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ABSTRACT Poly(diethy1ene glycol 1,4-trans-cyclohexanedicarboxylate) was synthesized by polycondensation 
of dimethyl 1,4-trans-cyclohexanedicarboxylate and diethylene glycol. The mean-square dipole moment ( wz)  
of the chains was measured in solutions of the polymer in benzene at several temperatures between 30 and 
60 "C. The experimental values of ( p z ) ,  expressed in terms of the dipole moment ratio (w*)/(nmz), changed 
from 0.588 to 0.608 in the temperature interval indicated above. Elastomeric networks were prepared by 
cross-linking of cycloaliphatic polyester with an aromatic triisocyanate. From stress-strain birefringence 
experiments performed on the networks, values of the optical configuration parameter Aa and the temperature 
coefficient of both Aa, d In Aa/dT, and the unperturbed dimensions, d In (r2.),/dT, were obtained; the 
experimental values of these quantities a t  30 "C amounted to 7.4 X lo-% cm3, -0, and 1.5 X K-I, respectively. 
Theoretical calculations, carried out by using the rotational isomeric state model, reproduced satisfactorily 
the experimental values of the dipole moment ratio and the temperature coefficient of both the dipole moments 
and the unperturbed dimensions, assuming that the two possible planar conformations about C,,-C* bonds 
have the same energy. The agreement between theory and experiment was not so satisfactory for the optical 
properties, although the experimental and theoretical results were closer than in other polyesters previously 
studied 

Introduction 
The conformational properties of cycloaliphatic poly- 

esters, prepared by condensation of 1,bcyclohexanedi- 
methanol with sebacic acid, were recently studied.ls2 The 
results obtained showed that the polarity of the chains is 
very sensitive to the substitution equatorial-equatorial 
(trans isomers) or equatorial-axial (cis isomers) of the 
hydrogen atoms bonded to the carbon atoms located at  the 
1,Cposition of the cyclohexane ring. The temperature 
coefficient of the unperturbed dimensions of both isomers 
is moderately large and negative, the value of this quantity 
being larger, in absolute value, for the trans isomer than 
for the cis. 

This work addresses the investigation of the conforma- 
tional properties of cycloaliphatic polyesters in which the 
cyclohexane ring is incorporated into the acid residue, 
using as model poly(diethy1ene glycol 1,4-trans-cyclo- 
hexanedicarboxylate) (PDGC) chains. Values of the 
mean-square end-bend distance and dipole moments were 
measured, and the results analyzed by using statistical 
mechanics methods. Since the conformational energies 
associated with the rotational states of the glycol residue 
are ~e l l -known,~ ,~  information was obtained by comparing 
theory and experiment concerning the energy associated 
with the rotational states about C,-C* bonds of the acid 
residue. In addition, the experimental value of the optical 
configuration parameter Au and the temperature coeffi- 
cient d In AaldT was also measured, and the results in- 
terpreted by using the valence optical scheme. The optical 
properties were studied with the aim of investigating 
whether the discrepancy between theory and experiment 
found  for o the r  polymers2z4 also holds for t h e  present  
system. 

This work forms part of a more general study in which 
the capability of polyesters to prepare model networks is 
currently being investigated. 

Experimental Section 
Purification of Dimethyl 1,4-trans -Cyclohexanedi- 

carboxylate. The commercial mixture of liquid (cis) and solid 
(trans) dimethyl 1,4-cyclohexanedicarboxylate (Fluka A.G.) was 
filtered to separate the pure trans monomer from a liquid mixture 
containing 70130 cis/trans. The solid trans compound was 
subsequently purified by recrystallizing three times from 1 / 2  
ethanoliwater. 

Synthesis of the Polymer. Poly(diethy1ene glycol 1,4- 
trans-cyclohexanedicarboxylate) was obtained by the standard 
melt-phase procedure from dimethyl 1,4- trans-cyclohexanedi- 
carboxylate and excess diethylene glycol in the presence of iso- 
propyl titanate. The reaction was carried at  150 "C for 2 h a t  
200 "C for 1 h under a nitrogen atmosphere and at  230 "C under 
vacuum for 2 h. The polymer was fractionated a t  35 "C with 
chloroform/methanol as the solvent/nonsolvent system. 

