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ABSTRACT: Poly(dimethylsilmethylene) [Si(CHj3)s—-CHo-]. was prepared by the Grignard synthesis of the mono-
mer 1,1,3,3-tetramethyl-1,3-disilacyclobutane followed by its ring-opening polymerization using a suitable plati-
num catalyst. Fractions of the polymer, obtained by fractional precipitations from the material thus prepared, were
characterized by means of viscosity, osmotic pressure, and dielectric constant measurements carried out at a num-
ber of temperatures. In addition, portions of the unfractionated polymer cross-linked into network structures were
studied with regard to their stress—strain isotherms and their thermoelastic (force-temperature) properties. These
experimental results were used to calculate values for several important properties used to characterize the spatial
configurations of randomly coiled chain molecules: the mean-square unperturbed dimensions, the mean-square di-
pole moments, and the temperature coefficients of both of these quantities. The most striking features of this chain
molecule are its relative compactness, as indicated by the magnitude of its unperturbed dimensions, and the rela-
tive insensitivity of both its unperturbed dimensions and dipole moments to changes in temperature.

There have now been numerous experimental studies of
the spatial configurations of random-coil chain molecules
of both biopolymeric and nonbiopolymeric character.l In
the nonbiopolymeric category, the studies have focused pri-
marily on organic polymers such as polyethylene,! poly-
tetrafluoroethylene,'* monosubstituted and disubstituted
vinyl polymers,!® polyoxides,!® polyesters,! polyamides,!
and diene polymers.l:” With the notable exception of poly-
(dimethylsiloxane) (PDMSO), [Si(CHj3)o—0-],,189 rela-
tively little work has been done on the configuration-de-
pendent properties of polymers of a more inorganic nature.
The inorganic polymer which is the subject of the present
study is poly(dimethylsilmethylene) (PDMSM), which has
the chemical structure [Si(CHa3)e—~CHg-],. In addition to
being a polymer of significant inorganic character, it is an
exceedingly attractive candidate for analysis with regard to
the general problem of the effect of structure on the statis-
tical properties of a chain molecule. Like PDMSQ, it is an
amorphous, nonglassy material at room temperature, has
excellent thermal stability, and is soluble in a variety of
convenient solvents;*®-'2 these circumstances obviously fa-
cilitate its characterization using a variety of appropriate
experimental techniques. It is similarly attractive from the
point of view of the subsequent interpretation of experi-
mental results by means of the rotational isomeric state
theory of chain configurations.! It is in this sense a consid-
erably simpler molecule than PDMSO, in that it consists of
only silicon atoms and two groups, methylene and methyl,
which are very nearly identical! in the way in which they
affect the configuration of a chain molecule through the in-
tramolecular interactions in which they participate.

In the present paper, we report the preparation of
PDMSM, its fractionation, and the characterization of the
resulting fractions using viscosity, osmotic pressure, and
dielectric constant measurements over a range of tempera-
tures. These studies of PDMSM in solution are supple-
mented by stress—strain and stress—temperature measure-
ments carried out on cross-linked PDMSM. The resulting
data yield values of the mean-square unperturbed dimen-
sions (r?)o and dipole moments (u2)o, and the temperature
coefficients d In (r2)o/dT and d In (u2)o/dT. These four
quantities are very widely used! to characterize the config-
urations of chain molecules in the random-coil state. Their
determination for PDMSM chains thus provides much-
needed additional information on the configuration-depen-
dent properties of inorganic polymers.

The comparison of these experimental results with corre-
sponding results obtained on other polymers of related
structure, and the detailed interpretation of the present re-
sults in terms of rotational isomeric state theory, are the
subjects of the following paper.!3

Experimental Section

Preparation of Materials. A. Synthesis of the Monomer.
The solvent to be used in the synthesis was tetrahydrofuran
(THF); it was obtained from the Fisher Scientific Co. as a reagent
grade material, but was dried in lithium aluminum hydride and
distilled at 65°C just prior to use. The THF solvent was also
purged with predried nitrogen to remove any dissolved oxygen.
Chloromethyldimethylchlorosilane Si(CHyCl){CH;3)2Cl was ob-
tained from PCR, Inc., and was distilled at ~115°C, before use;
magnesium turnings for the reaction were obtained from J. T.
Baker Chemical Co. The whole assembly of glassware was baked at
approximately 80°C under vacuum for at least 2 hr. The reaction
as shown in the following equation was carried out by the proce-
dure of Kriner:14

CH, CH,C1 CH

T Mg, THE 2
s == (cm)sil_ Tsicr), @)
CHj Cl ¢ CH;

