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ABSTRACT: Eleven samples of poly{n-hexyl-[(S)-3-methylpentyl]silylene} (PH3MPS) ranging in weight-
average molecular weight Mw from 3.1 × 103 to 8.7 × 105 in isooctane have been studied by light scattering
at 25 °C, sedimentation equilibrium at 25 °C, and viscometry at five temperatures (-27,-15, 5, 25, and
45 °C) to determine their z-average radii of gyration 〈S2〉z, second virial coefficients, and intrinsic viscosities
[η]. The 〈S2〉z and [η] data are analyzed quantitatively by the current theories on the basis of the wormlike
chain with excluded volume over the entire range of Mw studied. PH3MPS is shown to be a typical
semiflexible polymer with the persistence length changing from 15.4 to 5.0 nm at -27 to 45 °C. The
viscometry has also been made on a PH3MPS sample in n-hexane and methylcyclohexane at 25 °C. In
these solvents, the global conformation of PH3MPS is essentially the same as that in isooctane at the
same temperature.

Introduction
Polysilylenes, whose main chains consist of Si-Si

bonds, have a particular nature, that their conforma-
tions are closely correlated with their electronic struc-
tures. Indeed, it has been found that their UV spectra,
optical activities, etc., change sensitively with the
chemical structure of side chains and solvent conditions,
which in turn determine the backbone conformation.1-3

In 1990s, Fujiki et al. synthesized a variety of poly-
silylenes, which have dialkyl or aryl-alkyl side chains
with or without chiral carbons.4-14 They measured
Mark-Houwink-Sakurada (MHS) exponents R and UV
absorption spectra and showed that the global confor-
mations as detected by viscosity of these polymers are
closely correlated with the peak height and the half-
peak-height width of height of their UV spectra.7 This
study is an important step toward exploiting the uni-
versal correlation between the backbone conformation
and the electronic structure of polysilylenes.

However, these data may not be used for quantitative
discussions because the MHS equation is correct only
over a limited molecular weight range.15,16 In this
connection, it has been shown that dimensional and
hydrodynamic properties of unperturbed polymer chains,
either flexible or stiff, are explained almost quantita-
tively on the basis of the Kratky-Porod wormlike
chain17 or Yamakawa’s more general model called the
helical wormlike chain.15 The persistence length q, a
parameter of this model, is a better measure for stiffness
than the viscosity exponents.

Cotts18 analyzed dimensional and hydrodynamic data
for poly(di-n-hexylsilylene) at the Θ state, using a mixed

Θ solvent, on the basis of the unperturbed wormlike
chain, to find that the q value was 3.5 nm. However, as
far as we know, this is the only q value reported for
polysilylenes. It is necessary to study a large number
of polysilylenes with different side chains in order to
elucidate the correlation between the global conforma-
tion and electronic structure of these polymers.

Very recently, we made a light scattering and viscos-
ity study of two chiro-optical polysilylenes19 whose
chemical structures are shown in Figure 1: poly{n-
hexyl[(S)-2-methylbutyl}silylene] (PH2MBS) and poly-
[n-hexyl-{(S)-3-methylpentyl}silylene] (PH3MPS). It was
found that the persistence length in isooctane is 85 nm
for PH2MBS at 20 °C and 6.1 nm for PH3MPS at 25
°C; namely, the former is almost rodlike, whereas the
latter is semiflexible. In the present study we have
expanded this viscosity study of PH3MPS in isooctane
at temperatures other than 25 °C between -27 and 45
°C, in n-hexane at 25 °C, and in methylcyclohexane at
25 °C. In this paper, we present the experimental details
including sample preparation and light scattering,
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Figure 1. Chemical structures of PH2MBS (1) and PH3MPS
(2).
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which has not been described in our previous paper.19

Then the data for intrinsic viscosities and scattering
radii obtained are analyzed by the current theories15,20,21

for wormlike chain with or without excluded volume.