Characterization of the Polymer. The number-average 
molecular weights of the fractions were determined in chloroform 
witli a Knauer vapor pressure osmometer. A fraction of num- 
ber-average molecular weight 5300 was used in the dielectric 
experiments and in the preparation of networks. 

The isomerization of the cis and trans forms of dimethyl 1,4- 
cyclohexanedicarboxylates during the preparation of cycloaliphatic 
polyesters, as well as the isomerization of 1,4-cyclohexanedi- 
methanethiol during its condensation with aldehydes, has been 
reported p r e v i o u ~ l y . ~ ~ ~  Therefore, the 13C NMR spectrum of 
PDGC was registered on a Bruker WP8OSY at  20.1 MHz, by using 
deuteriated chloroform as solvent and tetramethylsilane as internal 
standard, and compared with that of the pure dimethyl 1,4- 
trans-cyclohexanedicarboxylate to investigate whether isomeri- 
zation had taken place during the synthesis of the polyester. 
Figure 1 shows the spectra of the pure trans monomer and the 
corresponding polymer. As can be seen, the peaks corresponding 
to the cyclohexane ring and to the carbonyl groups appear in both 
cases a t  the same chemical shift. Furthermore, no peaks can be 
observed corresponding to the presence of cis isomer, thus in- 
dicating that no isomerization had taken place during the reaction. 

Dielectric Measurements. Dielectric measurements of so- 
lutions of the polymer in benzene were conducted a t  30,40,50, 
and 60 "C by using a capacitance bridge operating at  10 kHz and 
a three-terminal cell? Values of the mean-square dipole moment 
(pZ) were obtained by means of the equation of Guggenheim and 

( p 2 )  = (27kTM/(4~rpN~(c~  + 2)'))((dc/dw) - 2n1 dn/du;) 

where k and N A  are the Boltzmann constant and Avogadro's 
number, respectively, M is the molecular weight of the solute, and 
p is the density of the solvent. The symbols c and n represent 
the dielectric constant and index of refraction of the solutions, 
respectively; the symbols with subscript 1 represent the same 
quantities for the solvent. The derivatives dc/dw were obtained, 
as usual, from the slopes of the plots of increments of dielectric 
constant (Ac = c - el) against the weight fraction w of polymer. 
Values of this quantity a t  the temperatures of interest are given 
in the second column of Table I. Increments (n - nl) of the index 
of refraction of the solutions with respect to the solvent were 
measured with a He-Ne laser differential refractometer (Chro- 
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Figure 1. 13C NMR spectra of dimethyl 1,4-trans-cyclo- 
hexanedicarboxylate (upper) and poly(diethy1ene glycol 1,4- 
trans-cyclohexanedicarboxylate) (lower). 

Table I 
Summary of Dielectric Results 

T, O C  dcldw 2n1 dnldw (r2) / (nm2) 
30 2.53 0.044 0.585 
40 2.44 0.04, 0.593 
50 2.35 0.050 0.603 
60 2.25 0.050 0.608 

matix Inc.) operating a t  632.8 nm. Values of the derivatives, 
obtained from plots of n - nl versus w, are shown in the third 
column of Table I. 

Birefringence-Strain Measurements.  Polymer networks 
were prepared by end-linking hydroxyl-terminated PDGC chains 
of number-average molecular weight 5300 with 2,4-bis(p-iso- 
cyanobenzy1)phenyl isocyanate by using the procedure described 
elsewhere.1° Prior to the birefringence-strain experiments the 
network was treated in a Soxhlet extractor with chloroform for 
24 h to  extract unreacted chains from the strips. The soluble 
fraction amounted to  10%. 