A stream of predried nitrogen was passed very slowly through the
reaction flask to keep out moisture and oxygen during the period
of the Grignard reaction.!*#15 A few drops of the initiator methyl
iodide were added to a small amount of magnesium turnings cov-
ered by the solvent. Upon adding a portion of the total weight of
Si(CH2C1)(CH3)2Cl to be used, the reaction started, as was evi-
denced by a light yellowish bubbling from the magnesium turn-
ings. Sufficient silane was then added to the THF to make its final
concentration 33% by volume; the rest of the magnesium turnings
was added slowly over a period of approximately 2 hr. The reaction.
system was kept at 30 to 50°C, with occasional cooling when neces-
sary. Because a viscous white slurry of magnesium chloride was
produced during the reaction, additional portions of the THF sol-
vent were added from time to time to reduce the viscosity and thus
permit the required rapid mechanical stirring. After approximate-
ly 4 hr, the reaction was cooled and about 1 1. of cold water was
slowly added to the mixture. The organic layer was separated and
the largest portion of THF in it was first removed by fractional
distillation. The monomer itself, 1,1,3,3-tetramethyl-1,3-disila-
cyclobutane, was collected at 60°C under 100 mm of pressure, giv-
ing a yield of 35%. Its proton NMR spectrum!? showed two singlets
at chemical shifts = 9.8 and 10.0 with the relative intensities of the
peaks in the ratio 3 to 1, in agreement with the literature
values.16:17

B. Polymerization of the Monomer. The method of polymer-
ization1%11.17 is shown in the equation
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CH? HoPtClg* 6H50
(CHy),81 SIUCH,), ——— > 2, [Si(CH,),-CH], (2)
\CH2 25°C, 3 days

The monomer was purified by low-pressure distillation just prior
to use. A mixture of monomer and approximately 1 mg of
HyPtClg-6H,0 catalyst was placed in a 100-ml three-neck flask
thermostatted at 25°C. A glass rod with an attached propeller was
fitted through the center port and used to stir the mixture over the
3-day reaction period. The resulting polymer, which was very vis-
cous and clear, was dissolved in benzene and the catalyst was fil-
tered out by a fritted-disk Bichner funnel. The polymer was pre-
cipitated using methanol and was then dried in a vacuum oven at
approximately 50°C to constant weight. The weight of the poly(di-
methylsilmethylene) obtained in this way corresponded to a yield
of 80% of the monomer. The NMR spectrum?!? of the polymer in
carbon tetrachloride had the expected absorptions at chemical
shifts 7 9.9 and 10.2, with the expected intensity ratio 3 to 1.17 The
infrared spectra!? of the PDMSM in Nujol and in CCly showed the
expected strong absorption bands at 1050 and 1350 cm™1,'8 which
are characteri=tic of linear SICHSi groups.

LANROERTI A 1 of the Polymer. The polymers resulting from
several polyme tions were combined into a bulk sample of
PDMSM which was dissolved in reagent grade benzene at a con-
centration of approximately 1%. A nonsolvent, methanol, was
added slowly until a slight cloudiness developed at 25°C. The mix-
ture was warmed until the turbidity disappeared and then cooled
slowly back to the original temperature. The precipitate was al-
lowed to settle for at least 5 hr and the supernatant was then care-
fully poured off. Both parts were refractionated several times, with
some fractions being recombined!? in such a way as to yield four
final fractions, F1-F4, accounting for essentially the entire charge
of polymer. The fractions were purified several times by dissolving
them in benzene, filtering the resulting polymer solution through a
medjum fritted-disk Buchner funnel, and precipitating the poly-
mer into methanol. Each polymer fraction thus purified was dried
under vacuum at approximately 50°C to constant weight.

Solution Properties. A. Viscosities. Two fractions, F2 and F4,
of PDMSM prepared as described in the previous section were
used for the viscosity measurements.!21® The solvent employed
was reagent grade cyclohexane (Matheson Coleman and Bell)
which was distilled at ~81°C, at atmospheric pressure, just prior
to use. The density p at 20°C and the temperature coefficient
dp/dT of the density for this solvent are 0.7782 g ml~! and
—0.00096 g ml~! K~1, respectively.?® The density of PDMSM was
determined using a pycnometer having a capacity of 2 ml; these
measurements gave the value of 0.9185 g ml~! at 35°C. The ther-
mal expansion coefficient 8 = (s In V/3T),, obtained using a
PDMSM network as described in a later section, was found to be
0.60 X 1073 K~1L.

Five solutions of each of the two fractions in cyclohexane were
prepared by weighing the polymer in a 100-ml volumetric flask and
diluting to the desired concentration at one of the temperatures to
be investigated. Values of the concentration at other temperatures
were calculated from the densities of polymer and solvent at the
appropriate temperature, on the assumption of simple additivity
of volumes. All concentrations ¢ in the viscosity studies were ex-
pressed in grams per 100 ml (g dI~1).

