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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 (unpublished results).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).
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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

(1) P. J. Flory, “Statistical Mechanics of Chain Molecules,” Inter-
science, New York, N. Y., 1969,

The vanishingly small optical anisotropy of PDMS casts doubt on the significance of the discrepancy

coefficients for cross-linked amorphous polymethylene®?
(PM) and for poly(dimethylsiloxane)*5 (PDMS) have been

(2) A. N. Gent and V. V. Vickroy, Jr., J. Polym. Sci., Part A-2, 5,
47 (1967).

(3) D. W. Saunders, D. R. Lightfoot, and D. A. Parsons, ibid., 6,
1183 (1968).

(4) V. N, Tsvetkov and A. Ye. Grishchenko, Polym. Sci. USSR, 7,
902(1965); J. Polym. Sci., Part C, No. 16,3195 (1968). )

(5) N. J. Mills and D. W. Saunders, J. Macromol. Sci. B, 2 (3), 369
(1968).
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reported to be considerably greater in magnitude than the
values calculated®~® using statistical weight parameters con-
sistent with other experimental evidence including the mean
dimensions of the linear polymers,!® their dipole moments
(for PDMS and its oligomers),!! and the temperature coeffi-
cients of these quantities.1%1! Thus, the experimentally
determined coefficient d In Aq/dT, where Aa is the optical
anisotropy-configuration parameter defined rigorously by eq
14 below and directly obtainable from the stress-optical co-
efficient B, is three to four times the value calculated for
PM23.8 both observed and calculated values being negative.
(In the classical treatment of strain birefringence given by
Kuhn and Griin,'2!? Aa enters as the optical anisotropy of
a segment of the freely jointed chain, a model which is here
replaced by the rotational isomeric state representation of the
real chain.) The observed coefficient for PDMS 4 is positive,
as predicted by theory, but it is about an order of magnitude
larger than the calculated value. These differences cannot
be resolved by any plausible revision of the statistical weights
or of the geometric parameters, i.e., bond angles and locations
of rotational states, without destroying the agreement be-
tween theory and observations on other configuration-depen-
dent properties. This assertion is supported by extensive
computations reported only in part here.

Experimental results from a number of sources!41® show
Aa generally to be reduced in magnitude when the network is
swollen by a diluent. This effect, which may be quite large,
has been attributed!¢-!? to alleviation of orientational cor-
relations in the undiluted polymer. It appears to depend on
the optical anisotropy and geometrical asymmetry of the
diluent,’* being most marked when the diluent consists of
molecules of near-spherical shape that are not themselves
prone to correlations which would enhance the apparent
optical anisotropy of the polymer. It seemed essential,
therefore, to examine the effect of dilution by diluents of low
optical anisotropy on the temperature coefficient of Aa before
seeking an explanation for the temperature coefficient of Aa
for unswollen networks.

The work of Gent and Vickroy? on PM suggests that the
magnitude of d In Aa/dT is decreased by swelling but their
results are inconclusive in this regard. Recently, Mills2? has
shown that Aa and dAa/dT for PDMS are decreased drastically
by dilution with carbon tetrachloride. However, the values
found?® for Aa scatter to such an extent as to preclude deduc-
tion of a reliable value for d In Ag/dT. It is this coefficient
which is pertinent to the configurational-statistical properties
of the chain. The theoretical value of d In Aa/dT, unlike that
of Aa, is virtually indeperident of the values assigned to the
components of the anisotropic part &; of the group polariza-

(6) K. Nagai,J. Chem. Phys., 40,2818 (1964).

(7) K. Nagai, ibid., 47,2052 (1967).

(8) K. Nagali, ibid., 49,4212 (1968).

(9) K. Nagaiand T.Ishikawa, ibid., 45,3128 (1966).

(110) Reference 1, Chapter I1, contains a compilation of experimental
results. .

(11) C. Sutton and J. E. Mark, J. Chem. Phys., 54, 5011 (1971); J. E.
Mark, ibid., 49, 1398 (1968).

(12) W.Kuhnand F. Griin, Kolloid-Z. Z. Polym., 101, 248 (1942),

(13) L. R. G. Treloar, “The Physics of Rubber Elasticity,” 2nd ed,
Clarendon Press, Oxford, 1958, Chapter X.

(14) A.N. Gent, Macromolecules, 2,262 (1969).

(19(;2 A. N. Gent and T. H. Kuan, J. Polym. Sci., Part A-2, 9, 927
(16) M. Fukuda, G.L. Wilkes, and R. S. Stein, ibid., 9, 1417 (1971).
(17) T.Ishikawa and K. Nagali, ibid., 7, 1123 (1969).

(18) G. Rehage, E. E. Schifer, and J. Schwarz, Angew. Makromol,
Chem., 16/17, 231 (1971); J. Schwarz, Ber. Bunsenges. Phys. Chem.,
8/9, 847 (1970).

(19) T.Ishikawa and K. Nagai, Polym.J., 1,116 (1970).

(20) N. 1. Mills, Polymer, 12,658 (1971).
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bility tensor. The interpretation of the temperature coeffi-
cient of In Aa is therefore free of ambiguities arising from un-
certainties in values of the anisotropies of bond polarizabil-
ities.

