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ABSTRACT: The dielectric constant and the refractive index of several poly(methylphen
ylsiloxane) fractions (1.17 x 105 ,;;; M w,;;; 4.56 x 105) with well known tacticity and two copolymers 
of (dimethylsiloxane--methylphenylsiloxane) (4,200,,;;M.,;;;6,400) were measured in cyclohexane 
solution, and in the case of the copolymers also in the bulk state. The copolymer compositions 
calculated by V-UV spectrometry were 54.3% and 9.5%, in (methylphenyl)siloxane content. A 
rotational isomeric state model was used to calculate the dipole moment ratio of the homopoly
mer. The theoretical value is in good agreement with the experimental one. A comparison of our 
results with those corresponding to other substituted polysiloxanes shows a very small varia
tion of the dipole moment ratio with the nature of the substituent. The smaller values obtained for 
the dipole moment ratio of the copolymers in comparison with that of the homopolymer, could be 
attributed to the short chain length of the copolymers. 
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ambiguity in the conclusions. Solution properties of cyclic and linear 

poly(dimethylsiloxane)s have been widely 
studied. 1 - 14 Theoretical and experimental 

works about other polysiloxanes (represented at 
+RR'SiO---h) with substituent groups R and 
R' aliphatic15 - 17 or aromatic18 - 21 have been 

also reported. Bibliografic results show that in 

polysiloxane chains, the nature of the side 

groups, R and R' (at least in symmetrically 
substituted chains) generally has not a very 

pronounced effect on the statistical properties 
of the chain such as dipole moment, as in

dicated by the values of the dipole moment 

ratio, <µ 2 )/nm2, of poly(dimethylsiloxane) 
(PDMS) and poly(diethylsiloxane) (PDES) in 
cyclohexane at 25°C. 13 · 17 

In this work the experimental and theoreti

cal dipole moment of poly(methylphenylsi

loxane) (PMPS) samples of well defined tac

ticity has been determined in order to study 
the influence the change of a methyl sub
stituent by a phenyl substituent has on the 
dipole moment of polysiloxane chains. 

In the case of chains with asymmetric cen

ters, however, experimental studies have been 

so far restricted to samples with unknown 

tacticity18 that introduces a certain degree of 

* To whom all correspondence should be addressed. 

Moreover the influence of the composition 

on the dipole moment ratio of copolymers 

has been also studied using samples of 
( dimethylsiloxane-methylphenylsiloxane) co

polymers in cyclohexane solution. The proper

ties of these copolymers of fluid nature in their 

bulk state have been also investigated. 

EXPERIMENT AL 

Polymers 
The polymers studied in this work have been 
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poly(methylphenylsiloxane), PMPS, and two 
copolymers of (dimethylsiloxane-methylphen
ylsiloxane), that are called cop. 8241 and 
cop. 8240. 

The initial sample of PMPS was generously 
provided by Dr. M. A. Llorente from UNED 
(Spain) and was fractionated before using at 
25°C, in the solvent-non solvent system 
toluene-methanol. The fractions selected for 
the dielectric measurements (PMPS-2, PMPS-
3 and PMPS-5) were characterized by GPC 
and light scattering, LS. In GPC, silica gel 
columns and THF as eluent were used. The 
universal calibration concept with PS stan
dards was used to determine averages of molec
ular weight. Light scattering was performed 
on a Fica 42000 instrument at 546 nm. Good 
Zimm diagrams were obtained in cyclohexane, 
from which Mw and the second virial coef
ficient, A2 , were calculated. The results are 
given in Table I. 

The tacticity of one of the fractions (PMPS-
5) and also of the initial sample was de
termined by 1H NMR.22 The following triad 
percentages were found: 27 isotactic, 49 hete
rotactic and 24 syndiotactic. 