A Cannon-Ubbelohde Viscometer (No. 50 D626) having a capil-
lary with radius small enough to give an efflux time of the cyclo-
hexane solvent greater than 200 sec was chosen; this permitted the
neglect of kinetic energy corrections to the observed efflux times.
Efflux times of the solvent and polymer solutions were measrued
at 25, 30, 40, and ‘50°C, with the temperature being controlled to
+0.02°C. Efflux times were measured three times and were found
to be reproducible to £0.15 sec. Values of the specific viscosity?!
74 were in the range 0.1 to 0.5. Intrinsic viscosities (] were ob-
tained by extrapolation of the reduced viscosity nep/c to ¢ = 0,2
using least-squares analysis, as illustrated in Figure 1.

B. Osmotic Pressures. The osmotic pressure, of dilute solu-
tions of the polymer in cyclohexane were measured using a record-
ing membrane osmometer (Wescan Instrument Co.).?2 The mem-
branes employed were type 07 cellulose derivatives obtained from
Schleicher and Schuell, Inc. Solutions of the PDMSM fractions F2
and F4 were prepared by the usual quantitative techniques at each
desired concentration; reagent grade cyclohexane, which had been
redistilled, was used as the solvent. The osmotic pressure = of each
polymer solution was measured at least twice, at 32.2, 42.4, and
50.5°C. The temperature was controlled to within +0.01°C by
means of the adjustable precision temperature controller. The
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Figure 1. The reduced viscosity shown as a function of concentra-
tion for PDMSM fraction F2 in cyclohexane at the specified tem-
peratures. Values of the intrinsic viscosity are given by the inter-
ceptsat ¢ = 0.

pressure exhibited by each solution was monitored continuously
and only after a reading showed no discernible change for at least
20 min was it considered the equilibrium value. The osmotic pres-
sure of each solution in dyn ecm~2 was calculated from = = pgAh,
where p is (to good approximation)*? the density of the solvent, g
is the gravitational constant, and Ah is the equilibrium pressure in
cm of the solvent head.

C. Dielectric Constants and Refractive Indices. The appa-
ratus used for the dielectric constant measurements on the
PDMSM solutions was a standard “DM 01 Dipolmeter” operating
at a fixed frequency of 2.0 MHz, and a cylindrical, gold-plated,
thermostatted cell having a capacity of approximately 20 ml. The
apparatus was calibrated at each temperature of measurement
using n-hexane, benzene, cyclohexane, and carbon tetrachloride.23
The solvents were reagent grade and distilled just prior to their
use. The refractive indices of the polymer solutions at 589 mu were
determined using a Bausch and Lomb Precision Refractometer of
the Abbe design. The temperature was controlled to £0.01°C by a
Lauda/Brinkmann Circulator.

All four PDMSM fractions were thus studied in cyclohexane at
30°C.12 Values of the weight fraction w3 of polymer in the solu-
tions ranged from 0.003 to 0.025. Fraction F3 was studied at 20, 40,
and 50°C as well as at 30°C, in order to estimate the temperature
coefficient of its mean-square dipole moment,

Elastic Properties of Networks of PDMSM. A. Preparation
of Cross-Linked Samples. The polymer employed in this aspect
of the study was an unfractionated portion, prepared separately
for this experiment. The undiluted polymer sample was forced into
an aluminum foil lined aluminum mold having a well approximate-
ly 0.1 X 3 X 7 cm. The mold and its contents were degassed under
vacuum at room temperature in order to remove any absorbed gas
which might interfere with the cross-linking procedure. After the
degassing, the mold was quickly sealed by means of an aluminum
foil lined aluminum cover which was tightly held in place by a se-
ries of screws. The sample in the sealed container was then cross-
linked at room temperature by means of v radiation from a 8Co
source. The dose rate was approximately 0.08 Mrad/hr and the
total dose was 10 Mrad (corrected for attenuation of radiation in-
tensity due to the aluminum mold itself). The mold was not
opened for at least 6 hr after irradiation in order to permit decay of
the free radicals generated within the sample. The two aluminum
foil liners with the cross-linked sample between them were peeled
from the mold and placed in benzene to facilitate removal of the
network from the liners. The swollen network was then dried to
constant weight at room temperature. A strip approximately 0.1 X
1.0 X 7.0 ¢cm was cut from it; the network had been cooled on dry
ice prior to the cutting to minimize distortion of the sample. The
strip was then immersed in gently stirred benzene to remove any
uncross-linked polymer. The soluble portion of the sample thus
extracted amounted to approximately 20% of the total weight of
the sample. Reference marks were placed on the extracted strip by
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Table 1
Viscometry and Osmometry Results for PDMSM Fractions F2 (M = 2.10 X 10°) and F4 (M = 2.74 x 10*)
10°4,, 10°
Fraction T,°C [n],dlg™ cm® mol g2 o @2 /nl? dln 2, /AT
F, 25 6.728 6.52 1.786 5.32 —0.1
30 6.741 6.55 1.788 5.32
40 6.798 6.63 1.792 5.32
50 6.861 6.76 1.802 5.30
Av (F2)5.32 + 0.01
F, 25 0.362 15.0 1.391 5.31 0.1
30 0.363 151 1.392 5.31
40 0.365 15.3 1.395 5.31
50 0.368 15.5 1.398 5.32
Av (F4)5.31 + 0.01
Av (F2,F4) 5.32 + 0.01 0.0+ 0.1
putting two small dots of paint on its surface (while it was in the T T T T T T T T T T
stretched state, in order to prevent the blurring of these marks in
the subsequent stress—strain measurements). < a0k o |
B. Elasticity and Thermoelasticity (Force-Temperature) P ’
Measurements. The apparatus?* used to study the elastic behav- ‘ £ Fa
ior of the PDMSM network consisted of a Pyrex cell (approxi- © r _
mately 4 cm in diameter) and a stress or force transducer (Statham DN
Model G1-16-350 having a capacity of 450 g) run by a constant £
voltage dc power supply (Hewlett-Packard Model 6217A) and cali- . 20 T
brated by standard balance weights just prior to the measure- s
ments. A stream of predried nitrogen was slowly passed through = <
the cell to eliminate any possibility of oxidative degradation dur- § - -
ing the experiments. The sample was mounted in the cell between -
two clamps, the upper one of which was connected to the force 'c o2 F2 4
transducer. The force exhibited by the network was displayed con-
tinuously on a recorder (Leeds and Northrup, Model Speedomax L i
W Azar). The length of the sample, unstretched and stretched, was
measured to £0.001 ¢m using a Micrometer Slide Cathetometer L ] ] ] ] L ] ] 1 |
(Gaertner Model M940-303P). 0 2 4 ’ 6 8 [¢}
Two types of experiments were carried out on the PDMSM net- 0> «, q o’

