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ABSTRACT: The translational diffusion coefficient D and intrinsic viscosity [a ]  of oligo- and poly- 
(dimethy1siloxane)s (PDMS) were examined, especially regarding their molecular-weight dependence, in the 
range of weight-average molecular weight M, from 2.37 X lo2 to 1.12 X lo6 in bromocyclohexane at 29.5 O C  

(8). A study was also made of 1771 in methyl ethyl ketone at 20.0 OC (8). I t  is found that DMW1I2 decreases 
and [ T ] / M , ' / ~  increases with increasing M,, and none of them becomes a constant independent of M ,  even 
for such large M, that the ratio of the mean-square radius of gyration to M ,  is independent of M,. This 
anomalous behavior maybe considered the so-called "draining effect". This is believed to be the first observation 
of the effect for a long flexible polymer. For the oligomers of very low M,, [a ]  in bromocyclohexane becomes 
negative as in the case of polyisobutylene in isoamyl isovalerate and in benzene studied previously. Thus 
the data for [TI were treated following the procedure proposed therein. The resulb for both D and [ a ]  may 
be almost quantitatively explained by the transport theory of the helical wormlike touched-bead model with 
values of the model parameters unambiguously determined. From the model parameters obtained, the PDMS 
chain is found to assume the local conformation with retention of large helical portions in dilute solution as 
in the case of the poly(methy1 methacrylate) chain. The value of the static stiffness parameter k1 is almost 
the same as that of atactic polystyrene, so that the PDMS chain may be regarded as stiffer than usually 
considered. The value of the hydrodynamic diameter db of the bead is found to be appreciably small compared 
to those for the other flexible polymers studied previously. A rather detailed discussion of these results is 
given. 

Introduction 
In a previous paper,l we have studied the mean-square 

electric dipole moment ( p 2 )  of poly(dimethylsi1oxane) 
(PDMS) over a wide range of molecular weight M, 
including the oligomers of very low M. It has been 
demonstrated that the dependence of ( p 2 )  on M may well 
be explained by the corresponding theory2 on the basis of 
the helical wormlike (HW) chain m ~ d e l , ~ . ~  with a proper 
set of values of the model parameters, Le., the constant 
curvature KO and torsion TO of the characteristic helix, the 
static stiffness parameter X-l, and the shift factor ML. Thus 
the values of the reduced parameters X - ~ K O  and X - ~ O  and 
the product X-~ML have been determined with sufficient 
accuracy. Recall that the values of X-l and ML cannot in 
principle be determined separately from the analysis of 
the molecular weight dependence of ( p 2 )  alone. In this 
paper, the study of dilute solution properties of PDMS 
initiated in the previous paper' is extended to the 
translational diffusion coefficientD and intrinsic viscosity 
[SI in 8 solvents. From the analysis of their molecular 
weight dependence, we estimate not only X-l and ML 
separately but also the hydrodynamic diameter db of the 
PDMS chain. 

The parameter X-' thus determined gives a measure of 
static stiffness of the PDMS chain. The notion that the 
PDMS chain is very flexible has been widely accepted, 
based on the fact that the glass transition temperature of 
PDMS is extremely low5 and also its bulk modulus is very 
smalL6 However, these properties refer to those in the 
bulk, so that it is not adequate to conclude from them that 
the single isolated PDMS chain in dilute solution is very 
flexible. The present analysis suggests that the PDMS 
chain is rather stiff in this static sense. 

Several experimental results have already been reported 
in the literature for D and [v ]  of PDMS in the unperturbed 
8 state: D and [ v ]  in bromocyclohexane at  28 "C (@'-lo 
and [71 in methyl ethyl ketone (MEK) at  20 "C (e).g Some 
of them have revealed deviations from the proportionality 
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relations D a M-lI2 and [SI a MI2, in contradiction to the 
common notion that the relations should hold for unper- 
turbed long flexible chains." Thus it has often been 
claimed that the PDMS chain exhibits "anomalous" 
behavior in the transport processes in dilute solution, or, 
in other words, the excluded-volume effect does not 
disappear even in the 8 state above. In contrast to this, 
Horskl et al.l0 have ascribed the "anomaly" to badness of 
the experimental data, supporting the above common 
notion, although their results are not conclusive either. 

In our recent study of steady-state transport coefficients 
of flexible polymers with sufficiently high M,12 the quan- 
tities D iW2 and [ v I / W / ~  of PDMS in bromocyclohexane 
at  29.5 "C (8) have been found to depend on M even for 
such large M that the ratio of the mean-square radius of 
gyration ( S2) to M is independent of M, indicating in our 
opinion that the so-called "draining effect" does exist. In 
order to make the conclusion more definite, in the present 
paper we pursue further the discussion of the problem on 
the basis of experimental data over a wider range of M, 
including the oligomer region. 

Uncertainty still remains in the 8 temperature of the 
bromocyclohexane solution of PDMS; the above value 28 
"C, which has been determined from viscosity measure- 
m e n t ~ , ~ ~  is somewhat lower than the value 29 "C deter- 
mined from light-scattering measurements.14J5 Thus, in 
the present study, we have also determined the 8 tem- 
perature of this solution before measurements of the 
transport coefficients. (We note that the value of 8 
determined here has already been used in ref 12.) 