The investigations reported here were undertaken with the
primary objective of accurately determining d In Aa/dT for
cross-linked, amorphous PM and PDMS, both in the undi-
luted condition and when swollen with diluents of compara-
tively low optical anisotropy. The liquids used with PM
were decalin, n-dodecane, and n-docosane, while decalin,
cyclohexane, and carbon tetrachloride were used to swell
PDMS. The n-alkanes were included as diluents for PM lor
the express purpose of ascertaining effects of possible inter-
molecular correlations between the polymer and chain mole-
cules of corresponding structure and conformational tenden-
cies. The temperature coefficients were determined by cy-
cling the temperature at fixed strain, the stress and the bire-
fringence being measured simultaneously as functions of the
temperature. Experiments conducted in this manner permit
gredater accuracy in the determination of d In Aa/dT than can
be achieved by comparing values of Aa obtained from several
stress-birefringence isotherms, the procedure generally fol-
lowed heretofore.

A further objective of this investigation has been to com-
pare Aa for PM obtained from strain-birefringence measure-
ments with estimates from values given for the optical anisot-
ropies Aacc and Aacu of the C-C and C-H bonds, respec-
tively, i.e., the differences between the parallel and perpen-
dicular components of the bond polarizabilities. Recent
studies?! on the depolarized light scattering by n-alkanes in
carbon tetrachloride led to lower values for the bond optical
anisotropies than those used in most of the recent papers on
the subject. Thus, we attempt to reconcile the two methods,
depolarized scattering and strain birefringence, for investi-
gating the optical anisotropies of chain molecules.

Experimental Section

Polymethylene. A high molecular weight linear polyethylene
Hostalen GUR,2? was used exclusively, Its molecular weight is
reported to be about 108 from viscosity measurements and 3.5-4 X
108 from light scattering.??® It was formed into sheets ca. 2 mm
thick using a hydraulic press equipped with heated platens.

The samples were cross-linked with $Co radiation in a Gam-
macell 650%¢ irradiator. Temperatures of 150-160° were main-
tained during irradiation in order to eliminate possible complica-
tions due to crystallinity. This was accomplished using a glass
tube wrapped with heating tape. The temperature was controlled
through use of a variable transformer and was monitored by a re-
mote-indicating thermometer. The samples were placed in alu-
minum pans arranged in stacks, which fit into the tube. The ap-
paratus was purged with purified nitrogen to prevent oxidation.
The dose rate was about 0.5 Mrad/hr,  All samples received a dose
of about 8.7 Mrads.

After irradiation, the cross-linked sheets were machined to a
thickness of ca. 0.07 cm. Dumbbell-shaped test specimens 0.4 cm
wide and 4 cm long were die punched.from the sheets. The width
and thickness were measured at room temperature with a microm-
eter. Lengths (taken to be the distance between dynamometer
clamps) of unstressed, amorphous samples were determined by
extrapolation of length-tension plots to zero tension. For un-
swollen samples, they were converted to temperatures other than
that at which the extrapolation was carried out (usually 205-220°)

(21) G. D. Patterson and P. J. Flory, Trans. Faraday Soc., 68, 1098
(1972).

(22) Manufactured by American Hoechst Corp.

(23) Product information from American Hoechst Corp.

(24) Manufactured by the Atomic Energy Commission of Canada,
Ltd.
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using the polyethylene density data of Orwoll and Flory.?® In the
case of swollen samples, the conversion was carried out on the
basis of the measured dependence of the equilibrium swelling on
temperatuire,

Equilibrium swelling was measured gravimetrically. Pieces of
cross-linked polymer were immersed in diluent for 2-3 hr at each
of four different temperatures before weighing. The volume frac-
tion vy, of polymer in the swollen, unstressed sample was then cal-
culated?® assuming additivity of specific volumes of the two com-
ponents,

The diluents n-docosane, n-dodecane, and decalin (cis:trans =
62:38)%" were obtained from Humphrey Chemical Co. and Mathe-
son Colernan and Bell and used without further purification.

The apparatus used for the stress-optical measurements is of con-
veéntional design.'? A 4-mW He-Ne (632.8 nm) laser that serves
as light source provides a highly polarized and well-defined incident
beam. The latter characteristic obviates focusing lenses. The
polarizer and analyzer are Glan-Thompson prisms; the birefrin-
gence is measured with a Zeiss Ehringhaus compensator viewed
through a low-power telescope. These optical components were
mounted on a triangular optical bench. The part of the apparatus
containing the sample was constructed from Pyrex glass. The
sample chamber windows showed negligible birefringence. Dow-
Corning DC-550 fluid was used as the heat transfer medium; its
temperature was controlled to +0.4°. Prepurified nitrogen was
slowly passed through the sample chamber to minimize oxidative
degradation. Ir spectra of samples revealed very little oxidation.
Despite the production of highly colored oxidation products, the
refractive indices of the diluents were within =0.0004 unit of their
initial values. Such changes have a negligible effect on Aa.

The dynamometer is of similar design to those previously used, 28:2
The strain gauge (Statham, 8- or 24-0z range) was mounted on a
water-cooled block to prevent possible thermal effects due to the
bath. The conventional strain gauge circuitry®® was modified by
replacing the recorder-zeroing potentiometer with a resistance,
box. Thus, the tension on the sample could be obtained from a
plot of mass vs. the resistance necessary to null the recorder.