works: the isothermal measurement of the stress or force f as a
function of strain at a number of constant temperatures, and the
measurement of stress as a function of temperature at constant
length. In the former experiments, the elongation o?> was defined
as L(T)/L;(85°), where L(T) is the length of the stretched sample
at the chosen temperatures of measurement (35, 45, 70°C), and L;
(35°) is the length of the undeformed sample at 35°C. In the latter
type of experiment, « was defined as L(90°)/L;(90°). Values of the
elastic force were recorded only after they became constant for a
period of at least 15 min; up to 7 hr were required to attain this de-
gree of constancy. In the constant-temperature experiments, re-
versibility was checked by doing measurements on the same sam-
ple using both successively increasing strains and successively de-
creasing strains. In the experiments at constant length, measure-
ments at a series of decreasing temperatures were followed by
measurements at a series of increasing temperatures. Results thus
obtained showed a high degree of reproducibility over the temper-
ature range employed, 30-90 + 0.05°C.

The value of the thermal expansion coefficient 8 required for
analysis of the above data was obtained by measurement of the un-
distorted length L; of the sample as a function of temperature, and
use of the relationship?® 8 = 3(s In L;/aT),. The data are shown
elsewhere!? and the result is cited in an earlier section. Finally, the
cross-sectional area A* of each sample in the undistorted state was
measured by means of a micrometer.

Results and Discussion

The Mean-Square Unperturbed Dimensions (r?),.
Values of the intrinsic viscosity [5], determined as de-
scribed in an earlier section, are given for fractions F2 and
F4 in the third column of Table 1. The osmotic pressure
data were all obtained on relatively dilute solutions and
were therefore interpreted using the simple equation?!

n/c = RT(1/M + Agc) (3)

where R = 8.314 X 107 ergs K—! mol~! is the gas constant,
and A. is the second virial coefficient. Accordingly, plots of
#/cT against ¢ give R/M as the intercept and RA; as the

Figure 2. Osmotic pressure data for PDMSM fractions F2 and F4
in cyclohexane at 32.2°C,

slope. Typical results, those pertaining to a temperature of
32.2°C, are shown in Figure 2; the additional results,1?
which pertain to 42.4 and 50.5°C, were omitted for pur-
poses of clarity. Data on the same fraction at different tem-
peratures gave essentially the same intercept, as expected;
values of the number-average molecular weight M for F2
and F4 calculated from these intercepts are 2.10 + 0.06 X
108 and 2.74 £ 0.03 X 10% respectively. Values of 10¢A, for
Fq at 32.2, 42.4, and 50.5°C were 6.56, 6.67, and 6.77 cm3
mol g~2, respectively; for F4, the values were 15.2, 15.4, and
15.6 cm? mol g2, respectively. As expected,?! A, increases
with increasing temperature and with decreasing molecular
weight. These values of A, were plotted against tempera-
ture and the values for 25, 30, 40, and 50°C obtained from
these curves are given in column four of the table.

The values of 5], M, and A, thus obtained were used to
calculate values of the chain expansion factor « = [(r2)/
(r?)o]/? which characterizes the perturbations due to long-
range interactions.?! The relationship employed for this
purpose was the standard equation of Orofino and Flory?”