The copolymers, cop. 8240 and cop. 8241 
were provided by Polysciences Ltd. Both 
samples are fluid and their molecular weights 
are below the limit of LS sensitivity. Their 
number-average molecular weight was deter
mined with a Knauer vapor pressure osmom
eter. The copolymer compositions were cal
culated by two methods: a) by 1H NMR b) by 
V-UV spectrometry, assuming that the molar 
absorbance is the same in dilute cyclohexane 
solution for the homopolymer and the two 
copolymers. The latter method gives values of 
the content in methylphenyl siloxane expressed 
by the molar fraction in the copolymer, XMr, 

slightly different from the former one and was 
considered the most accurate since the re
laxation rate of the different polymer protons 
may yield no quantitative 1 H NMR spectra. 
The results are given in Table II. 

lllO 

Table I. Molecular weights, polydispersities and 
second virial coefficients PMPS fractions 

Fraction PMPS-2 PMPS-3 PMPS-5 

Mwx 10-s (LS) 4.56 4.31 1.17 
Mwx 10-s (GPC) 4.47 4.04 1.06 

r=Mw/M. (GPC) 2.53 2.04 I. 76 
A2 x 1()4 

1.64 1.59 1.74 
(cm3 g- 2 mol) 

Table II. Copolymer compositions (expressed as molar 
fraction of methylphenyl siloxane in the copolymer, 

XMP) and number average molecular weights 

Sample 

Cop. 8241 
Cop. 8240 

Solvents 

Xuv 
MP 

0.543 
0.095 

X(NMR) 
MP 

0.431 
0.026 

4,200 
6,400 

Cyclohexane (Ch), benzene (Bz), and tol
uene (Tl), all of them Carlo Erba RPE, were 
dried over 4 A molecular sieves before use. 

Dielectric Measurements 
The dielectric constant measurements of 

cyclohexane polymer solutions were perform
ed on a Multidekameter DK 06 operating at 
a frequency of 2.0 MHz with a two-terminal 
cylindrical, glass-silvered cell. The accuracy in 
the dielectric constant increments was higher 
than 2%. The apparatus was calibrated using 
substances with well known dielectric constant 
(benzene, toluene, and cyclohexane23 •24). 

Temperature was maintained at 25 ± 0.05°C in 
all the cases. 

In order to verify that at a frequency of 
2.0 MHz the polymer molecules are far from 
the region where the dipole orientation re
laxation phenomena start, dielectric constant 
measurements of several cyclohexane PMPS-3 
solutions were carried out in all the range of 
the apparatus frequencies from 200 to 
2500 kHz. The same measurements were also 
performed on a capacitance bridge (General 
Radio 1620A) and a three terminal platinum 
cell in the range 0. 5-I 00 kHz. The results 
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showed that the dependence of dielectric con
stant, i;, on the polymer weight fraction, w2 , is 
insensitive to the measurement frequency in 
the wide range studied (differences between the 
values of (di;/dw2) in the range 0.5 kHz-2.5 
MHz are less than I%). Therefore, it seems ap
parent that no relaxation phenomena are pres
ent at 2.0 MHz. 

Some preliminary measurements were car
ried out also with the PMPS-5 fraction in 
order to determine the best range of con
centrations. The dependence of the dielectric 
constant increment of the solution with respect 
to that of the pure cyclohexane, dB, on the 
polymer weight fraction, w2 , is shown in 
Figure l. It can be observed that this de
pendence is linear in all the range of the 
experimental data. Given these results, several 
cyclohexane solutions of each fraction of 
PMPS and both copolymers with concen
tration ranging from w2 =0.003 to w2 =0.04 
were prepared by dilution of an initial con
centrated solution. 

Refractive indices 
The increment of the refractive index of the 

solution with respect to that of the pure sol
vent, dn, was measured on a Brice Phoenix 
Model 2000V differential refractometer at wa
velenght of A= 546 nm. The refractive index of 
pure solvent was taken from the literature. 25 

EXPERIMENTAL RESULTS 

The experimental dipole moments of PMPS 
and copolymers chains in cyclohexane were 
obtained by the Guggenheim-Smith equation 
in its most general form. 26· 27 

4 ( ' (µ2)) 
3nNA aa,-aa,+ 3kT 

3M 2 [( di; ) 0 (dn2 
)

0
] 

= P1(B1 +2)2 dw2 - dw2 

where aa, is the atomic polarizability of the 
solute obtained in this work according to the 
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equation given by Dasgupta and Smith for 
poly(dimethylsiloxane),10 a~2 is the apparent 
atomic polarizability of the solute, calculated 
from the apparent molar atomic polarization, 
P~ 2 , through the equation: 