The experiments were carried out isometrically by fixing the ex-
tension of the sample while measuring the change of the birefrin-
gence and tension with temperature. Before beginning a tempera-
ture cycle, the sample was held for several hours at the highest tem-
perature in order to assure equilibration?® of the tension and bi-
refringence. At each temperature of the cycle, 20-30 min was
allowed for thermal equilibration, The extension was measured
to £=0.003 cm with a cathetometer.

The refractive index 7 of undiluted, amorphous PM at different
temperatures was calculated from its specific refraction?! and den-
sity?s using the Lorenz-Lorentz equation.®? This procedure was
also used for obtaining 7 of the swollen samples.??2 All values of
71 were corrected to A 632.8 nm.

Poly(dimethylsiloxane). High molecular weight (ca. 1. 4 X
108) PDMS obtained from General Electric Corp. was pressed be-
tween Mylar sheets to obtain slabs about 2 mm thick, The samples
were then cross-linked by high-energy electrons from a resonant
transformer. They received a nominal dose of 8 Mrads on each
side. Sol (<3%) was removed by extraction with carbon tetra-
chioride.

(25) R, A, Orwoll and P. ]. Flory, J. Aner. Chem. Soc., 89, 6814
(1967).

(26) The densities of n-dodecane, n-docosane, and polyethylene are
taken from ref 25. Any dependence of polymer density upon molec-
ular weight is assumed to be insignificant.,

(27) The composition of the decalin was measured with an Abbé
refractometer. Its density was then obtained from the data on the
pure isomers of W, F. Seyer and C. H. Davenport, J. Amer. Chem. Soc.,
63,2425 (1941),

(28) J. E. Mark and P. J. Flory, ibid., 86, 138 (1964).

(29) A. Ciferri, C. A.J. Hoeve, and P. J, Flory, ibid., 83, 1015 (1961).

(30) Statham Instruments, Inc., transducer operating instructions.

(31) J. P. Bianchi, W. G. Luetzel, and F. P, Price, J. Polym. Sci., 27,
561 (1958).

(32) M. B.Huglin, J. Appl. Polym. Sci., 9, 4003 (1965).
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The procedure and apparatus for performing the experiments
were as described except that the sample chamber was surrounded
with a water jacket for temperature control. Measurements were
then readily carried out below as well as above ambient tempera-
ture. Residual birefringence in the windows was small, amounting
to ca. 2-3 nm in retardation. Correction was necessary only when
the relative retardation (cf. below) was <20 nm. In the latter
range, a A/ 20 Zeiss Brace-Kohler compensator was used.

The decalin, carbon tetrachloride, and cyclohexane were Mathe-
son Coleman and Bell Spectrograde and reagent grade.

The value of # for PDMS was found to be 1.4004 at 35°, in
agreement with the results of others.#®* The dependence of 7 on
temperature and swelling was obtained as described for PM.

Treatment of Data

The relationship between the measured relative retardation
R and the stress-induced birefringence is given by

R = t-An %))

where ¢ is the sample thickness and An is the difference be-
tween refractive indices parallel and perpendicular to the
stress. THe relationship

An = Br 2)
defines the stress-optical coefficient B. Combination of eq 1
and 2 gives
B = R/rt = wR/f 3)
where f is the tension on the sample and w is its width at a
given elongation and temperature. According to theory!® 23
B = 27nAa/45kTY(n® + 2)n @
Hence
Aa = (WR/f)ASkT/2m)nj(n? + 2)? %)
For an unswollen sample, assuming the volume to be con-
stant, we have
w = w(L/Lx)™"" )
where wax is its unstressed width, and L and L« are the stressed
and unstressed lengths, respectively.
The increase in volume with elongation of a sample in

equilibrium with an excess of diluent is taken into account by
use of the well-known expression #+ 35

v L v 1 :
A N’ [f - 277:2] = Vl[ln A—-v)+ v+ x84 (0
where v is the number of moles of chains in the network, V« is
the volume of the unstressed, unswollen network, v; is the
volume fraction of polymer in the (stressed) network, ¥ is the
molar volume dilutent, and x is the solvent—polymer inter-
action parameter; 7+ = ((r%x/(r))o)”?, where (r))x is
the mean-square end-to-end distance of chains in the un-
stressed, unswollen network and {(r2), is the value for the un-
perturbed chains, free of constraints imposed by the network
or by long-range interactions. Since the samples were cross-
linked in the undistorted state in the absence of diluent,
n% = 1, This quantity may depart from unity only through
differences in the temperature coefficients of {rZ)x (due to
thermal expansivity of the polymer) and of (r?), Because
both are small, it is permissible to set nx equal to unity for
treatment of data at a fixed temperature. Recognition of its

(33) Reference 1, Chapter IX.
(34) Reference 13, Chapter VIL.
(35) P.J. Flory,J. Amer. Chem. Soc., 78, 5222 (1956).
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dependence on temperature is, of course, essential for the
analysis of temperature coefficients.