In anticipation of the results, we note that the intrinsic 
viscosities for the oligomer samples of PDMS with very 
low M in bromocyclohexane become negative as in the 
case of the oligomer samples of polyisobutylene (PIB) in 
isoamyl isovalerate (IAIV) and in benzene.16 The pro- 
cedure proposed therein16 for an analysis of data for such 
a case on the basis of the HW chain is applied to that of 
the present data for [SI, As for D, any anomalous behavior 
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like the negative intrinsic viscosity has not been observed. 
Thus the validity of the above procedure may be examined 
by a comparison of the values of db determined from 171 
and D. 
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Dynamic Light Scattering. DLS measurements were carried 
out to determine D for the 15 samples ODMS2 through PDMSG 
in bromocyclohexane at  29.5 "C (e), by the use of a Brookhaven 
Instruments Model BI-2OOSM light scattering goniometer with 
vertically polarized incident light of 488 nm wavelength from a 
Spectra-Physics Model 2020 argon ion laser equipped with a 
Model 583 temperature-stabilized etalon for single-frequency- 
mode operation. The photomultiplier tube used was EM1 9893B/ 
350, the output from which was processed by a Brookhaven 
Instruments Model BI2030AT autocorrelator with 264 channels. 
A minor modification has been made of the detector alignment 
as described elsewhere.12 The normalized autocorrelation func- 
tiong(2)(t) of scattered light intensityI(t) at  timet was measured 
at  four or five concentrations and a t  scattering angles ranging 
from 10 to 110". All the test solutions were prepared in the same 
manner as in the case of SLS measurements except for the 
calculation of c of the solutions of the oligomer samples with M ,  
5 900, for which use was made of the densities of the solutions 
instead of the solvent. The solution density was measured with 
a pycnometer of the Lipkin-Davison type. 

For each sample, D was determined from the data for gI2)(t)  
in the same manner as in previous s t u d i e ~ . ~ ~ J ~  Although the 
method is rather familiar at the present time, there still seems 
to be some confusion about the determination of D, or about the 
relation between D and the first cumulant r. Thus it is pertinent 
to reconsider it in some detail. The confusion seems to be 
concerned with the time scales on which DLS measurements are 
carried out, along with the definition of D. The conventional 
translational diffusion coefficient D is defined as the limiting 
value D( m) of the time-dependent translational diffusion coef- 
ficient D(t) a t  t - m. The latter may be explicitly defined by 

Experimental Section 
Materials. Most of the PDMS samples used in this work are 

the same as those used in the previous studies,lJ2 Le., fractions 
separated from the commercial samples supplied from Toshiba 
Silicone Co., Ltd., named Low Boil Fractions, 5CS, TSF451-10, 
TSF451-100, TSF451-500, TSF451-50M, and TSEZOOA. The 
samples with weight-average molecular weights M ,  700 had 
been separated by fractional distillation under reduced pressure, 
those with 700 < M ,  < 5 x lo3 by preparative gel permeation 
chromatography (GPC), and the others with higher M ,  by 
fractional precipitation. 

The first and second fractions from the fractional distillation 
had been identified with the monomer and dimer, respectively, 
from the number of kinds of protons determined by lH NMR 
spectroscopy.l The r t h  fraction designated as ODMSx (x = 3-7) 
had been identified with the (monodisperse) x-mer by analytical 
GPC with the monomer and dimer as standards.' Thus the values 
of M ,  for these fractions had been calculated from their chemical 
formulas. The values of M ,  for the sample in the range of 700 
< M ,  < 900 and of the ratio of M ,  to the number-average 
molecular weight M ,  for all the samples had also been determined 
by analytical GPC. The values of M ,  of the other samples with 
M ,  > 900 had been obtained from static light scattering (SLS) 
measurements as stated below. 

The solvent bromocyclohexane (Tokyo Kasei Kogyo Co.; 98% 
purity) used for SLS, dynamic light scattering (DLS), and 
viscosity measurements was purified by distillation under reduced 
pressure in a dry nitrogen atmosphere after dehydration with 
sodium carboxide anhydride. The other solvents, toluene used 
for SLS measurements and methyl ethyl ketone (MEK) used for 
viscosity measurements, were purified according to standard 
procedures. 

Static Light Scattering. SLS measurements were carried 
out to determine M ,  of the samples with M ,  > 900 and also the 
8 temperature of bormocyclohexane solutions. The values of 
M ,  were determined for all those samples in toluene at  25.0 "C 
and for some of them with M ,  > 3 X lo4 also in bromocyclohexane 
at 8. For the determination of 8, the second virial coefficient 
Az was measured for the three fractionated samples PDMSZO, 
PDMS40, and PDMSllO along with the original whole sample 
TSE2OOA at several temperatures ranging from 20 to 45 "C. 

A Fica 50 light scattering photometer was used for all the 
measurements with vertically polarized incident light of wave- 
length 436 nm. For a calibration of the apparatus, the intensity 
of light scattered from pure benzene was measured at  scattering 
angle 90" at 25.0 "C, where the Rayleigh ratio Ruu(900) of pure 
benzene was taken as 46.5 X cm-l. The depolarization ratio 
pu of pure benzene a t  25.0 "C was determined to be 0.41 f 0.01 
by the method of Rubingh and Yu.17 Scattering intensities were 
measured a t  five different concentrations and at  scattering angles 
ranging from 30 to 150". The data obtained were treated by the 
Berry square-root plot.18 In the present case, corrections for the 
optical anisotropy were unnecessary since the degree of depo- 
larization was negligibly small. 

