-PCDO networks in Figure 4. The relaxation
spectra present a glass—rubber transition whose strength
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Figure 3. Mechanical relaxation spectra for crystalline cis/trans
(10/90) networks at three frequencies (Hz): (©) 0.1, (0) 1, and
(@) 10.
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Figure 4. Dielectric loss tangent dependence on temperature
for ¢is-PCDO networks at several frequencies (Hz): (x) 100, (m)
50, (O) 20, (4) 10, (&) 5, (®) 2, (®) 1, and (0) 0.5.
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Figure 5. Dielectric relaxation spectra for amorphous cis/
trans(10/90)-PCDO networks. (See Figure 4 for the values of
the frequencies attached to the symbols.)

and width are, respectively, lower and wider than those
in the dynamical mechanical absorption. In addition, two
subglass relaxations whose maxima at 0.5 kHz are located
at —30 (B8) and -74 °C (v) can be detected at low fre-
quencies. As the frequency increases the overlapping
between the 8 and v absorptions increases, eventually
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appearing as a single broad relaxation at frequencies higher
than 10 kHz.

Values of the dielectric loss tangent as a function of
temperature for cis/trans(10/90)-PCDO networks are
shown in Figure 5. The spectra present a glass-rubber
absorption with maximum located at 28 °C at 1 kHz and
two subglass absorptions. A detailed representation of the
subglass dielectric relaxations in terms of the loss per-
mittivity shows a small peak (8) in the vicinity of -30 °C
followed by other peaks (v) centered at —70 °C at 1 kHz.
It should be pointed out that whereas the subglass di-
electric relaxations display lower strength in the networks
with higher trans-cyclohexylene content, the opposite
occurs in the case of the glass-rubber transition. As can
be seen in Figures 4 and 5, the intensity of the « dielectric
loss tangent decreases from 5.1 X 1072 for cis/trans(10/
90)-PCDO to 1.8 X 102 for cis-PCDO networks, an in-
termediate value of 2.8 X 1072 being found for cis/trans-
(28/72)-PCDO networks.

Influence of the Temperature on the Mechanical
and Dielectric Relaxations. The temperature depen-
dence of the relaxation mechanisms that occur in the glassy
state was interpreted in terms of the Arrhenius equation

Inv=A-E,/RT,,,

where v is the frequency, E, is the activation energy, and
Tnax Tepresents the temperature corresponding to the
maximum of the absorption at the frequency of mea-
surement. Values of the activation energies obtained by
this method for several subglass relaxation processes are
given in Table I. In the same table and for comparative
purposes are also represented the values of the activation
energies involved in the relaxation processes of poly(cy-
clohexanedimethanol sebacate) (PCSD) networks.?

The viscoelastic and dielectric mechanisms associated
with the glass-rubber transition are in most systems de-
pendent on the free volume, so that the time 7, associated
with a mechanical or dielectric mechanism i in the relax-
ation process is related to the relative free volume ¢ by
the Doolittle equation*

7, = A’exp(B/¢)

where ¢ = (v - v,)/v,, U, being the occupied volume in
which a relaxation process cannot take place. B is a con-
stant whose value is believed to be close to unity. By
assuming that the specific volume v is a linear function of
temperature, one obtains the Vogel relationship!®

lnri=A+m/(T—T==)

where T, is the temperature at which the free volume
would be zero were it not for the formation of the glassy
state.