In [1 + (#12/2)(a? — 1)] = (278/2522xN)(AM/[9]) (4)

where ® is a hydrodynamic constant equal to 2.1 X 102! d]
cm™3 mol~! in thermodynamically good solvents,228 N ig
Avogadro’s number, and = here is the numerical constant
3.1416. These results are listed in column five of the table.
Values of {r?)o were then calculated from?2!

[n) = ®[(r2)o/M)3/2M1/23 (5)
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Since (r?) itself depends on chain length, the dimensions
were expressed as the characteristic ratio (r2)y/nl% where
n is the number of skeletal bonds, each of length | = 1.90
A.29 This was done by noting that M = nMy/2 where M, =
72.2 is the molecular weight per repeat unit of the PDMSM
chain. The ratio (r2)o/ni? thus defined is independent of
chain length once n has exceeded ~200 bonds (M =~
7000).13 These results, shown in the following column, are
independent of molecular weight as expected; if the small
temperature dependence of (r?)¢/ni? is temporarily ig-
nored, the average value of (r2)¢/ni? for the PDMSM chain
is found to be 5.32 £ 0.01.

The Temperature Coefficient of (r2),. It is difficult to
extract reliable values of d In (r2)o/dT from the above data
because of difficulties in determining values of Ay (and
thus @) to the required degree of precision. Nonetheless an
approximate value of this temperature coefficient was ob-
tained by plotting In ({r2)¢/nl?) against the absolute tem-
perature. These plots gave d In (r2)o/dT = —0.1 X 1073
K- for F2, and 0.1 X 1073 K~! for F4, as shown in the last
column of Table I. The average result 0.0 + 0.1 X 103 K—!
thus obtained from these viscometry and osmometry re-
sults has at least the qualitative significance that d In
(r2)o/dT for the PDMSM chain is small and possibly zero.

More reliable estimates of d In (72)¢/dT were obtained
from the elasticity behavior of the cross-linked PDMSM
networks. In the treatment of the stress—strain data ob-
tained at the constant temperatures of 35, 45, and 70°C,
the reduced force [f*] defined by

[F*] = f/lA*(a = a™?)] (6)

was first plotted!? against the reciprocal of o = L(T)/
L;(35°) in order to characterize the dependence of stress on
strain for PDMSM networks. (The sample employed for
this purpose had a cross-sectional area A* = 0.0406 cm? in
the undistorted state at 35°C.) Linear relationships were
obtained;!? their representation in terms of the Mooney-
Rivlin equation3®

[f*] = 2C1 + 2Coa~! (7)

directly yielded values of the important constant 2C..
These values are 0.0059, 0.0079, and 0.0057 N mm~2 at 35,
45, and 70°C, respectively. These values are significantly
smaller than is generally observed for polymer networks in
elongation;3! the small values obtained for 2Cy indicate
that PDMSM networks have stress—strain isotherms close-
ly approaching the form predicted in the molecular
theories of rubber-like elasticity.?! Although these results
are obviously quite limited, they can be used to provide an
estimate of d In (r?),/dT. To this end, values of [f*] at o« =
1.2, 1.4, and 1.6 were obtained!? from each of these three
stress-strain isotherms by simple interpolation. The result-
ing data, although obtained indirectly, should be equiva-
lent to thermoelastic data directly obtained at constant
length. Their analysis proceeds through the use of the theo-
retical elastic equation of state for networks of Gaussian
chaing?32:33

[f*] = vk T[(r?)i/ (r?)q] (8)

where v is the number of chains per unit volume, k is the
Boltzmann constant, (r2); is the mean-square end-to-end
distance of a network chain in the undistorted state but at
the same volume as the distorted network, and {r2}, is the
already defined unperturbed dimensions. On this
bagig?-26,33,34

d1n (r2)o/dT = —[aIn (f/T)/sT]pL — B/(a®* = 1) (9)

The stress-strain isotherms, thus analyzed, yield d In
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Table 11
Values of d In {r*,/dT from Direct Thermoelastic
Measurements on a PDMSM Network
over the Temperature Range 30-90°C

10%[a In (f/T)/ 10%8/
oa aT)p,L (*—1) 10%d In 2, /dT
1.391 —0.31 0.35 —0.04
1.493 —0.58 0.26 0.32
1.602 —0.54 0.19 0.35
1.691 —0.35 0.16 0.19
. Av 0.21 £ 0.15
aq = L(90°)/Li(90°).
-4.2+ *® 7
L —Oo—O———O——O——O——C—— 169
g ~4a- TOTTOTO—0—0—0—0 oz ]
< 4
-O_—O~O—0——O——o—o._ 1,493
-4.6} a
-0 O e (e 1,30
-4.81-
L | I | ! | |
20 30 60 80 00

Figure 3. Thermoelastic results on a PDMSM network in elonga-
tion at constant length. The elongation « is expressed as L(90°)/
Li(90°).