The most concentrated solution of each sample was prepared 
gravimetrically and made homogeneous by continuous stirring 
at  35-40 "C for 10-15 h. It was optically purified by filtration 
through a Teflon membrane of pore size 0.10-0.45 pm. The 
solutions of lower concentrations were obtained by successive 
dilution. The weight concentrations of the test solutions were 
converted to the polymer mass concentrations c by the use of the 
densities of the solvents. 

The refractive index increment anlac was measured a t  436 nm 
by the use of a Shimadzu differential refractometer for PDMS 
samples in toluene at  25.0 "C and in bromocyclohexane at  29.5 
OC. For the toluene solutions, anlac increases from -0 .1129  to 
-0.1036 cm"g as M ,  is increased from 1.14 X lo3 to 3.19 X lo4, 
and it becomes constant for higher M,. The value of anlac for 
the bromocyclohexane solution is -0.0936 cm3/g for M ,  > 3 X lo4. 

where R&) is the vector position of the center of mass of a 
polymer chain a t  time t. Note that the translational diffusion 
coefficient in general depends on t because of the coupling between 
translational and internal motions of the chain and that D(t) 
attains a constant value D(m) after all the internal motions have 
relaxed away. 

The autocorrelation functiongI2)(t) at  infinite dilution is related 
to the dynamic structure factor S(k , t )  for a single polymer chain 
by the equation 

1 lnk'2'(t) - 11 = const + I ~ [ s ( ~ , ~ ) / s ( ~ , o ) I  (2) 

where k is the magnitude of the scattering vector and is given by 
2 

k = (41r/x) sin(8/2) (3) 
with 8 the scattering angle and the wavelength of the incident 
light in the solvent. The second term on the right-hand side of 
eq 2 may be written in the form 

(4) 
The (theoretical) first cumulant r defined from the initial 
derivative of In S(k , t )  with respect to t may then be given by 

r = -[d In S(k,t)/dtI,=, = -k2D(0)[1 + O(k2)1 (5) 
The quantity r thus defined is related to D(0). 

In practice, however, we can only measure a chain of numbers 
of photons arriving at  a detector a t  (identical) finite time intervals, 
each being the sampling time 6, which depends on the efficiency 
of the photomultiplier and the correlator used. (For example, 
6 should be set larger than 0.1 ps in the case of our DLS apparatus.) 
Thus the quantity g W )  actually obtained is the autocorrelation 
function of time-average scattered light intensity at  the time 
interval 6, and therefore the experimental first cumulant ra is 
not exactly equivalent to r, where 

ln[S(k,t)/S(k,O)] = -k*tD(t)[l + O(k2)] 

Fa = -1im I d  lnk"'(t) - l l ldt  (6) 
t-0 2 

with the experimentally observed values of g W ) .  If the time 
interval 6 is much longer than the longest relaxation time of 
internal motions, e.g., the relaxation time of the first normal 

(t>6' 
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mode for the Gaussian chain (or spring-bead) model given byllJO 

' T ~  = Mv,[q]/0.586RThl ( 7 )  
with qo the solvent viscosity, R the gas constant, T the absolute 
temperature, and hl (=4.04) the corresponding reduced Zimm 
eigenvalue,l1rz1 then becomes a limiting constant value r, 
defined by 

(8) r, = -[d In S(k,t)/dtl,,, 
From eq 8 with eq 4, I', is seen to be related to D(m)  by 

r, = - k 2 n ( m )  + 0(k4)  (9) 
If the change in D ( t )  at small t is not observable, so that ln[g(2)(t) 
- 11 is linear in t and the following relation holds 

r6 = r, with 6 >> T~ (10) 
as has usually been c ~ n s i d e r e d , ~ ~ , ~ ~  thenD( m) may be determined 
from the (experimental) first cumulant Fa. (Even in such a case, 
we should pay due attention to the difference between the 
theoretical and experimental first cumulants.) 

However, the situation becomes rather complicated if the plot 
of (1/2) ln[gQ'(t) - 11 against t does not follow a straight line at  
small t ,  as shown in Figure 2 of ref 12 for the atactic polystyrene 
(a-PS) sample with Mw = 7.32 X lo5 in cyclohexane a t  34.5 "C 
(0) at scattering angle 30°. In that case (of large Mw), I'a is 
definitely different from I", and it is the latter that is required 
for the determination of I)(-). For this purpose, we must analyze 
the data for g W )  at large t ,  i.e., in the range of t >> 71, where 
the plot follows a straight line. In practice, we analyze the data 
in the range oft  > 1071. We note that the value of 1071 is smaller 
than the smallest 6 of our DLS apparatus for the PDMS samples 
with Mw 5 5 X lo4. 

Actually, we deal with the data at  finite concentrations, 
although sufficiently low, and their part at  large t can be 
represented by the equation 

(11) 
1 - ln[g'"(t) - 11 = const - At 2 

Here the coefficient A becomes equal to r, only in the limit of 
c - 0. Thus, instead of estimating r, directly, we first obtain 
A fromeq 11 with thedataforgI2)(t) at  finite c and thendetermine 
the apparent diffusion coefficient DILs)(c) a t  finite c from 
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Table I. Values of Mw, xw, and iUw/Mn for Oligo- and 
Poly (dimethylsiloxane) s 