Strain-birefringence measurements were performed on strips, 
cut from the networks sheets, a t  several temperatures the range 
20-80 "C. The light source was a 2-mW 632.8-nm He-Ne laser, 
the analyzer and polarizer were Glan-Thompson prisms, and the 
compensator was of the Babinet-Solei1 The strips were 
mounted between two clamps, the lower fixed and the upper 
attached to a Statham strain gauge. The sample was surrounded 
by a double-walled jacket in which water was circulated from a 
thermostat. The strips were stretched a t  the highest temperature 
(80 "C) and permitted to  relax a t  this temperature. The tem- 
perature was then decreased, and once the force and birefringence 
remained constant, the values of An and the true stress T = f / A  
were recorded. Values of An as a function of temperature, for 
different elongation ratios A, are given in Figure 2. Thennoelastic 
results expressed in terms of In cf* / ! f ) ,  where f" is the equilibrium 
elastic force referred to the undistorted cross-sectional area, are 
presented in Figure 3. 

Refractive indexes of PDGC chains were measured with a Abbe 
refractometer a t  several temperatures. The results obtained are 
fitted by 

n = 1.4996 - (3.06 X 10-4)t 
with t in degrees centigrade. The expansion coefficient /3 of the 
chains was obtained from the index of refraction by using the 
method outlined by Michel e t  aL'* The value of this quantity 
amounted to 5.5 X lo4 K-l. 

General Results 
Values of the mean-square  dipole moment ,  expressed 

in terms of the dipole moment ratio ( k 2 )  / (nm2), are shown 
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Figure 2. Birefringence versus temperature for poly(diethy1ene 
glycol 1,4-trans-cyclohexanedicarboxylate) networks. 
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Figure 3. Thermoelastic results, expressed as In cf* / ! f )  against 
temperature a t  several elongation ratios. 
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Table I1 
Experimental Values at 30 OC of Configuration-Dependent 

Properties for Poly(diethy1ene glycol 
1,4- trans-cyclohexanedicarboxylate) (PDGC) and 

Poly(diethy1ene glycol terephthalate) (PDET) 
property PDGC chains PDET chains 

(2) 1 (nm2) 0.585 0.660 
lo3 d In (j?)/dT 1.3 -0 
lo3 d In (r2),/dT 1.5 1.2 

lo3 d In AaldT -0 -1.1 
1 o Z 4 h ,  cm3 7.4 20.7 

in the fourth column of Table I. T h e  term nm2 represents 
the mean-square dipole moment of a cha in  of n skeletal 
bonds  each of them having an average square dipole mo- 
men t  m2. In the evaluation of nm2, dipole moments of 1.07, 
0.00, and 1.70 D were assigned to the CH,-0, CH2-CH2, 
and 0-H bonds, respectively:15 a value of 1.89 D was used 
for each  of t h e  ester groups  of the repeating unit.16 The 
uncer ta in ty  of the values of ( y2) / (nm2) was es t imated  to 
be ca. 5%. 

The temperature coefficient of the dipole moment s  d 
In ( k 2 ) / d T  was de termined  from t h e  slope of t h e  straight 
line obta ined  by p lo t t ing  the natural logarithm of the 
dipole m o m e n t  ra t io  aga ins t  t empera ture .  The value of 
lo3 d In ( y2) /dT was found to be 1.3 K-l. In Tab le  11, for 
comparative purposes  the values of ( k2) /(nm2) and d In 
( k 2 ) / d T  at 30 "C for b o t h  PDGC and poly(diethy1ene 
glycol te rephtha la te )  ( P D E T )  a r e  shown. It can be seen 
that the latter polymer exhibits a slightly higher polarity 
and lower tempera ture  dependence of t h e  dipole moment  
than the former.  
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Figure 4. Birefringence (An) against true stress ( / / A )  for 
poly(diethy1ene glycol 1,4- trans-cyclohexanedicarboxylate) net- 
works; (A) 20 "c; (0) 80 %. 

Table I11 
Stress-Optical Coefficient C and Optical Configuration 

Parameter Aa for Poly(diethy1ene glycol 
1,4- trans -cyclohexanedicarboxylate) (PDGC) 

T,  "C 10-loC, cm2/dyn 10-24Aa, cm3 
20 3.04 7.35 
30 2.96 7.42 
40 2.87 7.44 
50 2.78 7.46 
60 2.68 7.43 
70 2.60 7.44 
80 2.52 7.84 

The stress-optical coefficient C = An17 was obtained 
from the slopes of the straight lines obtained by plotting 
the birefringence against true stress. Illustrative plots of 
this kind at two extreme temperatures (20 and 80 'C) are 
shown in Figure 4. Values of C at  different temperatures 
are shown in the second column of Table 111; the tem- 
perature coefficient of the natural logarithm of the 
stress-optical coefficient lo3 d In CIdT amounts to -3.2 
K-1. 