P' -~nN a' -{Bi-l_nf-l}v 
a2 - 3 A a2 - Bl+ 2 nl + 2 2' 

(µ 2 ) is the mean-square dipole moment, NA is 
the Avogadro number, k is the Boltzmann 
constant, T is the absolute temperature, p1 is 
the solvent density, i; and B1 are the dielectric 
constants of solution and pure solvent, re
spectively, w2 is the solute weight fraction, n is 
the solution refractive index, M 2 is the pol
ymer molecular weight and V2 is the polymer 
molar volume. Superscript o means magnitude 
extrapolated to infinite dilution. The results 
were expressed as the dipole moment ratio, 
(µ 2 )/nm2 , where n is the number of skeletal 
bonds and m is the dipole moment of the 
skeletal bonds. In our case we approximated 
the values of m for PMPS and the copolymers 
by that of PDMS (m= ±0.60D)11 •12 neglect
ing the contribution of phenyl groups; thjs 
approximation was used previously for other 
siloxanes of different substituents. 17 

In Figures l and 2, the measured dielectric 
constants are plotted against the weight frac
tion, w2 , for different fractions of the homo
polymer and for the copolymers in solution, 
respectively. 

Table III shows the values of (dn/dw2)° 
(di;/dw2)° and the real, P.2 , and the apparent, 
P~2 , atomic polarization of the solute for the 
homopolymer and copolymers in cyclohexc 
ane at 25°C as well as the values of dipole 
moment ratio, calculated according to the 
Guggenheim-Smith method. The dipole mo
ment ratio for PMPS-5 was also determined by 
the Halverstadt-Kumler equation,28 which in
cludes the influence of concentration depen
dence on solution density. The value of the 
dipole moment ratio obtained was 0.31, using 
the measured value of (dv/dw2) 0 = -0.409 
cm3 g- 1 , where v is the specific volume of the 
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g .. 
<I 

Figure I. Dielectric constant increment against w2 (weight fraction of polymer) for (0) PMPS-5, (6) 
PMPS-2, and (e) PMPS-3, at 25°C. 

30 

Figure 2. Dielectric constant increment against w2 

(weight fraction of polymer) for cop. 8240 and cop. 8241, 
at 25°C. 

polymer solution. Good agreement between 
results from the Guggenheim-Smith and 
Halverstadt-Kumler equations legitimates the 
elimination of density measurements. 

The dipole moments of both copolymers in 
the bulk state were calculated from the 
Onsager equation29 

1112 

<µ 2 ) =(9kTMv/4nNA) 

x [(s-n2)(2s+n2)/s(n2 +2)2] 

where s, n, and v are the dielectric constant, the 
refractive index and the specific volume of the 
pure copolymer, and Mis the copolymer mo
lecular weight (see Table IV). The atomic po
larization was also obtained by the Dasgupta
Smyth equation. The results for the copoly
mers dipole moment ratio are also included 
in Table IV. 

THEORETICAL RESULTS 

The dipole moment ratios of PMPS of dif
ferent lengths chains were theoretically calcu
lated by the usual scheme for the evaluation of 
equilibrium conformational averages. 30 In 
these calculations, we employed the rotational 

isomeric state model with the molecular param
eters chosen by Mark and Ko31 : 8si -o-si = 
37°; 80 _si-o=70.5°. The dipole moment of 
each repeating unit is on the Si-O bond. This is 
an approximation consistent with our assump
tion of the dipole moment for skeletal bonds 
simiiar to those of PD MS. A single set of three 
rotational isomeric angles was considered for 
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Table Ill. Values of (dn/dw2 ) 0 , ( da/dw2)°, (µ2)/nm2, Pa,, and P~ 2 for poly(methylphenylsiloxane) 
and copolymers in cyclohexane at 25°C 

Sample (dn/dw2 )° (da/dw2)° 

PMPS-2 0.0889 0.576 
PMPS-3 0.0889 0.580 
PMPS-5 0.0894 0.578 
Cop. 8241 0.0519 0.517 
Cop. 8240 0.0049 0.537 

• P01 and P~ 2 expressed in cm3 mol- 1 . 