ODMS2 2.37 X lo2 2 1.00 
ODMS3 3.11 X lo2 3 1.00 
ODMS4 3.85 X lo2 4 1.00 
ODMS5 4.59 x 102 5 1.00 
ODMS7 6.08 X lo2 7 1.00 
ODMSlO 8.15 X lo2 9.8 1.00 
ODMS14" 1.14 X lo3 14.2 1.01 
ODMS18 1.39 X lo3 17.5 1.01 
ODMS24 1.90 X lo3 24.4 1.03 
ODMS35 2.67 X lo3 34.8 1.02 
ODMS71 5.37 X lo3 71.2 1.06 
PDMSl 8.26 x 103 110 1.05 
PDMS2 2.21 x 104 297 1.08 
PDMS3 3.19 x 104 (3.22 x 104y 429 1.08 
PDMS6 5.90 x 104 794 1.08 
PDMS2O 1.83 X lo5 (1.85 X lo5) 2470 1.05 
PDMS4O 3.84 X lo5 (3.86 X lo5) 5180 1.06 
PDMSPO 6.46 X lo5 (6.60 X lo5) 8710 1.07 
PDMSSO 9.28 X lo5 (9.14 X lo5) 12500 1.07 
PDMSllO 1.12 X lo6 (1.14 X IO6) 15100 1.08 

a Mw's of ODMS14 through PDMSllO were determined from LS 
measurements in toluene. * The figures in parentheses represent the 
values in bromocyclohexane. 

sample M w  x w  MwIMn 

D'Ls'(c) = lim A / k 2  
k-0 

(12) 

At  sufficiently low concentrations, DLS)(c) may be expanded as 

D'Lsi(c) = D(1 + k,'LS'C + *..) (13) 

so that the desired D = D ( m )  may be determined from 
extrapolation of D'LSi(c) to c = 0 as 

D = D'Ls'(o) 

The values of the refractive index at  a wavelength of 488 nm 
and the viscosity coefficient 70 of bromocyclohexane at  29.5 "C, 
which are required for the analysis of the DLS data, are 1.499 
and 1.97 cP, respectively. 

Viscosity. Viscosity measurements were carried out for the 
15 samples ODMS2 through PDMS6 in bromocyclohexane at 
29.5 "C (0) and for all the samples in MEK a t  20.0 "C (0). 
Viscosities of the solutions of several high-molecular-weight 
samples in bromocyclohexane were also measured at  28.0 and 
26.0 "C. For the measurements, we used a viscometer of the 
Ubbelohde type and a specially designed (four-bulb) spiral 
capillary viscometer of the suspended-liquid type. 

The flow time was measured to a precision of 0.1 s, and the 
test solutions were maintained a t  a constant temperature within 
A0.005 "C during the measurement. Density corrections were 
made in the calculations of the concentration c and also of the 
relative viscosity vr from the flow times of the solution and solvent. 
The data obtained for the specific viscosity qsp and vr were treated 
as usual by the Huggins and Fuoss-Mead plots to determine [TI. 

40 I 

I 
20 30 40 50 

Temperature ("C) 
Figure 1. Plots of A2MW against temperature for the PDMS 
samples in bromocyclohexane: 0, PDMS2O; 6, PDMS40; 9, 
PDMS110; A, the whole sample TSEQOOA. 

Results 

Molecular Weights and Their Distributions. The 
values of M,, the weight-average degree of polymerization 
x,, and the ratio of M, to M, are summarized in Table I. 
(We note that the sample PDMSG has not been used 
previously.lJ2) The values of M, determined from SLS 
measurements for several high-molecular-weight samples 
in the two solvents, Le., toluene and bromocyclohexane, 
are in good agreement with each other. Note that the 
samples ODMSx (z = 2-7) are completely monodisperse. 
The molecular weight distributions for the other samples 
may be regarded as sufficiently narrow. 

0 Temperature of Bromocyclohexane Solutions. 
Figure 1 shows plots of A&, against temperature for the 
three samples PDMSSO, PDMS40, and PDMSllO and also 
the original whole sample TSESOOA in bromocyclohexane. 
It is seen that A2 vanishes at almost the same temperature 
independent of M,, leading to the conclusion that the 8 
temperature is 29.5 OC for bromocyclohexane solutions of 
PDMS. This value of 8 is rather in good agreement with 
the value 29.0 OC determined by Schultz et al.14J5 from 
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Table 11. Results of DLS Measurements on Oligo- and 
Poly(dimethylsi1oxane)s in Bromocyclohexane at 29.6 OC 

sample 1070, cm2/s k @ ) ,  cmYg 
ODMS2 42.1 0.22 
ODMS3 40.3 -0.24 

ODMS5 32.6 -0.57 
ODMS7 28.0 -0.71 

ODMS18 16.1 -1.20 
ODMS24 13.5 -1.05 
ODMS35 12.2 -2.00 

PDMS2 3.89 -5.91 

PDMS6 2.34 -12.9 
PDMS20" 1.25 -20.0 
PDMS4O 0.850 -32.8 
PDMS70 0.639 -50.0 
PDMS9O 0.536 -59.1 
PDMSllO 0.480 -68.8 

ODMS4 36.8 -0.66 

ODMSlO 21.8 -0.46 
ODMS14 18.6 -1.29 

ODMS71 7.78 -2.46 
PDMSl 5.96 -2.93 

PDMS3 3.17 -6.83 

"The values of D of PDMS2O through PDMSllO have been 
reproduced from ref 12. 

11 J 
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Table 111. Results of Viscometry on Oligo- and 
Poly(dimethylsi1oxane)s in Bromocyclohexane at 29.5 OC 

and in MEK at 20.0 OC 

MEK (20.0 "C) 

sample [VI, dL/g k' [VI, dL/a k' 
bromocyclohexane (29.5 "C) 

- I  I 

8 
2 3 4 5 6 7 

log M ,  
Figure 2. Double-logarithmic plots of ~ & M , / ~ B T  against M, 
for PDMS in bromocyclohexane at  29.5 "C. The dotted straight 
line has a slope of 0.5. 