For the unstressed sample at swelling equilibrium, eq 7 be-
comes

LN N o N
Ve % Lo Znw? v, [In (1 Lg;o) + 020 + x(02.0%
®

where the subscript zero denotes f = 0. The quantity 1/vs;o
is the swelling ratio; i.e., the ratio of the swollen to the un-
swollen sample volume is given by 1/v:;0. Dividing eq 7 by
eq 8 and expanding the logarithms, we obtain

L*/L - 02/27]*2 _

L*/Lo - 02;0/2‘)7*2

a2 =x0+oB+...7
<02;0> [(1/2 30 + o3 :| =~ (vafv2,0* (9)

For isotropic swelling

Lo/Ly = wo/wsx = (02;0)_l/3 10

Substitution of eq 10 into eq 9 with 5« = 1 (see above) yields

vy & —(020)%/4D + (1/2)[(v3;0)*/4D* +
4(Lo/L)oy0)*/ D]+ (11)

where D = (Uz;o)l/ * — Us;0/2. Equation 11 gives the depen-
dence of v, on elongation, as expressed by L/L,, at swelling
equilibrium.®* The expression for the width of the stressed
sample at swelling equilibrium is (¢f. eq 6)

w = waby /(L[L:)" 12)

where L;i = L«vy~'/* is the isotropic length of the sample at
the volume prevailing at swelling equilibrium, i.e., the length
the swollen sample would have in absence of stress if its
volume fraction remained unchanged at v.. Hence, from eq
10and 12

w = wo(ve,oLo/val)'? (13)

Through use of eq 13 in conjunction with eq 5, it is possible to
possible to take account of the simultaneous effects of defor-
mation and swelling on Aa.

Experimental Results

Polymethylene. Typical data showing the temperature
dependence of Aq, calculated according to eq 5 from the mea-
sured retardation and tension, are presented in Figure 1 for
both swollen and unswollen PM networks. The direction of
the tick attached to each data point distinguishes measurements
made during the heating (up) and cooling (down) phases of
the temperature cycle. Hysteresisis negligible. The values of
L/L; (= L/L« for unswollen samples) given in the figure are
the extension ratios measured at the highest temperature
reached in the experiment on a given sample. The data
points for each experiment are well represented by a straight
line, with the exception of those for unswollen FM, which in-
dicate positive curvature. Results for both swollen and un-
swollen samples are approximated by the least-square-
straight lines in Figure 1, from which the temperature coeffi-
cients d In Aa/dT were calculated for a mean temperature of
150°. Average values of these coefficients are given in the

(36) Equation 11 has been derived in a slightly different form by I.
Bashaw and K. J. Smith, Jr., J. Polym. Sci., Part A-2, 6,1041 (1968).
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The dependence of Aa for polymethylene on temperature
in various diluents. The values of L/L; refer to the highest tempera-
ture of measurement. For purposes of comparison, the examples
chosen are for similar values of L/L;.

Figure 1.

TaBLE I
POLYMETHYLENE AT 150°

10%d In Aa/dT,

Diluent g:o 1024Aq, cm?® deg™?
None 1.0 7.8,8.4,2 8.4 —4.1(x£0.1),
5.0,23.00
n-CoeHye  0.41 6.5 —2.6(%0.1)
n-CoHzs 0.44 5.1 —2.2(=£0.3)
Decalin  0.33, 0.36¢ 4.0,3.9,24.0° —1.4(=£0.1),
~0 (£1)

e Gent and Vickroy.? °?Saunders, Lightfoot, and Parsons.?

¢ Gent and Kuan, 1%

last column of Table I. Experiments at different elongations
(not included here) showed d In Aa/dT, as well as Aq, to be in-
dependent of elongation. Values of Aa at 160° interpolated
from experimental data such as are shown in Figure 1 are
plotted against L/L; in Figure 2. They appear to be indepen-
dent of extension over the range investigated. Only for the
undilnted samples is there an indication of dependence on
L/L;; for each of the two samples, Aa appears to increase
somewhat with L/L;. The changes are scarcely greater than
the experimental error. Moreover, the close agreement be-
tween mean values of Aa from the two sets of data for un-
diluted samples supports the conclusion that Ag is sensibly in-
dependent of L/L; over the range investigated.

Mean values of Aa at 150°, determined as above by inter-
polation from data taken as a function of temperature at
fixed length, are presented in the third column of Table I.
These results are in good agreement with those previously re-
ported from unswollen®>#15 and decalin-swollen?15 PM.
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TasLE II
POLY(DIMETHYLSILOXANE) AT 70°

Macromolecules

102"dAqg/dT,

Diluent a0 102¢Aq, cm? cm? deg™? 10%d In Aa/dT, deg™1
None 1.0 0.81,0.68,0.3-0.7° 6.3 8.5(x0.1),7.3 8.2
Decalin 0.25 0.5¢ 3.2 4.9 (£0.5)
Cyclohexane 0.16 0.3g4 4.8 11.7(x0.7)

CCl, 0.16, 0.35-0.71¢ 0.18,40.15-0.20¢ 2. 18 (£3), >0

@ Tsvetkov and Grishchenko.* °® Mills and Saunders.? ¢ Mills. 20

4 By extrapolation of data taken at lower temperatures.

” T T T [ T T { T T T T T T T i T T [
*
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[ ]
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[ g 2j0= 042
[ ] [ ] A7~ -
80~ -
v
£ a6l _
Q
e
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& .
Swoll dod Voro = O.46
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] swollen in cyclohexone, 9,; =125~
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IXT2] 1.20 K5 40 150 760 7 B 150" / L,
1.3 4L/L', 170 1 / swollep in CCW\/
. ¢
Figure 2. Dependence of Aa on L/L; for PM at 160°. Open of |- " -
circles and filled circles denote different samples. //
. . . . 1 1 L
Swelling with decalin decreases Aa to about half its value for %36 e R T
the unswollen network. Smaller decreases in Aa are brought !
about by swelling with the n-alkanes. Figure 3. Dependence of Aa for poly(dimethylsiloxane) on temp-