According to the theory, the optical configuration pa- 
rameter ha  is related to the stress-optical coefficient by 

Aa = (45kTC/(2a))n/(n2 + 2)2 

where k is the Boltzmann constant, T is the absolute 
temperature, and n is the index of refraction of the iso- 
tropic network. Values of the optical configuration pa- 
rameter at  different temperatures in the range 20-80 'C 
are shown in the third column of Table 111. It can be seen 
that the experimental values of ha  do not show a notice- 
able temperature dependence. Comparison of the exper- 
imental values of ha and d In AaldT at  30 'C for PDGC 
and PDET, indicated in Table 11, suggests that the former 
polymer exhibits an optical configuration parameter (7.4 
x cm3) significantly lower than that corresponding 
to the latter (20.8 X cm3), as a consequence of the 
difference of contribution to Aa from the terephthaloyl and 
1,4-cyclohexanedicarboxyl residues. Moreover, I O 3  d In 
AaldT is almost zero for PDGC, whereas it is -1.1 K-' for 
PDET. 

The temperature coefficient of the mean-square and 
end-to-end distance, d In (r2),/dT, was obtained from the 
slopes of the plots of Figure 3, by using the standard 
e q u a t i ~ n ' ~ * l ~ - ~ ~  

d In (r2), /dT = -[a In ( f * /T ) /dT ] , , ,  - @ / ( A 3  - 1) 

where P and h are the expansion coefficient and elongation 
ratio, respectively. Values of d In (r2),/dT, obtained at  
several elongation ratios, are given in the second column 
of Table IV. According to these results, lo3 d In (r2),,/dT 

Figure 5. Planar segment of poly(diethy1ene glycol 1,4-trans- 
cyclohexanedicarboxylate) in the all-trans conformation. First- 
order and second-order conformational energies are indicated 
above and below the figure, respectively. 

Table IV 
Thermoelastic Results for Poly(diethy1ene glycol 

1,4- trans -cyclohexanedicarboxylate) 
IO3 d In -io3 a In 

x (f*/T)/aT ( r2 h/ dT 
1.45 1.90 1.56 
1.54 1.66 1.39 
1.58 1.41 1.17 
1.57 1.62 1.38 
1.59 2.05 1.82 
1.68 1.61 1.42 
1.78 1.46 1.31 

av 1.53 * 0.21 

= 1.5 f 0.2 K-'. As can be seen in Table 11, the value of 
the temperature coefficient of the unperturbed dimensions 
of PDGC seems to be somewhat larger than that of PDET 
chains. 

Theoretical Calculations 
The repeating unit of PDGC in all-trans conformation 

is represented in Figure 5. For purposes of calculations, 
the cyclohexane ring was substituted by a virtual bond 
connecting the atoms in the 1,4-positions. With bond 
lengths of 1.54 A and bond angles of 111.5' between the 
C atoms of the rings, the length of the virtual bond is 2.97 
A and its direction makes an angle 0, = 145.5' with the 
equatorial C-H bond.2 Bond lengths and bond angles for 
the chain were taken from ref 4. 

As was indicated above, it was assumed that the mo- 
dulus of the dipole moment associated to each ester group 
has a value of 1.89 D, and its direction makes an angle of 
ca. 123' with the C,-C* bonds.16 The dipole moments 
associated to the ether C-0 bonds and to the hydroxyl 
0-H groups lie along the skeletal bonds and their values 
are 1.07 and 1.7 D, respectively. 

The optical configuration parameter is given by 
Aa = ( rT&r)/(r2) ,  

where r is the end-to-end vector, rT its transpose, and ii 
the polarizability tensor of the chain. The contribution 
of the different groups to 2 will be discussed below. 

