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On cooling, a dark brown product precipitated which was filtered
and dried to yield 14 g (75%) of crude 4. Purification was carried
out by sublimation at 240° (102 mm) and subsequent recrystalliza-
tion from 1,2,4-trichlorobenzene to yield 2.2 g (11%) of 4, mp
310-312°,

Poly(p-phenylene) (6). Polymerization Procedure. Equimolar
amounts of the 5,5’-p-phenylenebis-2-pyrone (4) and p-diethynyl-
benzene were weighed into a glass ampoule along with enough
solvent (1,2,4-trichlorobenzene, «-chloronaphthylene, or 1,2-di-
chloroethane) to obtain a solution about 1.5 wt % in total monomer.
(Typically, 1 mmol of each monomer in 30 ml of solvent was em-
ployed.) The reaction mixture was then degassed on a vacuum
line by three freeze(— 198 °)—evacuate-thaw cycles, and the ampoule
was sealed in vacuo. The ampoule was placed in a 500-ml Parr
bomb with 100 ml of the reaction solvent, and the bomb was sealed
and heated to the desired temperature for the desired reaction time
(Table I). The bomb was then cooled and opened; the polymer
in each case had precipitated. The contents of the ampoule were
poured into methanol and the resulting precipitate was filtered.
The polymers were dried under reduced pressure at 80° for 24 hr:
ir 800 cm~! (CH def, 2 adj H); Amax(refl) 340 nm.
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Anal. Caled for C;sH::0, (6, n = 2):
91.11, 91.20 (two different samples).

Sulfonation of Poly(p-phenylene).?? To 30 ml of concentrated
sulfuric acid heated to 250° under a constant stream of nitrogen
was added 0.2 g of the poly(p-phenylene) sample to be sulfonated.
The mixture was stirred under these conditions for 120 hr. The
black reaction mixture was then cooled and poured into ice—
water, and the polymer was separated by centrifugation. The
polymer was washed with water several times and dried under re-
duced pressure: ir 1150 and 1015 (sulfonic acid), 875 (CH def,
isolated), 815 cm™! (CH def, 2 adj H).

Anal. Caled for 92% (C¢H.SOs:),, 8% (CsHi)y:
Found: C, 50.2.

C, 91.59. Found: C,

C, 50.0.
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ABSTRACT: Using the matrix method of Flory the unperturbed dimensions {r%n/? and their temperature coefficients have

been evaluated as function of tacticity for polypropylene.
sonable limits to fit the experimental results.

The model parameters have been varied systematically within rea-
The minimum positions of the rotational bond angles probably do not deviate

more than 5° from planar trans and from symetrically staggered gauche, respectively. Entropy contributions to the free ener-
gies of the rotational isomers are discussed with respect to the influence on the temperature coefficient.

For linear polymers the unperturbed dimensions and
their temperature coefficients can be evaluated with the
rotational isomeric state model.! Energies and rotation
angles of the prefered conformations can be taken from semi-
empirical energy calculations.?? Neglecting some details of
such calculations, Flory and coworkers* have proposed a
three-state model, which should describe all vinyl polymers.
Therefore, this model seems to be especially suitable for an
extension to vinyl copolymers.5 Such an approach has to be
based on parameters of the corresponding homopolymers.
In this paper parameters are reported which describe the
experimental data on polypropylenes. These have been
found by studying the influences of the variables on the un-
perturbed dimensions. The exactness of the free energies of
the rotational isomeric states, required for a good fit with
experiment, may be estimated from the influence of a varia-
tion of the corresponding parameter values. Furthermore,
entropy contributions to the free energies of the isomeric states
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are discussed with regard to their influence on the temperature
coefficients of the unperturbed dimensions.

Theory

According to Flory, et al.,* the free energy of a chain con-
formation is expressed as a sum, where each term is depen-
dent on one bond rotational angle only (first-order interac-
tions) or on two consecutive bonds (second-order interac-
tions). The three isomeric states of a bond are shown in
Figure 1. A mirror reflection of the diagrams inverts the
asymetric center and reverses the sign of the rotation angle,
whereas the interaction energy is not altered. Therefore each
diagram represents two states of different asymmetric center
with a rotation angle of the same absolute value but with
opposite sign.