Our value of dIn Aa/dT for the unswollen polymer falls be-
tween the values found by Saunders, ef al.,?® and by Gent and
Vickroy.2 We find that swelling with decalin decreases this
temperature coefficient to less than half its value for the un-
swollen network. Smaller decreases are produced by swelling
with n-docosane and n-dodecane. The smaller effects of the
long-chain alkanes compared with those of decalin are con-
sistent with the hypothesis that the optical anisotropy is
enhanced in the bulk polymer due to correlations between
neighboring polymer chains. These may be suppressed by
dilution, but in the case of the rn-alkanes diluent—polymer
correlations resembling polymer-polymer correlations may
occur and thus increase the apparent Aa over its value in the
presence of a less anisotropic diluent such as decalin.

Poly(dimethylsiloxane). Results of typical isometric stress-
birefringence-temperature measurements on PDMS, un-
swollen and swollen with the diluents, are shown in Figure 3.
As for PM, Aa varies linearly with temperature within experi-
mental error. There is an intimation of positive curvature

erature in various diluents.

for the unswollen polymer, however. Values of Aa inter-
polated to 70°, of dAa/dT, and of d In Aa/dT for the same
mean temperature are given in Table II. Results for the un-
swollen polymer are in good agreement with results reported
by previous investigators.®® Our value of Aa for PDMS
swollen in carbon tetrachloride is consistent with the approx-
imate value obtained from the recent results of Mills, 20

The optical anisotropy of PDMS as measured by Aa is
much smaller than that for PM. Dilution decreases Aa, the
effect being greatest (sixfold) for the isotropic diluent
carbon tetrachloride. Smaller decreases are brought about
by swelling with decalin or with cyclohexane. Owing to the
small optical anisotropy of PDMS, apparent values of Aa ap-
pear to be more sensitive to specific effects of diluents than are
those for PM. It may be for this reason that decalin pro-
duces a relatively small decrease in Aa for PDMS. The effect
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of carbon tetrachloride, consisting of quasispherical and op-
tically isotropic molecules, is much greater.

Because of the small magnitude of Aa, uncertainties in both
Aa and dAa/dT are comparatively large. They are magnified
in dIn Aq/dT. The indicated increases in this coefficient upon
dilution with cyclohexane and with carbon tetrachloride
must be viewed in this light. They are subject to large vitia-
tions due to small effects of spurious origin, The absolute
magnitude of the change in Aa with temperature, like Aag it-
self, is very small.

Analysis of Results

Theoretical Treatmemt. The expression for Aa derived—3
under the sole assumption of additivity of group polariz-
ability tensors takes the form?3?# 3738

mn
Aa = ; Zl (rTam)o/{ri)o 14
=
where r7 is the transpose (i.e., the row form) of the end-to-end
vector r and &; is the traceless tensor representing the anisot-
ropy of the polarizability associated with group i of the chain;
the sum extends over all groups; the angle brackets with sub-
script zero denote averages over all configurations of the free,
unperturbed chain. With adoption of the rotational isomeric
state model, the sum in eq 14 can be evaluated through use of
the relation®—83% 87

iZ:l (Tl = 2Z1J* <ﬁ11 Qi) J (15)

where Q; is the generator matrix for skeletal bond i and J*
and J are the row and column operators defined previously. 3
The matrix Q; embodies the tensor &, for group i, geomet-
rical parameters defining the spatial configuration of the
chain in various rotational states, and the statistical weights
for the various rotational states. Three rotation states, one
trans (t) and two gauche (g™ and g~), serve to represent the
configurational states of the chains investigated here.?%
For PM the matrix of statistical weights for states of bond / in
relation to those for bond i ~ 1is#°

1 ¢ ¢
U;=(1 ¢ ow (16)
1 ow o _|;

the states being indexed on rows and columns in the order t,
gt, g=. The parameters ¢ and w are defined ¢ = exp(—E,/
RT) and w = exp(—E,/RT), where E, is the energy of a
gauche state relative to trans; E, + E, is the energy for bond
i — 1in a gauche state followed by bond i in one of the oppo-
site sign.

Two analogous statistical weight matrices are required for
each repeat unit in PDMS, 11, 4041 g5 follows

1 ¢ o
U, = U(OS;, Si0) = |1 oy O a7n
1 0 oy

(37) P. J. Flory, R. L. Jernigan, and A. E. Tonelli, J, Chem. Phys.,
48,3822 (1968).

(38) Y. Abe, A. E. Tonelli, and P. J. Flory, Macromolecules, 3, 294
(1970).

(39) Reference 1, ChapterIII.

(40) Reference 1, Chapter V.