Experimental Section
Samples. A PH3MPS sample was obtained by a sodium-

mediatedcondensationofdichloro-n-hexyl-[(S)-3-methylpentyl]-
silane in hot toluene with 18-crown-6. This PH3MPS sample
dissolved in a mixed solvent (toluene 90% + cyclohexane 10%)
was separated into seven fractions (F1, F2, ..., F7) and an
oligomer fraction on a Shodex 2006M column (20 mm i.d. and
300 mm long) in about 500 runs. In each run a 1 cm3 solution
with the mass concentration 5 × 10-3 g cm-3 was fed on the
machine and eluted at a flow rate of 2.5 cm3/min. Each fraction
except for the oligomer fraction was separated into three
fractions on the same column, the middle fractions (F12, F22,
..., F72) were chosen for this study, and the third fraction of
F4 (F43) and the first fraction of F6 (F61) were used to study
solvent effects. The oligomer fraction was separated into four
fractions (O1, O2, O3, and O4) on a Shodex 2003 column (the
same size as 2006M). These fractions were also used for
physical measurements.

PH3MPS samples are photodegradable, and the specific
viscosity of their dilute solutions sharply decreased by illumi-
nating natural light. Therefore, the sample preparation men-
tioned above and physical measurements described below were
made by shielding room light as much as possible. It was
confirmed by viscosity that molecular weight of the samples
did not change while studied.

The polydispersity of each sample was estimated by gel
permeation chromatography (GPC) with a detector operating
at 320 nm under the following conditions: two columns of
Shodex 806M, connected in series, tetrahydrofuran at 40 °C
as the eluent, and flow rate of 1 cm3 min-1.

Sedimentation Equilibrium. Values of the weight-aver-
age molecular weight Mw and the second virial coefficient A2

for PH3MPS samples of O1, O2, O3, and O4 in isooctane at
25 °C were determined by sedimentation equilibrium on a
Beckman Optima XL-1 analytical ultracentrifuge. Aluminum
12 mm double-sector cells were used. The height of the solution
column was adjusted to 1.5 mm, and the rotor speed was
chosen so that the equilibrium polymer concentration cb at the
cell bottom is about 3 times the concentration ca at the
meniscus. These concentrations were detected by an interfer-
ential optics operating at 675 nm.

The data obtained were analyzed according to the equation

where the apparent molecular weight Mapp and the mean
concentration cj are defined by

with

In these equations, ra and rb are the radial distances from the
center of rotation to the meniscus and the cell bottom,
respectively, vj is the partial specific volume of the polymer, F0

is the solvent density, ω is the angular velocity of the rotor, R
is the gas constant, and T is the absolute temperature.

Ratios of Mz (the z-average molecular weight) to Mw were
estimated from the sedimentation equilibrium data by use of
the equation

where

The specific refractive index increments ∂n/∂c of PH3MPS
in isooctane at 25 °C were determined using an OPTILAB DSP
interferometic refractometer for 633 nm wavelength and a
modified Schulz-Cantow type differential refractometer for 436
and 546 nm. The result at 436, 546, and 633 nm were 0.192,
0.172, and 0.162 cm3 g-1, respectively; note that molecular
weight dependence of ∂n/∂c was negligible (less than 1.2%) even
for the sample of lowest molecular weight studied here. The
plot of ∂n/∂c vs (wavelength)-2 obeyed the linear relation as
∂n/∂c ) 0.135 + 1.09 × 104 (wavelength/nm)-2 cm3 g-1.
Therefore, the value of ∂n/∂c at 675 nm was estimated to be
0.159 cm3 g-1.

The partial specific volume vj of PH3MPS in isooctane at 25
°C was determined to be 1.113 cm3 g-1, using an Anton Paar
DMA 5000 density meter. The molecular weight dependence
of vj was not detected.

Light Scattering. Scattering intensities were measured for
eight samples (F12, F22, ..., F72, and O1) in isooctane at 25
°C on a DAWN DSP light scattering instrument with a flow
cell in an angular range from 31° to 148°, using vertically
oriented polarized incident light of 633 nm wavelength (He-
Ne laser). The reduced scattering intensity Rθ at scattering
angle θ was determined as follows.