The first-order free energies of the states are taken relative
to the gauche (g) state. (In Figure 1 their statistical weights
are put in parentheses.) In the trans state, CH; instead of
CH, is syn with respect to CH. Therefore, it is expected that
7 may be a little lower than unity, partly due to the increased
restriction of internal rotation for the methyl group. For g
CH is syn to CH; as well as to CH;. This corresponds to
T<n

Second-order interactions involve essential steric over-
lapping of groups separated by four bonds, i.e., CH, CH,,
and CH;. Calculations on n-pentane®?® indicate that this
overlapping yields two minima, which are separated by a low
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Figure 1. Newman projections of the rotational isomeric states of

bond i.

barrier. Since the model of Flory describes these conforma-
tions by one isomeric state only, the free energy of this state
is expected to include a higher entropy contribution than for
the energetically favored states. The statistical weights are
w for a pair of CH; or CH groups and w’ for an interaction
between CH, and CH;. w'’ refers to CH; interacting with
CH;. If CH;groups are involved in second-order interactions,
an additional restriction to their hindered rotation is effected.
Therefore, w’ and w’’ are assumed to be lower than . We
decided to approximate w’ = w’’, because it turns out that
the influence of ' as well as of w'’ is much less pronounced
than that of w.

The statistical weight matrices built up from the above pa-
rameters are

7 1 =
U= v r
7 1 710
w1 T’
U'' =|n 7o'
nw " rww!!
n w' e’

'’ w

U’ is assigned to bonds CHCH;—CH, and U’' to CHx
CHCH;. Index i indicates an isotactic and s a syndiotactic
dyad. The matrices reduce to the order 2 if conformations
with factors of the third columns in the U matrices are ne-
glected.

The supplement 8 of the backbone bond angle and the
angles ¢ characterizing the exact positions of the isomeric
states have to be specified. We have taken 6 = 68° through-
out. For the states of Figure 1 it is assumed

Tw'?

0, = Ag ¢ = 120° — Agp ¢z = —120°

This scheme holds for all types of bonds if left-in addition to
right-handed coordinate systems are used.

For nonstereoregular chains sequences of dyads are gener-
ated with random numbers assuming Bernoullian statistics.
The characteristic ratios {ro%?)/n/*> of chains (with constant
number n of bonds) containing isotactic dyads according to
constant probability f; of the enchainment have been calcu-
lated using identical sequences of random numbers. Thus,
varying the conformation parameters for chains being iden-
tical with respect to the sequence structure, the calculated
differences of {r,2)/ni* are much more reliable than those com-
puted with chains of constant f; fluctuating, however, in the
actual enchainment.
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TagLe I
UNPERTURBED DIMENSIONS OF POLYPROPYLENES FROM VISCOSITY
MEASUREMENTS WITH & = 2.5 X 102!

Tacticity Solvent Temp, °C  (ro%)/nl?
Syndiotactic Toluenes 30 6.69
Heptanes 30 6.69
Isoamyl acetatee 45 (9) 6.71
Decaline 135 5.18
Atactic Benzene? 30 6.38
Toluene? 30 6.38
Cyclohexane® 30 6.55
Isoamyl acetate® 34 () 6.79
Chloronaphthalenec 74 () 7.17
Cyclohexanone® 92 (9) 6.90
Phenyl ethere 153 (9) 5.43
Isotactic Diphenyi¢ 125.1(8) 6.35
Decalin® 135 5.28
Diphenyl ether? 142.8 (9) 5.93
Phenyl ethere 145 (8) 5.78
Dibenzyl ether? 183.2 (6) 5.00

e Data of H. Inagaki, T. Miyamoto, and S. Ohta, J. Phys. Chem.,
70, 3420 (1966). * Data of F. Danusso and G. Moraglio, Rend.
Accad. Naz. Lincei, [8] 25, 509 (1958); Makromol. Chem., 28, 250
(1958). c¢Data of J. B. Kinsinger and R. E. Hughes, J. Phys.
Chem., 67, 1922 (1963). < Data of A. Nakajima and A. Saijyo,
J. Polym. Sci., Part A-2, 6, 735 (1968).
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Figure 2. Dependence of the characteristic ratios on «; 100 mono-
mer units, Ag = 0°, 9 = 1, o’ = 0,018 (F,» = 3.22 keal at 130°):
(a) 2 X 2 statistical weight matrices; (b) 3 X 3 statistical weight
matrices, 7 = 0.6 (F, = 0.41).

Results and Discussion

To find reasonable parameters for polypropylenes the cal-
culations have to be compared with published experimental
results (see Table I). In the following we present the most
illustrative data, obtained by a systematic variation of the
parameters. The values of {ry2)/nl? are averaged for 4 chains
with 100 monomer units and refer to a temperature of 130°,

Figure 2a,b shows that calculations with statistical weight
matrices of order 2 are useful for estimating the influence of
the various parameters on {r¢2)/nl2. The range of w is sug-
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Figure 3. Dependence of the characteristic ratios on w’; 100
monomer units, Ag = 0%, 7 = 1,7 = 0.6, w = 0.1356 (F, = 1.6).
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Figure 4. Dependence of the characteristic ratios on »; 100 mono-
mer units, Ap = 5° w = 0.0932(F, = 1.9), 7 = 0.6, ' = 0.0565
(For = 2.3).
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Figure 5. Characteristic ratios for low 7 values; 100 monomer
units, 7 = 0.4 (F, = 0.73), w = 0.0726 (F, = 2.1), o’ = 0.0441
(Fy = 2.5).