As shown in Figure 6, the experimental results fit the
Vogel equation reasonably well for T, = -50 °C. The
relative free volume corresponding to T}, ¢,/B, is related
to the slopes of the straight lines of Figure 6 by the
equation

¢g/B=(Ty-T.)/m

Values of ¢,/B obtained by using this procedure are shown
in Table II. It can be seen that the values obtained for
¢¢/ B from mechanical and dielectric experiments are in
fair agreement, but they exceed the average value of 0.025
+ (0.005 reported for most systems.!” Values of ¢, larger
than 0.030, amounting to 0.033, 0.071, 0.039, ancf 0.033,
have also been reported for polystyrene, poly(dimethyl-
siloxane), polybutadiene with moderate and high cis con-
tent, and ethylene-propylene copolymers, respectively.!”
In all these cases, as well as in the cycloaliphatic polyethers
here studied, the large values of ¢,/B may be attributed

Macromolecules, Vol. 22, No. 4, 1989
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Figure 6. Plot of the logarithm of the relaxation times associated
with the maximum of the « peak as a function of 1/(T' - T..). The
symbols O and A represent the dielectric results for cis- and
cis/trans(10/90)-PCDO networks, respectively. Solid symbols
represent the mechanical results.

Table 11
Comparison of the Values Obtained for ¢,/B from the
Analysis of the Mechanical and Dielectric Glass-Rubber
Relaxations of PCDO and PCDS Networks

% /B
network (mechanical) (dielectric)
¢is-PCDO 0.039 0.033
cis/trans(28/72)-PCDO 0.036
cis/trans(10/90)-PCDO 0.037 0.038
cis-PCDS* 0.022 0.026
cis/trans(50/50)-PCDS® 0.021

3Taken from ref 8.

to values of B other than unity as a consequence of dif-
ferences in the minimum hole size required for local seg-
mental motions. It can be concluded that the free volume
interpretation gives a good account of the mechanical and
dielectric relaxation processes that take place in the
glass—rubber transition of polymer networks prepared from
symmetric cycloaliphatic polyethers with cyclohexylene
rings incorporated in the main chain.

Discussion

Polymers containing cyclohexyl side groups present a
prominent mechanical subglass relaxation in the vicinity
of -80 °C at 1 Hz, presumably caused by chair-to-chair
conformational changes. However, it is not clear whether
similar relaxation is exhibited by polymers containing
cyclohexylene groups in the main chain. For example,
poly(1,4-cyclohexylene ether) (PCE)? exhibits at 5260 Hz
a strong relaxation peak in the vicinity of -30 °C which
was attributed to chair-to-chair flipping motions of the
cyclohexylene units. It is obvious that at 1 Hz this re-
laxation should appear at a much lower temperature, but
unfortunately the energy activation of the process, nec-
essary to calculate the value of this displacement in the
temperature scale, is not available. The strength of the
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Figure 7. Comparison of the mechanical relaxation spectra
obtained at 1 Hz corresponding to poly(cis-1,4-cyclohexanedi-
methanol-alt-formaldehyde) (O) and poly(cis-1,4-cyclohexane-
dimethanol sebacate) (®).

relaxation, expressed in terms of tan 8., is somewhat
larger than 0.1 and therefore is comparable to the value
reported for this quantity in cyclohexyl derivatives.
However, the fact that the 8 relaxation (labeled v in ref
6) of poly(cis/trans(32/68)-1,4-cyclohexanedimethanol
terephthalate) (PCC) resembles in shape and temperature
the 8 peak of poly(ethylene terephthalate) (PET) has lead
Hiltner and Bear'® to postulate motions around HC ,~CH,
bonds of the glycol residue, instead of flipping motions of
the cyclohexane ring, as the cause of the relaxation.

Comparison of mechanical and dielectric relaxation
spectra of networks prepared from the cis and the cis/trans
isomers of poly(1,4-cyclohexanedimethanol sebacate)
(PCDS)® with the corresponding isomers of PCDO may be
helpful to elucidate the contribution of the cyclohexylene
units to the mechanical and dielectric behavior of cyclo-
aliphatic polymers. In general, PCDO chains are less
flexible than PCDS molecules, presumably as a conse-
quence of the strong preference for gauche states that
oxymethylenic skeletal bond segments exhibit, which
confer rigidity to the former polymers leading to the
shifting of the glass transition absorption to higher tem-
perature.!® This can be seen in Figure 7, where the me-
chanical relaxation spectra of cis-PCDS and c¢is-PCDO
networks are shown. The fact that the 8 mechanical ab-
sorptions at 1 Hz of cis isomers of the two polymer net-
works are centered at the same temperature (~ -60 °C)
and that the activation energies of the process are almost
the same (see Table I) suggests that the mechanisms re-
sponsible for the relaxation processes must involve motions
in which the glycol residue, which is the only common
moiety in the structural units of the two polymers, takes
an active part.