SLS measurements but is somewhat higher than the value 
28.0 "C by Haug and MeyerhofP3 from viscosity mea- 
surements, although the latter has often been used in recent 
studies of the transport p r~per t ies .~- l~  

Translational Diffusion. The values of D and k ~ ( ~ ~ )  
for all the samples studied are given in Table 11. The 
values of D for the five samples with the highest M,, Le., 
PDMSBO through PDMS110, have been reproduced from 
ref 12, and those of k ~ ( ~ ~ )  for these samples are the results 
determined there (although not reported). 

Figure 2 shows double-logarithmic plots of q4Mw/kBT 
(in cm-l) against M,, where k g  is the Boltzmann constant. 
The solid curve connects these data points smoothly, and 
the dotted line indicates its asymptotic straight line of 
slope l/2. The data points do not follow the latter straight 
line even in the range of high M, examined; the behavior 
is quite unusual, differing from that of most of typical 
flexible polymers in the unperturbed state. The present 
finding is in qualitative coincidence with the literature 
data, although the latter are somewhat fragmental. As 
M, is decreased, the data points deviate upward progres- 
sively from the straight line and follow an S-shaped curve 
at  very small M,. 

Viscosity. Intrinsic viscosity data for all the PDMS 
samples in the two 8 solvents are summarized in Table I11 
along with the values of the Huggins coefficient k'. The 
latter values for ODMS2 through ODMSlO in bromocy- 

ODMS2 -0.0111 0.0045 
ODMS3 -0.0073 0.0067 
ODMS4 -0.0042 0.0084 
ODMS5 -0.0026 0.0099 
ODMS7 o.Ooo9 0.0125 0.96 
ODMSlO 0.0041 0.0153 0.93 
ODMSl4 0.0094 1.26 0.0206 0.82 
ODMS18 0.0125 0.97 0.0233 0.70 
ODMS24 0.0114 0.62 0.0278 0.66 
ODMS35 0.0228 0.65 0.0340 0.60 
ODMS71 0.0398 0.55 0.0521 0.54 
PDMSl 0.0554 0.53 0.0678 0.48 
PDMS2 0.0981 0.65 0.116 0.43 
PDMS3 0.118 0.76 0.140 0.44 
PDMS6 0.181 0.68 0.208 0.36 
PDMS20" 0.339 0.60 0.396 0.45 
PDMS4O 0.518 0.71 0.582 0.50 
PDMS70 0.709 0.56 0.797 0.52 
PDMS9O 0.851 0.58 0.976 0.56 
PDMSllO 0.954 0.63 1.10 0.57 

a The values of [ q ]  of PDMS2O through PDMSllO in bromocy- 
clohexane at 29.5 O C  have been reproduced from ref 12. 

I I 

2 3 4 5 6 7 
1% Mw 

Figure 3. Double-logarithmic plots of 171 (in dL/g) against M, 
for PDMS: 0, in bromocyclohexane a t  29.5 OC; 0, in MEK a t  
20.0 OC. The dotted straight lines have a slope of 0.5. 

clohexane and for ODMS2 through ODMS5 in MEK have 
been omitted from the table since they become extraor- 
dinarily large for vanishingly small [VI even if the Huggins 
plot itself has a finite, normal slope, as in the case of the 
oligomer samples of PIB in the previous study.16 The 
values of [VI for the five samples with the highest M,, Le., 
PDMS2O through PDMSllO, in bromocyclohexane have 
been reproduced from ref 12, and those of k' for these 
samples are the results determined there (although not 
reported). As mentioned in the Introduction, 173 is 
negative for ODMSP through ODMS5 in bromocyclohex- 
ane. 

Figure 3 shows double-logarithmic plots of 171 (in dL/g) 
against M, with the data in bromocyclohexane a t  29.5 OC 
(e) (unfilled circles) and in MEK at  20.0 O C  (e) (filled 
circles). Here, we have used the values of M ,  listed in the 
second column of Table I. The data for ODMS2 through 
ODMS5 in bromocyclohexane cannot be plotted in the 
figure. The solid curves connect the data points smoothly, 
and the dotted lines indicate their respective asymptotic 
straight lines of slope l/2. The values of [VI in bromocy- 
clohexane are smaller than those in MEK over the whole 
range of M,. The ratio of 171 in bromocyclohexane to 
that in MEK is ca. 0.87 for M ,  k 5 X lo4 and becomes 
smaller with decreasing M,. The data points for the two 
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Figure 4. Plots of [VI against xw for ODMS samples: 0, in 
bromocyclohexane at 29.5 "C; 0 ,  in MEK at 20.0 "C. 

Table IV. Results of Viscometry on 
Poly(dimethylsi1oxane)s in Bromocyclohexane at 26.0 and 

28.0 "C 
26.0 "C 28.0 "C 

sample [VI,  dL/g k' [VI,  dL/g k' 

PDMS6 0.178 0.65 0.180 0.62 
PDMSZO 0.328 0.78 0.334 0.74 
PDMS70 0.631 0.84 0.666 0.72 
PDMSllO 0.837 0.80 0.892 0.72 

solvents do not follow the respective asymptotic straight 
lines as in the case of D but deviate downward from them, 
the behavior differing again from that of most of flexible 
polymers in the unperturbed state. These results also 
agree qualitatively with the literature data mentioned in 
the Introduction. The deviations become large with 
decreasing M,, especially in bromocyclohexane. 