gested by investigations on polymethylene.? As a relatively
low value has been assigned to w’ = w’’ in the calculations
of Figure 2, the curves indicate that the free energy F, is
probably not higher than 2.0 kcal/mol. A variation of ’
and w '/, respectively, has an influence on (r,2)/nl? for isotactic
configurations only (see Figure 3). The value of r = 0.6
seems to be somewhat arbitrary. A considerably lower
value, however, leads to a more pronounced dependence of
(ro%)/ni? on the fraction of isotactic dyads f; (see Figure 2a),
which is not compatible with the experimental results, whereas
a value a little less than unity is not probable because of the
results on model compounds.®

On the basis of their potential calculations, Borisova and
Birshtein? have proposed that the conformational energy of
an all-trans chain is reduced if two consecutive bonds flanking

(6) Seerefl, pp 208-210.
§7) N. P. Borisova and T. M., Birshtein, Vysokomol. Soedin., 6, 1234
(1967).
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Figure 7. Characteristic ratios to describe the experimental re-
sults; 400 monomer units, 7 = 0.6, w’ = 0.0565 (F,, = 2.3).

CH,; are transformed to the gauche (g) state. In the model of
Flory, this is described by n < 1. From our calculations it
can be concluded that 5 is only slightly lower than unity (see
Figure 4), whereas the results of Borisova and Birshtein cor-
respond to = 0.54 (F, = 0.5 kcal). For configurations of
high tacticity, even with relatively low » values, agreement
could be obtained with the experimental data for (ro%/ni?, if
the second-order parameters are assumed to be lower than
the values proposed by the results on polymethylene. With
this parameter set for atactic configurations (f; = 0.5), how-
ever, the theoretical values of {ro?)/nl? are below the experi-
mental data (see Figure 5).

It has been suggested* that the positions of the rotational
minima deviate about 10~20° from planar trans and symetri-
cally staggered gauche g due to nonbonded interactions. This
isdescribed by A¢. The curves of Figure 6 show that A > 5°
leads to values of (r;%)/nl? which are higher than the experi-
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Figure 9. Entropy and energy differences for the potential func-
tions of Figure 10, ¢ = 130° (values for Ex(¢), with E; = 4 kcal,
relative to the values for Ei(¢), (—) with E; = 4 kceal, (- - - - - )
with E, = 6 kcal),

mental data for syndiotactic configurations and lower for iso-
tactic configurations. A¢ > 5° is compatible with experi-
mental results only for chains with high tacticities, if it is
assumed that % is clearly lower than unity and that the second-
order parameters are lower than those of Figure 6. As stated
above, such a combination of parameter values does not agree
with the experimental results for atactic configurations.

For two most realistic combinations of parameter values
calculations have been carried out for 400 monomer units
instead of 100. The characteristic ratios obtained from this
are increased a few per cent and agree satisfactorally with the
experimental results (see Figure 7). For the same parameter
sets, the temperature coefficients of the unperturbed dimen-
sions, d 1n {(r,%/dT, have been evaluated. To this purpose
the statistical weights have been transformed to their values
at 100°. {r,?)/ni? has been calculated with the random num-
ber sequences generated for 130°.

The temperature coefficient d In {r,?/dT is dependent on
the energy differences of the rotational isomeric states as well
as on the entropy differences, which may be caused by differ-
ent shapes of the potential walls. In the following the free
energy differences AF and their entropy contributions are cal-
culated with the approximation of classical statistical mechan-
ics?® by integrating over a bond rotation angle ¢. If the bar-

(8) M. V. Volkenstein, ‘“Configurational Statistics of Polymer
Chains,” Interscience, New York, N. Y., 1963, Chapter 2.
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Figure 10. Potential curves for estimating the entropy contribu-
tions to the statistical weights (for the analytical expression of the
double-minima curve, see J. N. Majerus, J. Polym. Sci., Part A-1, 8,
1737(1970).)
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Figure 11. Temperature coefficients of the characteristic ratios;
100 monomer units, 7 = 0.6, w' = 0.0565: (a) ¢ = 0°, 7 = 1,
w = 0.1056 ((S/R), characterizes the entropy part of w and w’);
b)) ¢ =5°%7n =09, w=0.0932,(S/R), = 0.5, (AF, = F,(130°) —
F, (100°), in kcal).

rier E, for the function E = /,E(1 — cos 3¢) is varied, the
differences AF are mainly due to the entropy contribution
TAS (see Figure 8). Double minima in the angular range of
an isomeric state in the Flory mode! lead to an increase of
entropy. This is demonstrated in Figure 9, which presents
AF and — AE for the two potential curves in Figure 10.