Rθ was calculated from the detector voltages for the solution
Vθ and the solvent Vθ,S using

where Φθ is the instrument constant at angle θ, n0 is the
refractive index of solvent, and f(n0), which is described in the
manual of this instrument, is a known function of n0; we note
that the values of f(n0) differ little (less that 0.3%) between
toluene and isooctane. Φ90 (Φθ at 90°) was determined from
the measured voltage Vt,90 for toluene at 25 °C and θ ) 90° by
use of the equation

with Rt (the Rayleigh ratio of toluene) taken as 1.406 × 10-5

cm-1 (Vdark,90 denotes the dark offset voltage obtained with the
laser turned off).

Φθ other than 90° should not be determined with the same
method for Φ90 because each detector set except 90° has its
own geometrical factors. Therefore, we measured scattering
intensities of oligostyrene solutions, whose Mw are 3.44 × 103

or 1.53 × 103, dissolved into toluene (n0 ) 1.495), cyclohexane
(1.425), or acetone (1.357), and determined Φθ by use of the
equation

where

The values of Nθ were almost independent of Mw of used
samples and measured concentrations (less than 5 wt %) but
dependent slightly on the refractive indices of solvents; in
practice, the difference in Nθ’s between cyclohexane and
acetone is less than 3%. Therefore, the values of Nθ for
isooctane (n0 ) 1.392) were determined from interpolation of
the plots of Nθ vs n0.

Polymer solutions and the solvent were made optically clean
by centrifugation at about 3.2 × 103 times the acceleration of
the gravity for 30 min. Each of them was transferred directly

Mapp
-1 ) Mw

-1 + 2A2 cj (1)

Mapp ) (cb - ca)/λc0 (2)

cj ) (cb + ca)/2 (3)

λ ) (rb
2 - ra

2) (1 - vjF0)ω
2/2RT (4)

Q ) (Mw/Mz)(1 + 2A2Mwcj + ...) (5)

Q )
(cb - ca)

2

c0(rb
2 - ra

2)[(∂c/∂r2)r)rb
- (∂c/∂r2)r)ra

]
(6)

Rθ ) Φθn0f(n0)(Vθ - Vθ,S) (7)

Φ90 )
Rt

f(n0)(Vt,90 - Vdark,90)
(8)

Φθ ) NθΦ90 (9)

Nθ )
V90 - V90,s

Vθ - Vθ,s
(10)
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into the flow cell with a thin tube (0.5 mm i.d.) which is
connected to the flow cell. We made certain with UV absorption
that the concentrations of solutions did not change during the
measurements described above. To evaluate the reliability of
our experimental method, a light scattering measurement in
the way described above was also made for the polymacro-
monomer sample F15-5 in toluene at 25 °C studied before.22

The Mw value of this sample was determined to be 8.54 × 105.
This value is almost equal to 8.22 × 105 measured by the
established method in our previous paper.22

Viscometry. Viscosity measurements in isooctane at -15,
5, 25, and 45 °C were made using a four-bulb low-shear
capillary viscometer of the Ubbelohde type for the sample F12
and a conventional capillary viscometer for the rest; shear-
rate effects on the intrinsic viscosity [η] were small (less than
1%) when the [η] values for this sample from the two types of
viscometer were compared. The measurements for the other
samples in isooctane at -27 (F22 and F52), -15, 5, 25, and
45 °C were made using the conventional viscometer. Samples
O3 and O4 were not studied because the quantity required
for viscometry were not obtained.

We measured intrinsic viscosity in the other solvents to
investigate solvent effects as described below. First, viscosity
measurements for the samples F43 and F61 in isooctane were
made to determine [η] and viscosity-average molecular weight
Mv. Next, we determined [η] for the sample F43 in n-hexane
and in methylcyclohexane at 25 °C.