(r?)o/dT = 0.27, 0.52, and 0.51 X 10~3 K~! for a = 1.2, 1.4,
and 1.6, respectively. The resulting average value is d In
{(r2)o/dT = 0.43 £ 0.11 X 10-3 K1,

The most reliable values of d In (r2)o/dT, however, are
obtained by direct measurements of the elastic force f as a
function of temperature at constant length. Such measure-
ments were carried out on a PDMSM network having a
cross-sectional area A* of 0.145 cm? at 25°C; measurements
were made at 10° intervals over the range 30-90°C, with
the elongation « varying from 1.391 to 1.691. The results
are shown in Figure 3; pertinent quantities calculated
therefrom are given in Table II. Careful evaluation of these
results, along with the less reliable results cited above,
suggests the value 0.20 £ 0.20 X 10~3 K1 as the best value
for d In { r2)o/dT for the PDMSM chain.

The Mean-Square Dipole Moments (u2)o and Their
Temperature Coefficient. The dielectric constant data
on the four PDMSM fractions F1-F4 were interpreted by
means of the equation of Guggenheim and Smith35-37

{u2)/nm? = {2TRT/[4xNp(ey + 2)?]} X
[dElz/dtU2 - dn122/dw2] [M0/2m2]

where p = the density of cyclohexane, ¢; = the dielectric
constant of cyclohexane, ¢;5 = the dielectric constant of the
PDMSM solution, we = the weight fraction of PDMSM in
the solution, n1o = the refractive index of the PDMSM so-
lution, and m = the effective dipole moment along Si-C
and C-Si bonds in the PDMSM chain

The derivatives de;o/dws and dni22/dws required in this
equation were obtained from plots of €5 and n12? against
wo; Tesults for F4 are shown in Figure 4, Values of these two
quantities for all four fractions are given in columns two
and three of Table III. The effective bond moment m = |m|
for Si-C and C-Si bonds was calculated from the dipole

(10)
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Table III
Dielectric Results on PDMSM Fractions in Cyclohexane at 30°C
{u,/nm?
Fraction de,,/dw, dn,,?*/dw, §' =170.5° 0’ =65° 0" = 60°
F1 0.385 0.085 0.484 0.417 0.364
F2 0.389 0.097 0.472 0.407 0.355
F3 0.390 0.134 0.391 0.337 0.294
F4 0.370 0.082 0.465 0.401 0.349
Av 0.453 = 0.031 0.391 = 0.027 0.341 + 0.023
T T T T T T Table IV
= 1 The Temperature Dependence of the Dipole Moment
Ratio of PDMSM Fraction F3 in Cyclohexane
2.028}- € - Temp, °C Wy nm?
20 0.337
] 30 0.336
B 40 0.337
n2 50 0.337
2.020 L i2 —
W measurements, the temperature coefficient d In {(u?)o/dT
2.012 | ] ] | 1 J for PDMSM is zero.
0 { 2 3
2 Discussion
0] W,

Figure 4. The concentration dependence of the dielectric constant
€12 and squared index of refraction ni22 for PDMSM fraction F4 in
cyclohexane at 30°C.

moment 0.60 D of the dimer Si(CHg)s—CHy-Si(CHj3)438
using simple vector addition. As will be discussed in the
following paper,!3 the most likely value for the Si-C-Si
bond angle is 115°;3940 this corresponds to a value of 65°
for the bond angle supplement!3 #’. Use of this value in the
interpretation of the dimer gives m = 0.56 D. The values of
{u2)/nm? = (u2)o/nm? (see below) which were calculated
on this basis are given in the fifth column of the table.
They yield the average result 0.391 + 0.027. Revision of the
Si-C-Si bond angle downward to 109.5° (¢’ = 70.5°) or up-
ward to 120° (¢ = 60°) would give m = 0.52 and 0.60 D, re-
spectively, and average experimental values of (u2)/nm?2 of
0.453 + 0.031 and 0.341 + 0.023, respectively, as shown in
columns four and six of the table.

In contrast to the case of the mean-square dimensions
{r?), excluded-volume interactions have a negligible effect
on the mean-square dipole moments (u2?) of a polymer
chain having one or more of the following symmetry ele-
ments:4142 3 plane of symmetry, an axis of twofold symme-
try, or a center of symmetry, in its all-trans planar confor-
mation. The PDMSM chain has such symmetry!3 and the
observed mean-square dipole moment (u?) must therefore
always have the unperturbed value (u2)o. Experimental re-
sults in any solvent are thus suitable for comparison with
theoretical results.!® The ratio {(u2)/nm? will therefore
henceforth be written (u2)o/nm? and termed the dipole
moment ratio, the dielectric analogue of the characteristic
ratio (r2)o/ni% As can be seen from the table, (u2)o/nm?is
independent of molecular weight as expected, with the
most likely average value being 0.391 + 0.027 at 30°C.