The anisotropic part of the polarizability tensor of 
a cyclohexane molecule with equatorial-equatorial sub- 
stitution, having the x axis along the virtual bond, can be 
expressed by2' 

0.6830 0.3357 0 
4+3 = rcc 0.3357 -1.4077 o 

I O  0 0.7244 

where rcc  = Aacc - 2AacH and Aacc and ACYCH are 0.96 
and 0.21 A3, respectively. Bonds i through i + 6 can be 
schematically obtained by addition of two molecules of 
methyl acetate and one molecule of cyclohexane with re- 
moval of two molecules of CH,, which because of their 
symmetry have & = 0. Consequently, assuming tensor 
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additivity, the contribution of the different bonds of the 
repeating unit, written in their reference frame, are 

&1 = &i+l = &i+5 = &i+S = 0 
&i+2 = &i+4 = &E 

where the contribution of the methyl acetate molecule can 
be written as23 

&E = -0.1 0.09 0 I io3 3" -1.12 O I 
The remainder of the contributions to the polarizability 
tensor of the chains are 

hi+, = &i+lo = &CC - 2&CH 

&1+8 = &i+g = &CO - &CH 

In these equations 
&cc = AaccK 
&CH = AacHK 
&co = AacoK 

where22 Aaco = 0.58 A3 and K = diag (2/3,  -1/3, -1/3). 
According to Flory and co-workers,16 the sterically fa- 

vored conformations for dimethyl trans-1,4-cyclohexane- 
dicarboxylate molecules are those in which the ester groups 
are coplanar with the axial CH bonds. The difference 
between the energies at  p = 180' and cp = O', E,, about 
bonds of type i + 2 and i + 4, was estimated to lie in the 
range 0-0.2 kcal mol-'. The rest of conformational energy 
parameters used in the calculations, indicated in Figure 
5, were E,, = 0.4, E,, = -0.7, E, = 0.35, EU,, = 1.4, and Ed, 
= 0.57 kcal mol-'. 

Theoretical Results 
Values of the configuration-dependent properties were 

calculated by using standard matrix multiplication meth- 
ods described in detail e l ~ e w h e r e . ~ ~ ~ ~ ~  With the exception 
of bonds of type i + 1, i + 3, and i + 5, which are restricted 
to trans states, and bonds of type i + 2 and i + 4, whose 
rotational states are located at  0' and MOO, the rotational 
angles corresponding to the remaining skeletal bonds were 
assumed to be OD, f120'. Following standard conventions, 
the transformation of coordinates from reference frame i + 5 to i + 4 and from i + 3 to  i + 2 requires that 180° be 
added to the rotational angles of i + 4 and i + 2. 

Owing to the uncertainty of the value of the conforma- 
tional energy E,, the dipole moment was calculated as a 
function of this energy by using the set of conformational 
energies given above. The results obtained are shown in 
Figure 6. It can be seen that the dipole moment ratio 
increases as E,  decreases reaching a maximum for E, = 
0. This behavior is a consequence of the fact that for 
positive/negative values of E,, the favored conformations 
tctct/ttttt corresponding to i + 1 through i + 5 in Figure 
6 have the dipoles associated with the ester group in a 
nearly antiparallel direction; hence, the dipole moments 
ratio decreases as E, departs from 0. When E, approaches 
0, the probability of occurrence of the conformations tcttt 
and its symmetric tttct, which place the dipole moments 
in a parallel direction, reaches a maximum, and conse- 
quently the value of the dipole moment is also maximum. 
As a result the dipole moment ratio increases from 0.41 
for E,  = 1 kcal mol-' to 0.57 for E, = 0. For the same 
reason the temperature coefficient of the dipole moment 
increases as E, increases. 

The temperature coefficient of the unperturbed di- 
mensions also shows a significant dependence on E,. In 
fact lo3 d In ( r2)o/dT increases from 0.7 to 1.1 K-l when 
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Figure 6. Theoretical values of the dipole moment ratio and the 
temperature coefficient of both the unperturbed dimensions and 
the dipole moment, as a function of the conformational energy 
E,  = E(*) - E(0)  about CCy-C* bonds. 