(41) P. J. Flory, V. Crescenzi, and J. E. Mark, J. Amer. Chem. Soc.,
86, 146 (1964).
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Figure 4. The parameter Acc for PM at 140° plotted against
—In ¢ for different values of E,,. Solid lines are for ¢+ = =+ 120°,
dashed lines for ¢g+ = = 110°. Ranges of —In ¢ that reproduce
accepted values of (r2)/n/? and d In (r2)o/dT are denoted by heavy-
line segments.

and
1 ¢ o
U, =USIO,08) =1 ¢ ow (18)
1 ow o

In the former matrix g*g~ and g~g* pairs are duly suppressed
in recognition of the intolerable steric overlaps they entail,
and a parameter ¥ for gTg+ and g~g~ combinations is appro-
priately included. ¢

Polymethylene. Numerical calculations were carried out
for PM using the following geometric parameters: £ CCC =
112°, ZHCH = 109.5°, and a C-C bond length of 1.53 A.
The statistical weight parameter ¢ was varied from 0.35 to
0.65; w was varied from 0 to 0.30. Gauche states were taken
at g = = 120° or at +=110°, Since the bond optical anisot-
ropies Axcc and Aacy enter separately, and linearly, into Aa
calculated according to eq 14 and 15, the results of numerical
computations may be represented by

Aa = AccAacc — Acudacu (19)

where Acc and Acn are quantities determined by the geo-
metrical parameters and the statistical weights. Throughout
the ranges of the parameters quoted above, the calculations
establish that Acux/Acc = 1.88 =+ 0.02, in agreement with the
result Acm/Acc = 1.87 obtained previously by Nagai
Hence, in good approximation we let

Aa = Accl'pu (20)
where

Tpu = Aacce — 1.88Aacy 2n
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Figure 5. The temperature coefficient d In Ace/dT for PM at

150° plotted against —Ins. Seelegend to Figure 4.

If all bonds were tetrahedral,424? this expression for I'py
would be replaced by Aacc — 2Aacy. Through use of eq 20
and 21 we separate the optical anisotropies from the geo-
metrical and statistical factors, the latter being embodied in
Acc.

Results of numerical calculations for PM are presented in
Figure 4, where Acc is plotted against —In ¢ for selected
values of w corresponding to the energies E, indicated on each
curve and to a temperature of 140°. Heave-line segments rep-
resent intervals of ¢ within which (r2)¢/n/? = 6.8 & 0.3 and
d In {r2)e/dT = —1.1 (£0.1) X 1072 deg™!, these being the
ranges found by experiment at 140°.4¢ We thus find that
consistency with experiments on chain dimensions requires
Acc = 4.0 = 0.6 irrespective of the location of the gauche
states over the range ¢, = 110-120°. As is apparent from
the figure, moderate variations of a given parameter have
comparatively little effect on Acc, provided that the combina-
tion of parameters fulfills the foregoing conditions.

According to eq 20 and the premise that the bond anisot-
ropies do not depend on temperature, we may identify d In
Aa/dT with d In Ace/dT. Numerical calculations of Acc asa
function of ¢ and w serve to evaluate d In Acc/de and d In
Acc/dw, and these quantities, in conjunction with the Boltz-
mann expressions for ¢ and w, yield d In Aee/dT = d In Aa/dT.
Results thus obtained are plotted in Figure 5 against —In ¢
for selected values of w. As in Figure 4, segments of curves
in ranges of o that satisfy experimental results on the charac-
teristic ratios (i.e., dimensions) and their temperature coeffi-
cients are heavy lined. Consistency with these experiments
requires d In Aco/dT = —1.25(240.25) X 10-%deg™?. Again,
the particular combination of parameters is of little impor-
tance provided that they reproduce the chain dimensions and
their temperature coefficient.

(42) R. A. Sack,J. Chem. Phys., 25,1087 (1956).

(43) R.P.Smith and E. M. Mortensen, ibid., 32, 502 (1960).

(44) A. Abe, R. L. Jernigan, and P, J. Flory, J. Amer. Chem. Soc., 88,
631 (1966).

Macromolecules

It will be observed from Figure 5 that the temperature co-
efficient increases significantly with w (i.e., as E, is reduced).
Our calculated values of d In Apc/dT therefore are greater
than those found by Nagai® who let » = 0 and, less impor-
tantly, adopted tetrahedral bond angles.

The experimental value for the temperature coefficient
(Table 1) of samples swollen with decalin is well within the
range indicated by the calculations. The inconsistency? %8
between stress-optical behavior exhibited by unswollen sam-
ples and predictions from rotational isomeric state theory
may thus be resolved. This tentative conclusion rests, of
course, on the assumption that the result obtained upon
swelling with decalin is representative of independent chains
unaffected by intermolecular correlations or other influences.
Specifically, to the extent that such effects may persist in the
presence of this diluent, we are obliged to assume that they
do not change significantly with temperature.

From the experimental value of Aa for samples swollen
in decalin, in conjunction with the range of Acc calculated
above, we obtain Tpy = 1.0 = 0.2 X 1072¢ cm?® according
to eq 20. The bond polarizabilities given by Denbigh*
yield Tpy = 1.47 X 1072¢ cm?, and those of Clément and
Bothorel#® give Tpy = 0.86 X 1072¢ cm~?% Recent results
of Patterson and one of the present authors?! on the de-
polarized scattering of n-alkanes dissolved in carbon tetra-
chloride yield, after extrapolation to infinite dilution and
correction for intermolecularly induced scattering, Tpm =
0.56 X 10~2¢ cm? Their results lead to lower values for the
bond polarizabilities than those cited above. They are more
nearly in accord with those of LeFevre, et al.¥ Thus, I'py
deduced from the measured stress-optical coefficient for sam-
ples swollen with decalin exceeds the value to be expected
on the basis of depolarized scattering of n-alkanes in the
isotropic solvent, carbon tetrachloride, by a factor of 1.5~
2.0. Experiments on samples swollen with n-alkanes (Table
I; see above) or with other diluents that are more anisotropic
than decalin!s yield even larger values of I'ey.