In the case of fraction F3, dielectric measurements were
carried out at 10° intervals over the temperature range
20-50°C. These results are presented in Table IV. They in-
dicate that, within the experimental error of the dielectric

The most striking feature of the PDMSM chain uncov-
ered in the present investigation is its unusually small
characteristic ratio (r2)o/nl2. Its value, 5.3, is one of the
smallest cited in an extensive review! of the statistical
properties of chain molecules. Equally notable is the fact
that (r2)q and (u2)o are found to be quite insensitive to
temperature. For the interpretation of these experimental
results we now explore, in the following paper,!3 the appli-
cation of the rotational isomeric state theory! of chain con-
figuration to the PDMSM chain.

Acknowledgment, It is a pleasure to acknowledge fi-
nancial support of this work by the National Science Foun-
dation. J. H. Ko also wishes to thank the Macromolecular
Research Center of the University of Michigan for a pre-
doctoral fellowship, and to acknowledge, with gratitude,
some experimental assistance given by Drs. M. Kato and Y.
Takahashi.

References and Notes

(1) P. J. Flory, “Statistical Mechanics of Chain Molecules”, Interscience,
New York, N.Y., 1969.
(2) A number of pertinent experimental investigations on polyethylene are
cited in ref 3.
(3) J. E. Mark, Rubber Chem. Technol., 46, 593 (1973).
(4) T. W. Bates and W. H. Stockmayer, Macromolecules, 1, 12 (1968).
(5) P.R.Sundararajan and P. J. Flory, J. Am. Chem. Soc., 98, 5025 (1974),
(6) S. Bluestone, J. E. Mark, and P. J. Flory, Macromolecules, 7, 325
(1974).
(7) Y. Abe and P. J. Flory, Macromolecules, 4, 219, 230 (1971).
(8) C.Sutton and J. E. Mark, JJ. Chem. Phys., 54, 5011 (1971).
(9) S.C. Liao and J. E. Mark, J. Chem. Phys., 59, 3825 (1973).
(10) W. R. Bamford, J. C. Lovie, and J. A. C. Watt, J. Chem. Soc. C, 1137
(1966).
(11) G. Levin and J. B. Carmichael, J. Polym. Sci., Part A-1, 6,1 (1968).
(12) J. H. Ko, Ph.D. Thesis in Chemistry, The University of Michigan, 1975.
(13) J. E. Mark and J. H. Ko, Macromolecules, following paper in this issue.
(14) W. A. Kriner, J. Org. Chem., 29, 1601 (1964).
(15) W. H. Knoth, Jr.; and R. V. Lindsey, Jr., J. Org. Chem., 23, 1392
(1958).
(16) G. Fritz, W. Kemmerling, G. Sonntag, H. J. Becher, E. A. V. Ebhsworth,
and J. Grobe, Z. Anorg. Allg. Chem., 321, 10 (1963).
(17) D. R. Weyenberg and L. E. Nelson, J. Org. Chem., 30, 2618 (1965).
(18) W. A Kriner, J. Polym. Sci., Part A-1, 4, 444 (1966).
(19) Because of the variety of measurements being made and the small
amounts of material available, it was not possible to characterize each
fraction by all of the techniques employed.



874 Mark, Ko

(20) G. Egloff, “Physical Constants of Hydrocarbons”, Vol. II, Reinhold,
New York, N.Y., 1940,

(21) P. J. Flory, “Principles of Polymer Chemistry”, Cornell University
Press, [thaca, N.Y., 1953.

(22) The authors are indebted to Dr. D. Burge of the Wescan Instrument

Co., Santa Clara, Calif., for the use of the membrane osmometer, and

for helpful advice regarding its operation.

Values of dielectric constants for the solvents employed were obtained

from A. A. Maryott and E. R. Smith, Nat. Bur. Stand. (U.8.), Circ.,

No. 514 (1951).

(24) J. E. Mark, J. Am. Chem. Soc., 92, 7252 (1970).

(25) This « characterizing the deformation of a network is of course to be
distinguished from the « used in the following section to characterize
the expansion of a polymer chain dissolved in a thermodynamically
good solvent.

(26) A. Ciferri, C. A. J. Hoeve, and P. J. Flory, J. Am. Chem. Soc., 83, 1015
(1961).

. (27) T. A. Orofino and P. J. Flory, J. Chem. Phys., 26, 1067 (1957).
(28) G.C. Berry,J. Chem Phys., 46, 1338 (1967).
(29) H. J. M. Bowen and L. E. Sutton, “Tables of Interatomic Distances

(23

Macromolecules

and Configuration in Molecules and Ions,” The Chemical Society, Lon-
don, 1958; L. E. Sutton, “Interatomic Distances, Supplement”, The
Chemical Society, London, 1965,

(30) M. Mooney, J. Appl. Phys., 11, 582 (1940); ibid., 19, 434 (1948); R. S.
Rivlin, Philos. Trans. R. Soc. London, Ser. A, 240, 459, 491, 509 (1948);
ibid., 241, 379 (1948).