In order to examine the dependence of [ q ]  on xw at 
small x,, including the negative [ql, its values are plotted 
against xw in Figure 4, in which the symbols have the same 
meaning as in Figure 3. It is seen that the difference 
between the values of [17] in the two solvents is almost 
independent of xw for xw k 4 (in its range displayed). This 
result is quite similar to those for PIB in IAIV and in 
benzene,16 as stated in the Introduction. 

The values of [VI obtained for four high-molecular- 
weight samples in bromocyclohexane at  26.0 and 28.0 "C 
are listed in Table IV along with those of k'. 

Discussion 
Analysis of D on the  Basis of the HW Model. For 

the HW touched-bead model with the total number N of 
beads or the total contour length L = Ndb with db the 
diameter of the bead, the quantity qoDM,lkBT may be 
written in the formlg 

s@M,.,l k,T = ( M J  37r)f&L;X-' K,,, X-' T ~ ,  Ad,) (1 5) 
where the function f D  is given by eq 6 of ref 19 and may 
be evaluated numerically by the use of the interpolation 
formula for the mean reciprocal end-to-end distance of 
the chain as given in the Appendix of ref 24. The function 
f D  satisfies the following relation: 

lim f D ( f i ) / ( ? d , ) ' "  = (6112/2)cm-1izpm (16) 
XL--m 

with 

4 + (X-lTo)Z 
4 + ( X - l K o ) Z  + (h-1T0)* 

c, = (17) 

and with p m  (=1.505) being the coil limiting value of the 

2 3 4 5 6 
1% M, 

Figure 5. Double-logarithmic plots of qaM,.,/LBT against M, 
for PDMS in bromocyclohexane at 29.5 O C .  The solid curve 
represents the best-fit HW theoretical values for N I 2, with the 
dashed line segment connecting the values for N = 1 and 2. The 
dotted straight line has a slope of 0.5. 

ratio p of the root-mean-square radius of gyration (S2)1/2 
to the hydrodynamic radius RH = k~T/Suq&. 

As already mentioned in the Introduction and shown in 
the Results, any anomalous behavior like the negative 
intrinsic viscosity has not been observed for D. This is 
also guaranteed by the definition of D as given by eq 1. 
Thus we analyze the data following the procedure used in 
the previous study,lg the basic equations being given by 

The quantities ML and X-~ML (and therefore A-l and ML) 
may be estimated from a best fit of double-logarithmic 
plots of the theoretical f~ against XL for properly chosen 
values of X-l~o ,  X-%o, and Xdbto that of the observed qoDMwl 
kBT against M,, so that we may in principle determine 
the five parameters X - ~ K O ,  X-~TO, X-l, ML, and db. However, 
in the present analysis, for simplicity, we assume that X-1~0  
and X - b o  are the same as those estimated previously' from 
the analysis of the data for ( p2> in cyclohexane at  25.0 O C ,  
i.e., X - ~ K O  = 2.6 and X - b o  = 0, and determine the remaining 
three parameters h-l, ML, and db. 

Figure 5 shows double-logarithmic plots of q&Mw/kBT 
against M, for PDMS in bromocyclohexane at  29.5 OC. 
The unfilled circles represent the present (and previous12) 
experimental values, and the solid curve represents the 
best-fit theoretical values calculated for N 1 2 from eqs 
18 and 19 with eq 15 with Xdb = 0.05, log M L  = 1.255, and 
log(X-'ML) = 2.747, with the dashed line segment con- 
necting those values for N = 1 and 2. The dotted line 
indicates the asymptotic straight line of slope l / 2 .  It is 
seen that the agreement between theory and experiment 
is rather good. In particular, the observed results a t  large 
M, and in the oligomer region are quantitatively repro- 
duced by the theory, although the agreement is not 
complete in the intermediate region. The values of the 
HW model parameters thus determined are listed in the 
first row of Table V. 

Effects of Specific Interactions on [VI. It has been 
found that [ql is negative for the four oligomer samples 
ODMS2 through ODMS5 in bromocyclohexane, as in the 
case of PIB oligomers in IAIV and in benzene.16 Such 
anomalous behavior may be regarded as arising from 
specific interactions between polymer and solvent mol- 
ecules and can never be treated molecular-theoretically 
within the framework of classical hydrodynamics. Thus 
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Table V. Values of the HW Model Parameters 
polymer cfi) solvent temp, “C X-~KO X-‘ro k-l, k, ML, db, %, obsd quantity 

PDMS bromocyclohexane 29.5 2.6 0 31.0 
2.6 0 25.5 

MEK 20.0 2.6 0 28.0 
a-PS (0.59) cyclohexane 34.5 3.0 6.0 23.5 

3.0 6.0 27.0 
a-PMMA (0.79) acetonitrile 44.0 4.5 2.0 45.0 

n-butyl chloride 40.8 4.5 2.0 45.0 
PIB isoamyl isovalerate 25.0 0 12.7 

18.0 
20.6 
20.6 
42.6 
35.0 
38.6 
38.6 
24.1 

(I See ref 1. See ref 27; ( Y 2 ) ,  mean-square optical anisotropy. See ref 28. See ref 19. e See ref 26. f See ref 16. 

it is convenient to reproduce briefly the recipe for treating 
this problem16 before we make an analysis of the present 
data on the basis of the HW touched-bead (classical 
hydrodynamic) model. 