In assessing the apparent discrepancy between the results
of strain birefringence measurements with those obtained from
depolarized scattering in CCl, extrapolated to infinite dilution,
it is good to observe, as Nagai® has clearly pointed out, that
decalin is neither optically isotropic nor symmetric in shape,
although it may more closely approach these desired specifi-
cations than other eligible diluents for PM at elevated tem-
peratures. Moreover, the dilutions attained at swelling
equilibrium may be insufficient to suppress interchain cor-
relations altogether. Thus, diluent-polymer correlations and
residual polymer—-polymer correlations may account for the
discrepancy between the experimental T'py and its value in-
ferred from the depolarized scattering by n-alkanes. We sug-
gest that Aa obtained from swollen samples and I'ey derived
from it should be regarded as upper limits to their inherent
values.

Poly(dimethylsiloxane). Previously adopted?! structural
parameters £ SiOSi = 143°, ZOSi0O = 110°, £ZCSiC =
112°, £ 0OSiC = 108°, and Si-O and Si-C bond lengths of
1.64 and 1.90 A, respectively,*® were used for all calculations
reported here. Rotational states were taken at 0 and £120°.

In the approximation that bonding about the silicon and

(45) K. G. Denbigh, Trans. Faraday Soc., 36,936 (1940).

(46) C. Clément and P. Bothorel, J. Chim. Phys. Physicochim. Biol.,
61,878, 1262 (1964).

(47) R.J. W. LeFévre, B. J. Orr, and G. L. D, Ritchie, J, Chem. Soc.
B, 273 (1966).

(48) H. J. M. Bowen and L. E, Sutton, Chem. Soc., Spec. Publ., No.
11 (1958); No. 18 (1965).
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Figure 6. The parameter 4 for PDMS plotted against —In o for
different values of E,,.. Solid lines are for E, = 0, dashed for E;, =
250 cal/mol. Heavy-line segments have the same significance as in
Figure 4.

carbon atoms is symmetricaily tetrahedral, the anisotropic
part & of the molecular polarizability tensor must be propor-
tional to

Tppus = Aasio — Aasic + Aacu 22y

for every configuration of the chain. Numerical calculations
show that the small departures of the values given above for
the angles at Si from the tetrahedral angle, 109.5°, do not
vitiate this relationship by more than 19,. Hence, we may
let

Aa = AT'ppus (23)

where A is determined by the configurational statistics of the
chain,

Proceeding as for PM, calculations were carried out for
various values of s, w, and ¥ bracketing the ranges of ¢
(0.17-0.55), ¢ (0.5-1.0), and w (0-0.33), which may be in-
ferred from analysis of conformational interactions and
which are supported by experimental results on chain dimen-
sions,!? dipole moments'! of the polymer and its oligomers,
and the temperature coefficients1% ¢ of these quantities. Both
sets of experiments are consistent with E, = 850 cal mol™!,
E, = 0, and E, = 1050 cal mol™!, corresponding to ¢ =
0.29, ¢y = 1.0, and w = 0.20 at 70°. Calculated values of 4
are plotted in Figure 6 against —In ¢ at 70° for several values
of E, and E,. Ranges consistent with observed chain di-
mensions and their temperature coefficients (and also with
dipole moments; see above) are heavy lined. Conformity
with these results requires 4 = 3.8 == 0.3, From Aa observed
in carbon tetrachloride we obtain T'epys = 0.047 X 10-%¢
cm?, an extremely small value. At 30° the value of T'epums
falls to 0.025 X 10~2¢ cm? Independent information on the

(49) J. E. Mark, J. Phys. Chem., 68, 1092 (1964).
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Figure 7. dIn A4/dT for PDMS at 70° plotted against —ln . See
legend to Figure 6.

bond anisotropies Aasio and Aasic occurring in eq 22 are not
available.

In Figure 7 we show d In A/dT calculated for the selected
values of E, and E, as a function of —In ¢, again for a tem-
perature of 70°. Compliance with results for chain dimen-
sions (heavy-lined ranges) réquires d In 4/dT = 0.7 (£0.2) X
10—* deg~!, arbitrariness in the assignment of the conforma-
tional energies, within reasonable limits, having little effect.
Experimental values of this coefficient (Table II) are much
greater. Because of the very small optical anisotropy of the
PDMS chain, the comparison must be made with reservations,
as we have already pointed out.

Discussion

The effects of diluents on the optical anisotropy of PM,
as manifested in Aq and its temperature dependence, are con-
sistent with the widely held®14-20 hypothesis that interchain
correlations enhance Ag in the undiluted polymer. Diminu-
tion of these correlations by diluents of minimal optical an-
isotropy decreases the value of Aa, elevation of the temperature
may be expected to reduce correlations and thereby depress
Aa more rapidly than predicted from the intramolecular
configurational behavior of the PM chain.

The marked effect of isotropic diluents on Aa for PDMS
invites a similar explanation for the optical anisotropic prop-
erties of this polymer. Here, however, d4/dT (and d In
A/dT as well) for the undiluted polymer is much greater than
predicted. Thus, the disparity between observation and
theory increases with temperature. This would require the
postulated correlations to increase with temperature, which
is quite implausible. The explanation offered®!4~% to ac-
count for effects of diluents and temperature on Aa for other
polymers is untenable therefore for PDMS.