(31) J. E. Mark, Rubber Chem. Technol., 48, 495 (1975).

(32) P.J.Flory, C. A. J. Hoeve, and A. Ciferri, J. Polym. Sci., 34, 337 (1959).

(33) P.J.Flory, Trans. Faraday Soc., 57, 829 (1961).

(34) P.J.Flory, A. Ciferri, and C. A. J. Hoeve, J. Polym. Sci., 45, 235 (1960).

(35) E. A. Guggenheim, Trans. Faraday Soc., 45, 714 (1949).

(36) J. W. Smith, Trans. Faraday Soc., 46, 394 (1950).

(37) E.A. Guggenheim, Trans. Faraday Soc., 47, 573 (1951).

(38) A. L. McClellan, “Tables of Experimental Dipole Moments”, W. H.
Freeman, San Francisco, Calif., 1963.

(39) A. Almenningen, H. M. Seip, and R. Seip, Acta Chem. Scand., 24, 1697
(1970).

(40) M. T. Tribble and N. L. Allinger, Tetrahedron, 28, 2147 (1872).

(41) K. Nagai and T. Ishikawa, Polym. J., 2, 416 (1971).

(42) M. Doi, Polym. J., 3,252 (1972).

Configuration-Dependent Properties of
Poly(dimethylsilmethylene) Chains. II.
Correlation of Theory and Experiment

J. E. Mark* and J. H. Ko

Macromolecular Research Center, The University of Michigan, Ann Arbor, Michigan 48104.

Received June 13, 1975

ABSTRACT: Rotational isomeric state theory was used to calculate values of the same configuration-dependent
properties of poly(dimethylsilmethylene) (PDMSM) which were determined in the experimental study described in
the preceding paper. The analysis of this chain molecule indicates that conformations bringing about pentane-type
interferences between bulky Si(CHj)z groups are completely suppressed. All other conformations are accessible
and, within the approximation that methylene and methyl groups give rise to very similar intramolecular interac-
tions, they are all of the same energy. This lack of any strong conformational preference is the origin of the relative-
ly small value of the unperturbed dimensions of PDMSM, and the insensitivity of both its unperturbed dimensions
and dipole moments to changes in temperature. This simplest model for the PDMSM chain gives fairly good quan-
titative agreement between theory and experiment. The agreement can be improved by taking into account more
subtle features of the molecule, such as the fact that the skeletal methylene groups must have larger partial charges

than the pendant methyl groups.

The experimental results obtained in the experimental
study of poly(dimethylsilmethylene) (PDMSM) reported
in the preceding paper! are summarized in the first column
of Table I. Included for purposes of comparison in the
other columns are the corresponding values of the same
properties for the two structurally related polymers, poly-
(dimethylsiloxane) (PDMSO0),>% and polyisobutylene
(PIB);! also included are results on polyethylene (PE),!
since structurally it is the simplest polymer studied in any
detail with regard to chain configuration. For convenience,
the structural repeat unit of each of these polymers is given
in the first row of the table. As already pointed out,! one of
the most interesting aspects of the PDMSM chain is its rel-
atively small characteristic ratio {r?)o/ni2 As shown in the
table, it is 20-30% smaller than the values of the character-
istic ratio reported for PDMSQ, PIB, and PE. Equally no-
table! is the fact that both the mean-square unperturbed
dimensions (r2)¢ and dipole moments (u2)o of PDMSM
are essentially independent of temperature. In this regard,
it is quite similar to PIB, which also has values of (r?) al-
most insensitive to temperature.? In contrast, an increase
in temperature has the effect of significantly increasing
(r2)o and (u2)o in the case of PDMSO025 and significantly
decreasing (r2) in the case of PE.?

The purpose of the present study is to use rotational iso-
meric state theory to interpret the properties of the
PDMSM chain cited above, in an attempt to elucidate the
marked differences in the configurational characteristics of
PDMSM, PDMSO, PIB, and PE. Such analysis and com-
parisons should shed considerable light on the effect of
structure on the configurations of chain molecules in gener-
al.

Rotational Isomeric State Theory

General Aspects. In the rotational isomeric state ap-
proximation, each rotatable skeletal bond in the chain mol--
ecule is assigned to one of a small number of discrete rota-
tional states, generally chosen to occur at the minima in the
torsional potential or conformational energy for the partic-
ular bonds.?2 These minima are, in most cases, situated at
rotational angles ¢ of 0, 120, and —120°; such states are
designated as trans (t), gauche* (g*), and gauche™ (g~), re-
spectively. The relative probability or statistical weight of
each rotational state is generally represented by a simple
Boltzmann factor, exp (—E¢,;;//RT), where E,; is the con-
formational energy characterizing the intramolecular inter-
actions occurring in the associated conformation for a pair
of consecutive rotational states with bond i — 1 in state ¢