The dielectric relaxation spectra of the cis isomers of
PCDS and PCDO at 500 Hz indicate that whereas the
proximity of the glass—rubber transition to the relaxation
gives rise to the overlapping of the two peaks in the former
polymer, the two peaks are clearly separated in PCDO
networks as a consequence of their higher glass transition
temperature. Since the activation energy of the 8 dielectric
relaxation in PCDQO is 18.1 kcal mol™, the maximum of the
absorption at 1 Hz would be located at —-65 °C, almost at
the same temperature as the mechanical one, suggesting
that the same molecular motions produce both relaxations.
The strength of the 3 relaxation of cycloaliphatic poly-
formals seems to be small in comparison with that of
PCDS, presumably as a consequence of the fact that
changes in polarity accompanying any transition which
intervenes in the alicyclic part of the chains are smalier
in PCDO than in PCDS.
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Figure 8. Temperature dependence of the dielectric loss tangent
at 1 kHz for semicrystalline PCTS and amorphous cis/trans-
(10/90)-PCDO networks.

The subglass region in the mechanical spectrum at 1 Hz
of cis/trans(10/90)-PCDO networks resembles that of
trans-PCDS networks in that a broad and diffuse ab-
sorption extending in a temperature span of more than 100
°C appears in both cases. A close inspection of Figure 2
reveals that the mechanical subglass relaxations of cis/
trans(28/72)-PCDO networks resemble those of cis/
trans(10/90)-PCDO on the high-temperature side of the
spectra, whereas it is more likely to be similar to that of
¢cis-PCDO on the low-temperature side. The strength of
the absorption on the right side of the spectrum of the first
network is lower than that of either the cis- or the cis/
trans(10/90)-PCDO networks, and the same occurs on the
left side with respect to that of the network with the higher
trans content used in this study. This behavior can only
be explained by assuming that complex motions involving
more than a single structural unit are responsible for the
relaxations, so that disruptions of cis--cis or trans--trans
sequences, which occur more often when the fractions of
cis- and trans-cyclohexylene units in the copolymers are
comparable, should decrease the intensity of the absorp-
tions. Complex motions which intervene in more than a
single structural unit were also postulated to explain that
the mechanical spectrum of cis/trans(50/50)-PCDS only
presents the 8 absorption corresponding to the cis isomer
and not the 3; and 8, peaks corresponding to the trans
isomers.® Both the cis- and the cis/trans(28/72)-PCDO
present a peak centered at —120 and -110 °C, respectively,
that is not present in the cis/trans (10/90)-PCDO network.
Therefore, this relaxation, labeled v, could be associated
with motions of segments in which cis-cyclohexylene units
intervene.