As we have pointed out, the very small value of T'epus
creates a situation in which minor effects normally obscured
by a larger inherent anisotropy may assume prominence.
Accordingto eq 23

dlnAa_d]nA d In T'pDMs
dr 4T dr
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Ordinarily the second term on the right-hand side may be
ignored and the temperature coefficient of Aa may be identi-
fied with that of 4. But when T is near zero, even minute
changes in this term are rhagnified in d In T'/dT so that it may
dominate d In 4/dT. These changes may originate, for ex-
ample, in correlations involving the methyl groups, which
are themselves anisotropic. Such correlations may be dia-
tropic (negative) as well as paratropic (positive).?® The
effect of temperature thereon, though normally of no im-
portance, may become significant when I' = 0.

According to a wealth of evidence,® the chain configura-
tion in undiluted polymers, including especially PM and
PDMS, differs little from that for the unperturbed chains
when well separated from one another as in a dilute solution,
The evidence comes largely from investigations of rubber
elasticity including, in particular, the temperature coefficient
of the stress.1%51 It is supported also by cyclization equi-
librium constants in the case of PDMS.5? Such correlations
as may be responsible for enhancement of the optical anisot-
ropy evidently do not appreciably perturb the configuration.

(50) H. Benoit and W, H. Stockmayer, J. Phys. Radium, 17, 21 (1956).

(51) G. Allen, M. J, Kirkham, J. Padget, and C. Price, Trans. Faraday
Soc., 67,1278 (1971).

(52) 1. A. Semlyen and P. V. Wright, Polymer, 10, 543 (1969); P.J.
Flory and J. A, Senalyen, J. Amer. Chem. Soc., 88,3209 (1966).

Macromolecules

It may be noteworthy in this connection that the range of
intramolecular correlation for group optical anisotropies?® 53
is much shorter (i.e., extends over a lesser number of skeletal
bonds) than the correlation range for skeletal bond vectors,*
the latter being pertinent to the average chain dimensions.
Contributions from intermolecular effects will therefore be
more readily evident in the optical anisotropy than in the
chain dimensions. Such intermolecular correlations as exist
in the undiluted polymer may suffice to enhance Aa without
affecting significantly the mean dimensions measured by
(r¥o It may be important also to draw a distinction between
intermolecular correlations and ordering of chains. Oc-
currence of the former does not necessarily imply the latter.
We shall discuss this matter in greater detail elsewhere.
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of Poly(2,6-disubstituted-1,4-phenylene oxides)
and the Polycarbonate of Diphenylol-2,2’-propane
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ABSTRACT: The conformational energies per independent repeat unit of poly(2,6-dimethyl-1,4-phenylene oxide) and the
polycarbonate of diphenylol-2,2/-propane are evaluated through use of a 6-12 potential to account for the van der Waals inter-
actions betweer nonbonded atoms and groups which accompany rotations about the backbone bonds. Energetically allowed
conformations are found to span the entire range of the rotation angle about the virtual bonds connecting neighboring ether
oxygen atoms in the phenylene oxide polymer. Rotation about the virtual bonds in the polycarbonate chain is found to be
similarly free of significant contrairits. Consequently, both classes of polymers exhibit freely rotating chain statistics, as pre-
viously deduced by others from experimental chain dimension measurements and chain symmetry arguments. However, rota-
tion about the virtual bonds in the phenylene oxide polymers and in polycarbonate is nearly truly free (each rotational state is
appreciably populated) and not just restricted to two symmetrically located rotational states of equal energy at 90 and 270° as
has been suggested. The flexibility of both classes of polymers, as manifested in their impact strength and fusion behavior,
is discussed in light of the detailed conformational models (riearly true free rotation) developed here. The polysulfone chain

is treated by analogy and is found to have a flexibility comparable to the poly(phenylene oxides) and polycarbonate.

he unperturbed chain dimensions have been measured!~*

for the 2,6-dimethyl-, the 2,6-diphenyl-, and the 2-methyl-
6-phenyl-1,4-phenylene oxide polymers and for the poly-
carbonate of diphenylol-2,2’-propane. Characteristic ratios
of the mean-square end-to-end distance (r?), to the number
n of backbone virtual bonds (see below) were found to be in-
dependent of temperature and equal to 85 Az for the phenylene

(1) J: M. Barrales-Rienda and D. C. Pepper, J. Polym. Sci., Part B,
4,939 (1966); Eur. Polym.J., 3, 535(1967).

(2) G. C, Berry, H. Nomura, and K. G. Mayhan, J. Polym. Sci., Part
A-2,5,1(1967).

(3) P.J. Akers, G. Allen, and M. J. Bethell, Polymer, 9, 575 (1968).

(4) A.R.Shultz, J. Polym, Sci., Part A-2, 8, 883 (1970).

oxide polymers and 108 A for polycarbonate. Both ratios
and their temperature independence can be predicted by as-
suming free rotation statistics® (N symmetrically located rota-
tional states of equal energy) about the virtual bonds in both
classes of polymers.

Barrales-Rienda and Pepper,! Akers, Allen, and Bethell, ?
and Shultz* proposed the existence of two equally populated
chain rotational states at rotation angles of 90 and 270° about
the virtual bonds to explain the free rotation statistics ex-
hibited by the phenylene oxide polymers. Willlams and

(5) P. J. Flory, “Statistical Mechanics of Chain Molecules,” Inter-
science, New York, N. Y., 1969, Chapter 1.