Since by semiempirical energy calculations on n-pentane®?
double minima have been found for the states with second-
order interactions, the free energies F,, and F,- may include a
positive entropy contribution. The assumption (TS), =
(TS).r = 0.4 kcal leads to a more pronounced temperature
dependence of {(ro?)/ni? (see Figure 11a) and improves the
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agreement with the experimental value, —4.09 X 10~3 deg™!,
of Nakajima and Saijyo? for isotactic configurations. Ham-
ada, 1% however, has found a considerably lower temperature
coefficient, —1.5 X 1072 deg~! (unpublished results). There-
fore, at the moment a final conclusion about the entropy con-
tributions to F, and F, cannot be made. For atactic poly-
propylenes the experimental value!® —1,7 X 10~% deg=!is in
good agreement with the lower calculated curve in Figure 11a.

The free energies of the rotational isomeric states are gen-
erally dependent on the solvent too.!* If small changes of
one free energy, F,, for example, have essential influence on
the unperturbed dimensions, the temperature coefficients de-
rived from measurements in different 6 solvents may vary to
a great extent. Such an effect has been simulated in Figure
11b. The free energy F, for 130° has been assumed to be
only 0.036 kcal lower than the corresponding F, at 100°. The
temperature coefficients derived in this way decrease up to the
half of their original values.

Conclusion

The unperturbed dimensions of polypropylenes can be de-
scribed by second-order energies, which are quite the same as
the correspondirig energy for polymethylene. Then the po-

(9) A.Nakajima and A. Saijyo, J. Polym. Sci., Part A-2, 6,735 (1968).

(10) (a) Hamada, cited by Abe and Flory, see ref 11 and 12; (b) F.
Danusso, and G. Morajlio, Ist. Lombardo, Rend. Sci. A, 93, 666
(1959); G. Morajlio and G, Gianotti, Eur. Polym. J. §, 787 (1969).

Macromolecules

sitions of the bond rotation angles in the three-state model of
Flory do not deviate more than a few degrees from planar
trans and symetrically staggered gaiiche. In this way good
agreement can be obtained with the experimental data for all
tacticities, whereas the parameters of Abe,!! basing on higher
second-order energies than ours, have given much higher values
for syndiotactic configurations.

With the comparably low second-order energies, the un-
perturbed dimensions of “isotactic” polypropylenes are only
slightly dependent on the content of syndiotactic dyads.
The temperature coefficient is also less sensitive to the frac-
tion of syndiotactic dyads. Consequently, the open question
about the exact fraction of syndiotactic dyads in “isotactic”
polypropylenes—as derived from nmri2!4—is of only
minor importance for the comparison of the calculated and
measured unperturbed dimensions. This agrees with the
conclusion of Boyd and Breitling!s derived from conforma-
tional calculations on polypropylenes.
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ABSTRACT: The strain birefringence of polymethylene (PM) and for poly(dimethylsiloxane) (PDMS) networks, unswollen
and swollen with diluents, has been investigated over the temperature ranges 115-220° and 15-90°, respectively. Temperature
coefficients of the optical-configuration parameter, Aa, have been determined with much improved accuracy by cycling the tem-
perature at fixed length rather than, as heretofore, by determining stress-birefringence isotherms at a series of temperatures.
Dilution of PM with decalin reduces —10%d In Aa/dT from 3.8 (£0.1) to 1.4 (=0.1) deg=*. The latter value is virtually coinci-
dent with calculations from rotational isomeric state theory. From Aa = 4.0 X 10724 cm? in decalin at 150° theory yields
T'py = Aage — 1.884acr = 1.0 X 10~24¢cm® (where Aa’s are bond optical anisotropies) compared with 0.56 X 10-2¢ cm? from
depolarized scattering by n-alkanes in CCl,. Residual intermolecular correlations in the PM—decalin system are suggested as
responsible for the discrepancy. Swelling of PM with n-CiHzs and n-CyH s effects smaller reductions in Ag and —d In Aa/dT.
For PDMS, the value of Aa is markedly reduced by swelling with decalin, with cyclohexane, and especially with CCl,, In
CCly, Aa = 0.1 X 10~24 cm? at 70°, giving I'epus == Aasio — Aasic + Aaca = 0.047 X 1072t cm?®. The observed (positive)
temperature coefficient considerably exceeds theoretical predictions, and would be at variance with the supposition of order in

the amorphous polymer.
with theory.

his investigation was prompted by evidence indicating

the stress-optical behavior of cross-linked networks to

be at variance with calculations according to rotational iso-
meric state schemes successfully used to treat other configura-
tion-dependent properties of polymer chains.! In particular,
the experimental temperature dependence of the stress-optical
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The vanishingly small optical anisotropy of PDMS casts doubt on the significance of the discrepancy

coefficients for cross-linked amorphous polymethylene®?
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