Figure 8 shows the dielectric relaxation spectra at 1 kHz
of semicrystalline trans-PCDS® and amorphous cis/
trans(10/90)-PCDO networks. As was discussed else-
where®, the glass—rubber relaxation of the former network
is the result of two overlapping o, and a, peaks, associated
with relaxation motions of the dipoles in the free amorp-
hous material of the uncrystallized domains and in the
intercrystalline amorphous phase. PCDS networks® dis-
play a broad subglass relaxation that it is the result of two
overlapping peaks (8; and B,), whereas cis/trans(10/
90)-PCDO networks exhibit two relaxations: one whose
maximum is is located at —30 °C, associated with motions
of segments in which cis-cyclohexylene units intervene, and
another peak centered at —70 °C at 1 kHz. The temper-
ature at which the maximum of the last absorption would
appear at 0.33 Hz, calculated by using the activation energy
of 17 kcal mol™ found for this relaxation (see Table I), lies
in the vicinity of —100 °C, very close to the temperature
at which the 8; mechanical relaxation is located at the same
frequency. This suggests that both the 8, mechanical and
dielectric relaxations are caused by the same type of mo-
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lecular motions. The strengths of the dielectric glass—
rubber relaxation of cis-PCDO and the cis/trans co-
polymers are rather smail in comparison with those cor-
responding to the cis and trans isomers of poly(1,4-cyclo-
hexanedimethanol sebacate),® in spite of the fact that
dielectric experiments were performed on totally amorp-
hous polymers in the former case and in partially crys-
talline polymers in the latter. This may be due in part to
the difference in polarity between cycloaliphatic polyfor-
mals and cycloaliphatic polyesters. In general, gauche
states about CH,-O acetal bonds in the CH,0-CH,~OCH,
sequences of PCDO chains have an energy ca. 1.2 kcal
mol? below that of the alternative trans states. Conse-
quently, there is a high fraction of g*g* conformations
about two consecutive acetal bonds, and here the dipoles
associated with the CH,OCH; groups are placed in an
almost antiparallel direction. These conformations do not
contribute to the dipole moment of the chains, and hence
the low polarity of PCDO networks, independently of the
cis/trans content. Actually, the dipole moment of these
polymers, expressed in terms of the dipole moment ratio
(u?)/nm? ((u?) is the mean-square dipole moment of the
chains and nm? the value of this quantity for a freely
jointed chain of similar number of skeletal bonds) is only®
0.167. This value contrasts with the values of 0.983 and
0.631 found for the cis and trans isomers of poly(1,4-
cyclohexanedimethanol sebacate),?' respectively.

Concluding Remarks

The results discussed above seem to suggest that the 8
relaxations in PCDO networks, both cis and cis/trans, are
produced by complex molecular motions involving more
than a single structural unit, The fact that the activation
energy for the mechanical and dielectric relaxations is
similar in both cases and its value is significantly larger
than 11.5 kcal mol™?, the energy involved in the chair-to-

chair inversion, strongly supports the assumption that
conformational changes in the skeletal bonds of the acyclic
part of the chains, rather than cyclohexylene flipping
motions, are the cause of the relaxation.
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ABSTRACT: As part of a study concerning polyurethane/poly(methyl methacrylate) interpenetrating polymer
networks (IPNs), polyurethane networks were synthesized at various dilutions of the reaction medium and
at different values of the NCO/OH ratio. The network defects arising in such materials were evaluated by
three independent experimental approaches: solvent extraction, swelling behavior, and elastic modulus. It
was found that networks with the least defects are formed at high precursor concentration, with a NCO over
OH excess of about 7%. Different theories leading to the structural parameters of polymer networks were
utilized and corroborate well with the experimental results. The study provides a means of classification of
these polyurethane networks according to the amount of their defects; furthermore, it allows one to investigate
the influence of the network formed first on the formation of the second network in sequential IPNs, and
consequently on the ultimate properties of the material.

Introduction

Polymers may be combined in different ways, but due
to their mutual incompability, they tend to a more or less
pronounced phase separation. From an industrial point
of view, interpenetrating polymer networks (IPNs),!* in
which the polymers coexist in the form of their physically
entangled networks, are very interesting materials. How-
ever, such combinations are quite complicated to study,
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and only few of the usual investigation methods are suit-
able for the study of IPNs. This explains why general
structure—properties relationships have not yet been es-
tablished. Only their synthesis and some application-or-
iented properties are usually described in the literature.
Also, the chemical aspects of the formation of an IPN, like
the kinetics, the viscosity, the compability changes, ..., have
rarely been reported.
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