E, decreases from 1 to 0.5 kcal mol-'. For values of E,  in 
the range 0.5-0 kcal mol-l, the value of the temperature 
coefficient remains practically constant. PDGC chains 
exhibit a large value for d In (r2),/dT as a consequence 
of the fact that the unperturbed dimensions undergo a big 
increase with decreasing values of the conformational en- 
ergy E,, associated with gauche states about CH2-CH2 
bonds of the glycol residue. The value of lo3 d In (?)o/dT 
changes from -0.084 for E,,, = 0.5 kcal mol-' to 1.28 K-' 
for E,, = -0.9 kcal mol-'. However, the sensitivity of the 
dipole moment ratio and its temperature coefficient to E ,  
is comparatively small. Thus (p2)/(nrn2) and lo3 d In 
(p2)/dT change from 0.55 and 0.58 to 0.60 and 0, re- 
spectively, when E ,  increases from -0.9 to 0.48 kcal mol-'; 
for values of E,  above the latter quantity both ( p2)  / (nm2) 
and d In (p2) /dT remain practically constant. 

The dipole moment ratio shows a small dependence on 
the conformational energy associated with gauche rotations 
of different sign about consecutive pair of bonds of type 
i + 6, i + 7. For example (p2)/(nm2) increases from 0.54 
to 0.60 when E,,,, decreases from 1.6 to 0.6 kcal mol-l. The 
sensitivity of the polarity of the chains to the rest of 
conformational energies is negligible. Accordingly, the use 
of E, = 0 together with the set of conformational energies 
indicated above gives a good account of the dipole moment 
and the temperature coefficient of both the unperturbed 
dimensions and dipole moments. 

Exploratory calculations concerning the dependence of 
the optical configuration parameter and its temperature 
coefficient on the conformational energies associated with 
the rotational states of the skeletal bonds suggest that the 
optical properties are strongly dependent on E,, and E,, 
the sensitivity to the other conformational energies being 
rather small. The dependence of Aa and d In Aa/dT on 
E,, and E,  is shown in Figure 7 .  With the set of con- 
formational energies that successfully interpret the di- 
electric and thermoelastic results, the values obtained for 
1024Aa and lo3 d In Aa/dT are 2.32 cm3 and 2.72 K-l, 
respectively, in poor agreement with the experimental 
results 7.42 cm3 and zero. I t  can be seen that Aa  and its 
temperature coefficient respectively increase and decrease 
with increasing value of E , ,  so that to reach a fair 
agreement between theory and experiment would require 
that CH2-CH2 bonds are restricted to trans states. It 
should be pointed out, however, that the value E,, = -0.7 



2132 Riande et al. Macromolecules, Vol. 21, No. 7, 1988 

Acknowledgment. This work was supported by the 
CAICYT through Grant 87051. 

Registry No. (Dimethyl 1,4-trans-1,4-cyclohexanedi- 
carboxylate)(diethylene glycol) (copolymer), 114506-20-6; (di- 
methyl 1,4-trans-l,4-cyclohexanedicarboxylate)(diethylene glycol) 
(SRU), 26523-40-0; (2,4-bis(p-isocyanatobenzyl)phenyliso- 
cyanate)(diethylene glycol)(dimethyl trans-1,4-cyclohexanedi- 
carboxylate) (copolymer), 114506-21-7. 

References and Notes 
(1) Riande, E.; Guzmin, J.; de la Campa, J. G.; de Abajo, J. 

Macromolecules 1985, 18, 1583. 
(2) Riande, E.; Guzmfin, J. J .  Polym. Sci., Polym. Phys. Ed. 1986, 

24, 2805. 
(3) San Romfin, J.; Guzmfin, J.; Riande, E.; Santoro, J.; Rico, M. 

Macromolecules 1982, 15, 609. 
(4) Riande, E.; Guzmin, J.; Tarazona, M. P.; Saiz, E. J .  Polym. 

Sci., Polym. Phys. Ed. 1984, 22, 917. 
(5) Chien, J. C. V.; Walker, J. F. J .  Polym. Sci. 1960, 45, 239. 
(6) de la Pefia, J. L.; Lucio, M. C.; Guzmin, J.; Riande, E. Mac- 

romolecules 1986, 19, 486. 
(7) Riande, E. J .  Polym. Sci., Polym. Phys. Ed. 1976, 14, 231. 
(8) Guggenheim, E. A. Trans. Faraday SOC. 1949, 45, 714. 
(9) Smith, J. W. Trans. Faraday SOC. 1950, 46, 394. 
(10) Llorente, M. A.; Riande, E.; Guzmh, J. Macromolecules 1984, 

17, 1048. 
(11) Treloar, L. R. G. The Physics of Rubber Elasticity, 3rd ed.; 

Clarendon Press: Oxford, 1975. 
(12) Stein. R. S. Rubber Chem. Technol. 1976, 49. 458. 