According to the classical hydrodynamic theory of the 
model, its intrinsic viscosity [qlc may be written in the 
formZ5 

(20) 
where [VIKR and [TIE are the Kirkwood-Riseman and 
Einstein intrinsic viscosities, respectively, the latter being 
given by 

(21) 
with NA Avogadro’s number andhfb (=M/N) the molecular 
weight of the bead. An additional (negative) term q* is 
then introduced in order to take account of the effects of 
the specific interactions. Thus the observed [ql may be 
written in the form 

(22) 
If we assume that this modification applies only to the 
term [TIE (not to [VIKR), then q* must be independent of 
M, so that 

lim ([qI/[dc) = 1 (23) 

Although the (negative) quantity q* thus introduced 
may in principle be estimated from an analysis of 
experimental data in one solvent, an unequivocal esti- 
mation is actually very difficult and some additional 
assumptions are required. In the case of PIB,16 we have 
further assumed that the difference between the values of 
[q] in the two solvents IAIV and benzene arises from that 
in q*, since [q] for large M, in the two solvents were found 
to be identical with each other. In the present case, [ql 
has been found to depend on solvent even in the range of 
large M,, indicating that there is a possibility of the 
dependence of the unperturbed chain dimension or the 
coil limiting value 9- of the Flory-Fox factor 9, or both, 
on solvent. Then it does not seem very reasonable to apply 
the same assumption. However, if [SIC depends appre- 
ciably on solvent through them in the range of small M, 
(or x,) as displayed in Figure 4, then the difference in [ql 
must depend appreciably on M, there. As seen from 
Figure 4, however, this is not the case, the situation for 
small M, being similar to the case of PIB. Thus, as far 
as the range of small M, is concerned, we simply again 
adopt the same assumption on [TI as before to write 

[SIC = [qlKR + [VIE 

[TI E = 5*N~d:/ 1mb 

[?I = [TIC + rl* (v* 5 0) 

M-- 

Aq [~1(1, -   VI,^) 
= ?(I,* - ?a,* (24) 

where the subscripts (1) and (2) refer to the solvents MEK 
and bromocyclohexane, respectively. It is then found that 
Aq for the present w e  is 0.0115 dL/g as an average value 
for the seven samples ODMS4 through ODSM24. 

Analysis of [ q ]  - TJ* on the Basis of the HW Model. 
Now [qlc for the HW touched-bead model with the total 
number N of beads may be written in the formz5 

where the function f,, is defined by 

f,,(xL) = X-lML[ilc (26) 
with [ilc being the [qlc measured in units of (A-lI3 and 
being given by eq 15 with eqs 17 and 27 of ref 25. It satisfies 
the following asymptotic relation 

lim f , , ( x ~ ) / ( x ~ ) ” ~  = cw3’z9m (27) 

The basic equations for an analysis of the dta for [ql are 

log [qlc = log f,,(XL) - log(X2M,) (28) 
along with eq 19. Thus the quantities A W L  and A-IML 
may then be estimated from a best fit of double-logarithmic 
plots of the theoretical f,, against X L  for properly chosen 
values of X-l~g, A-~To, and Adb to those of the “observed” 
[TIC = [ql - q* against M, with properly chosen I]*, so that 
we may in principle determine the six parameters X-~KO, 
A-ITO, A-l, ML, db, and q*. As in the case of D, however, 
we assume that X-ho and A - ~ o  are the same as those 
determined from ($), Le., X - ~ K O  = 2.6 and A - b o  = 0,’ and 
determine the remaining four parameters A-l, ML, db, and 
t* . 

We analyze the present data in the two 0 solvents 
simultaneously by the curve fitting under the condition 
that Aq = 0.0115 dL/g. Before doing this, aremark should 
be made on the difference in [ql observed in the range of 
large M,. As mentioned above, it may be due to the 
dependence of the unperturbed chain dimension or 9,, or 
both, on solvent. In the previous study of [ql for atactic 
poly(methy1 methacrylate) (a-PMMA) in two 0 solvents,26 
it has been found from the data for [ql and ( S2) that the 
difference in [ql comes from that in k. For the present 
case, however, ( Sz) in MEK cannot be determined from 
SLS measurements since anlac is negligibly small for this 
system. Thus, in this study, we simply assume that the 
unperturbed chain dimensions, and therefore the param- 
eters A-l and ML, are different with the same value of 9- 
in the two solvents. 

Figure 6 shows double-logarithmic plots of [ q ]  - q* (= 
[TIC) against M, for PDMS. The unfilled and filled circles 
represent the experimental values in bromocyclohexane 
at  29.5 “C (e) with q* = -0.0115 dL/g and in MEK at  20.0 
“C (0) with q* = 0. The solid curves represent the 
respective best-fit theoretical values calculated for N L 2 
from eqs 28 and 19 with eq 25 with Xdb = 0.08, log(X-lMd 
= 2.720, and log(A2ML) = -1.500 for the case of the 
bromocyclohexane solutions and with Adb = 0.07, 
log(X-1ML) = 2.760, and log(X2ML) = -1.580 for the case 

XL-m 

(with 9, = 2.870 X loZ3 mol-I). 

given by 
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Figure 6. Double-logarithmic plots of [VI - q* (in dL/g) against 
M ,  for PDMS: 0, in bromocyclohexane at 29.5 "C (?* = -0.012 
dL/g); 0, in MEK at 20.0 "C (?* = 0). The solid curves represent 
the respective best-fit HW theoretical values for N L 2, with 
each dashed line segment connecting the values for N = 1 and 
2. 

of the MEK solutions. The dashed line segments connect 
the respective theoretical values for N = 1 and 2, and the 
dotted lines indicate the respective asymptotic straight 
lines of slope l /2.  As in Figure 5,  the theoretical curves 
may represent the observed values reasonably well, 
although the former are less significantly S-shaped than 
the latter. The values of the model parameters thus 
determined for PDMS in bromocyclohexane and MEK 
are listed in the second and third rows of Table V, 
respectively. 