Table IV. Dielectric constants, refractive indices, 
specific volumes and dipole moment ratios 

for cop. 8241 and cop. 8240 at 25°C 

Sample 

Cop. 8241 
Cop. 8240 

2.896 1.4967 0.94267 0.28 
2.767 1.4233 1.01650 0.30 

all units: t/11 =0°, t/19 + = 120°, t/19 - = -120°. The 
statistical weights are given by 

U2 =(l, a, a) 

u,~u, (: :) 

('"'w" aw" aw"b) 
lJ11= w"b ab aww' 

w" aww"' ab 

(""')' aw'"b aw' ) 
ud1 = w'"{J a aww" 

w' aww" ab2 

where the rows and columns contain the sta
tistical weights indexed in the order t, g +, g
corresponding to the rotational isomers as
sociated with different bond pairs. The confor
mational energies associated with the statisti
cal weights are: E"' =0.35; Eco= 1.60; Eco,= 
-2.50; Eco .. = -0.90; Eco .. ,=-0.50, and E0 = 
- 1.00 in kcal mol- 1 . We incorporated fluc-
tuating rotational angles. 32 • 33 This modifi
cation to the model seems necessary since 
PMPS exhibits a closed "all trans" confor-
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p a 
02 

-P' a 
a2 

(µ2)/nm2 

18,954 1,632 0.30 
17,915 1,458 0.31 
4,869 299 0.31 

234 11 0.22 
461 19 0.27 

Table V. Theoretical values of the (µ2)/nm2 

of PMPS for different tacticities at 30°C 

% meso diads 

0 
0.5 
1.0 

(µ2)/nm2 

0.2378 
0.2679 ± 0.00073 

0.1924 

a Statistical average error over different stereosequences. 

mation clearly predominant in the particular 
case of the isotactic chains so that small oscil
lations in the rotational angles may have im
portant influence on macroscopic properties. 19 

Table V shows the estimated long chain limit 
values of these ratios for chains with different 
tacticity characteristics. 

DISCUSSION 

The values of (µ 2 )/nm2 are insensitive to 
the chain length within the range of molecular 
weights studied in the present work. This can 
be explained since the dependence of dielectric 
constant and refractive index increment on the 
weight fraction of homopolymer are insen
sitive to molecular weight (see Figure I and 
Table III). These results indicate the absence 
of excluded volume effects on the dipole mo
ment of the polymer.34 - 39 

The dipole moment ratio of PMPS is rel
atively small. Trans sequences are preferred in 
the siloxane chains (as it is clearly inferred 
from theoretical results of distribution func
tions of the end to end distances32), and the 
fact that skeletal bond angles alternate in value 
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between 110 and 143° in these molecules in
dicates that the all-trans conformation forms a 
closed structure of small dipole moment. 30 As 
can readily be seen, there is good agreement 
between the experimental and theoretical val
ues of the magnitude (µ 2)/nm2 for the PMPS 
chains. The theoretical results are not very 
sensitive to small changes in temperature so 
that the ones presented here are comparable to 
the experimental values at 25°C. 

It is also of interest to compare values of the 
dipole moment ratios for different polysi
loxanes. The corresponding ones for poly
( dimethylsiloxane) and poly( diethylsiloxane) 
are 0.37, and 0.34 respectively. It can be ob
served that PMPS has a dipole moment ratio 
similar to that of PDMS and PDES. There
fore, the substitution in a siloxane chain of 
an alkyl side group for a phenyl group yields 
very similar values of (µ 2 )/nm2 , though 
the intramolecular interactions change sig
nificantly (as a consequence of a particularly 
strong energy preference for C6 H5 • · · C6H5 

interactions31). In all the cases the difference 
between them is less than 20%. 

The differences between the values obtained 
for the dipole moment ratio of the copolymers 
and those of the homopolymers could be 
attributed to the short chain length in the, 
copolymers, whose end groups can contribute 
to the properties of the chain molecule. 

The similarities between the values of the 
dipole moment ratio for chains of both co
polymers obtained in solution and in the un
diluted state suggest the absence of significant 
specific solvent effects. 
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