\ 
\ 
\ / 
\ / + / 
\ / A 

2 5 4  / \  t 

\ 
\ 

I 

0 0 5  1 

E, Kcaiimol 

Figure 7. Theoretical values of the optical configuration pa- 
rameter Aa as a function of the conformational energy E, = E(*) 
- E(0)  about C,-C* bonds (continuous line) and the conforma- 
tional energy associated with gauche states about the CH2-CH2 
bonds of the glycol residue (dashed line). 

to -0.8 kcal mol-' is well settled for this magnitude. Both 
Aa and d In Au/dT approach the experimental results as 
the value of E, approaches zero. 

As can be seen in Table 111, the difference between the 
experimental and theoretical values of 10aAu (5.1 cm3) for 
PDGC is much lower than the difference obtained for this 
property (17 cm3) in the case of PDET  chain^.^ These 
results suggest that intermolecular interactions that pre- 
sumably enhance the apparent optical anisotropy of the 
chains are less important in the former polymer than in 
the latter. Since PDET can schematically be obtained by 
substituting the cyclohexane in PDGC for benzene, specific 
intermolecular interactions between terephthaloyl residues 
may be held responsible for the great discrepancy observed 
between theory and experiment in the case of PDET 
chains. I t  should be stressed that in general better 
agreement between theory and experiments is obtained for 
asymmetric chains than for symmetric ones.26-28 Addi- 
tional studies that could explain this experimental fact are 
needed. 

L 
- 1  - 0 5  

(13) Llorente, M. A.; Mark, J. E. J.  Polym. Sci:, Polym. Phys. Ed. 
1987, 19, 1107. 

(14) Michel, P.; Dugas, J.; Martin, L. J.  Macromol. Sci., Phys. 1986, 
B25, 379. 

(15) Abe, A.; Mark, J. E. J .  Am. Chem. SOC. 1976, 98, 6468. 
(16) Saiz, E.; Hummel, J. P.; Flory, P. J.; Plavsic, M. J .  Phys. 

Chem. 1981,85, 311. 
(17) Liberman, M. H.; Abe, Y.; Flory, P.  J. Macromolecules 1972, 

5, 550. 
118) Liberman. M. H.: De Bolt. L. C.: Florv. P. J. J .  Polvm. Sci.. . ,  I 

Polym. Phys. Ed: 1974, 12, 187. 

23.5. 
(19) Flory, P. J.; Ciferri, A.; Hoeve, C. A. J. J .  Polym. Sci. 1960, 45, 

(20) Fiory, P. J.; Hoeve, C. A. 3.; Ciferri, A. J.  Polym. Sci. 1959,44, 
337. 

(21) Riande, E.; Guzmin, J.; Saiz, E.; Tarazona, M. P. J .  Polym. 
Sci., Polym. Phys. Ed. 1985, 23, 1031. 

(22) Patterson, G. D.; Flory, P. J. J .  Chem. Soc., Faraday Trans. 
2 1972, 68, 1098; 1972, 68, 1111. 

(23) Flory, P. J.; Saiz, E.; Erman, B.; Irvie, P. A,; Hummel, J. P. J .  
Phys. Chem. 1981,85, 3215. 

(24) Flory, P. J. Statistical Mechanics of Chain Molecules; Inter- 
science: New York, 1969. 

(25) Flory, P. J. Macromolecules 1974, 7, 381. 
(26) Llorente, M. A.; Pierola, M. I.; Saiz, E. Macromolecules 1985, 

18, 2663. 
(27) Riande, E.; Saiz, E.; Mark, J. E. J .  Polym. Sci., Polym. Phys. 

Ed. 1984, 22, 863. 
(28) Saiz, E.; Riande, E.; Mark, J. E. Macromolecules 1984,17, 899. 