HW Model Parameters. In Table V are summarized 
the values of the HW model parameters determined for 
PDMS. For comparison, it also includes the results 
obtained similarly for a-PS (with the fraction of racemic 
diads fr  = 0.79),19127~28 a-PMMA (with fr  = 0.79),26 and 

The three sets of values of X-l, ML, and db for 
PDMS are rather in good agreement with one another. 
Any of its values of M L  is somewhat smaller than the value 
25.5 A-l corresponding to the chain fully extended to the 
all-trans conformation. The radius p and pitch h of ita 
characteristic helix are estimated from the values of X - ~ K O ,  
X+O, and A-I to be ca. 11 and 0 A, respectively. The former 
is considerably large compared to that of a-PS and almost 
comparable in magnitude to that of a-PMMA,29 indicating 
that the PDMS chain in dilute solution assumes the local 
conformation with retention of large helical portions as 
suggested before.' I t  is important to see that the value of 
A-l for PDMS is almost comparable to that for a-PS and 
significantly larger than that for PIB, although smaller 
than that for a-PMMA. Thus it may be said that the 
PDMS chain is rather stsf in a static sense, in contradiction 
to the common notion as mentioned in the Introduction. 

The values of db obtained from D and [ql for PDMS in 
bromocyclohexane are nearly close to each other. This 
result may justify the above treatment of [ q ]  in which q* 
is incorporated to consider the specific interactions 
between solute and solvent molecules. I t  is also important 
to see from the table that the value of db for PDMS is 
appreciably small compared to those of the other polymers. 
This indicates that the PDMS chain behaves hydrody- 
namically as a very thin chain. The chemical structure of 
the repeat unit of PDMS is similar to that of PIB, the 
Si(CH3)2 group and 0 atom of the former corresponding 
to the C(CH3)2 and CH2 groups of the latter, respectively. 
Although the difference between the 0 atom and CH2 
group in size may possibly cause a slight decrease in the 
mean hydrodynamic thickness of the PDMS chain com- 
pared to the PIB chain, the former may be expected to 
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data again exhibit an abnormal break in Ivl/M,1/2 at  M ,  
N 5 X lo4. They are systematically lower than ours for 
M ,  2 5 X lo4. However, both show that [T#M,~/~ depends 
on M, over the whole range of M, examined. In summary, 
we may conclude that the "8 behavior" of [VI of PDMS 
cannot be observed at  the 8 temperature defined ther- 
modynamically and that this arises from the draining 
effect. 

Concluding Remarks 
We have been able to determine separately the static 

stiffness parameter A-l and the shift factor ML for PDMS 
from the analyses of the data for D and 171 in the 8 solvents. 
With them combined with the values of the other model 
parameters, the HW theory may well explain the observed 
molecular-weight dependence of D and [VI. The value of 
X-l obtained for PDMS is almost the same as that for 
a-PS, indicating that the PDMS chain is not so flexible 
as expected from the bulk properties, e.g., the glass 
transition temperature and the bulk modulus. These 
quantities reflect the mobility of rather small portions of 
polymer chains in the bulk, so that they depend not only 
on the kinetics of those portions but also on the interactions 
with the surrounding chains. Then they do not necessarily 
have direct correlation with the static stiffness, as men- 
tioned in the Introduction, nor with the dynamic stiffness 
as defined from the correlation times for, for instance, 
dielectric and magnetic relaxation and fluorescence de- 
polarization for the single polymer chain.33 Previously, 
we have shown semiempirically that for a variety of flexible 
polymer chains, such as polyether, polyvinyl, and a-sub- 
stituted polyvinyl chains, there exists a rather strong 
positive correlation between these two kinds of chain 
stiffness.33 Thus, considering their values of A-l, the PDMS 
chain might be expected to have the dynamic stiffness of 
the same order of magnitude as the a-PS chain, although 
the chemical structure of PDMS is different from those 
of the above polymers. Unfortunately, however, any data 
that enable us to estimate the dynamic stiffness of this 
kind of the PDMS chain are not available a t  present. 

The negative [TI observed for the oligomer samples in 
bromocyclohexane may well be treated according to the 
procedure proposed in the previous study.16 The value of 
the bead diameter db thus determined from [TI is rather 
in good agreement with that determined from D, justifying 
the validity of the procedure employed for the analysis of 
[SI. The value of db thus determined is found to be 
appreciably small compared to those for the other flexible 
polymers studied in our laboratory. It is for the first time 
that the so-called draining effect has been found in the 
present (and previous12) work for a typical flexible polymer 
like PDMS. The analysis of such data on the basis of the 
HW transport theory leads inevitably to small values of 
Adb and db. Considering the fact that the theory has 
worked rather well for a number of polymers, we must 
accept the present result for db of PDMS as real. Its 
smallness suggests that the nonslip boundary condition 
on the bead surface may break down for this chain. This 
indicates that its intermolecular interactions are rather 
weak, thus possibly leading to its low glass transition 
temperature and bulk modulus. 
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