In all measurements, the flow time was determined to a
precision of 0.1 s with the difference between the solvent and
solution flow times kept larger than 7 s. The relative viscosity
was evaluated by taking account of the difference between the
solution and solvent densities. The Huggins plot, the Fuoss-
Mead plot, and the Billmeyer plot were combined to determine
[η] and the Huggins constant k′.

Results

Molecular Weight, Second Virial Coefficient,
and Radius of Gyration. Figure 2 illustrates plots of
Mapp

-1 vs cj (a) and Q vs cj (b) constructed from sedimen-
tation equilibrium data. The straight lines in Figure 2b
have been drawn with the aid of A2Mw values evaluated
from the plots in Figure 2a. Figure 3 shows the light
scattering envelopes for the sample F12, where K is the
optical constant; in either figures linear relations are
observed facilitating extrapolation to zero angle or zero
concentration. This sample has the highest molecular
weight studied in this work. The values of Mw, A2, and
the z-average radius of gyration 〈S2〉z obtained are

summarized in Table 1, along with those of Mw, A2, and
Mz/Mw from sedimentation equilibrium and Mw/Mn and
Mz/Mw from GPC for samples F22, F32, ..., F62. We have
not determined these values from GPC for samples F12,
F72, O1, O2, O3, and O4, because the extinction
coefficients for samples O1, O2, O3, and O4 in isooctane
are not independent of molecular weight, whereas the
samples F12 and F72 are both at the ends of the
calibration curve. The Mw/Mn and Mz/Mw values indicate
that our samples are quite narrow in molecular weight

Figure 2. Plots of Mapp
-1 vs cj (a) and Q vs cj (b) for the

indicated PH3MPS samples in isooctane at 25 °C.

Figure 3. Plots of (Kc/Rθ)1/2 vs sin2(θ/2) at indicated c (a)
and (Kc/Rθ)1/2 vs c at fixed scattering angles (b) for sample
F12 in isooctane at 25 °C. For clarity, the ordinate values of
(Kc/Rθ)1/2 are shifted by A.

Table 1. Results from Light Scattering and
Sedimentation Equilibrium Measurements on PH3MPS

Samples in Isooctane at 25 °C

sample Mw/104
104A2/

cm3 mol g-2 〈S2〉z
1/2/nm Mw/Mn

a Mz/Mw

Light Scattering
F12 87.3 1.5 53.2
F22 67.4 1.6 44.3 1.13 1.12a

F32 51.0 2.0 36.1 1.11 1.10a

F42 25.5 2.7 24.5 1.10 1.09a

F52 12.6 3.4 15.9 1.10 1.08a

F62 6.60 3.9 1.07 1.07a

F72 3.67 3.6
O1 2.09 5.0

Sedimentation Equilibrium
O1 1.98 6 1.05

b

O2 1.10 10 ( 2 1.03
b

O3 0.685 7 ( 2 1.05
b

O4 0.307 7 ( 3 1.17
b

a From GPC. b From sedimentation equilibrium.
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distribution. The Mw value for sample O1 from light
scattering agrees (less than (3%) with that from
sedimentation equilibrium.

Figure 4 shows the molecular weight dependence of
A2 for PH3MPS in isooctane at 25 °C. The values A2
are all of the order 10-4 mol cm3 g-2, and the straight
line drawn has a usual negative slope of -0.3 in the
molecular weight range studied.

Figure 5 shows the molecular weight dependence of
〈S2〉z for PH3MPS in isooctane at 25 °C. The data points
are fitted by a straight line whose slope is 0.6. This
exponent is expected for long flexible chains in good
solvents.

Intrinsic Viscosity. The values of [η] and Huggins
constant k′ obtained for PH3MPS samples in isooctane
at -27, -15, 5, 25, and 45 °C are summarized in Table
2, along with those of Mw; note that the Mw for O1 is
the mean of the value from the two measurements. The

temperature dependence of [η] for PH3MPS in isooctane
is illustrated in Figure 6. As shown in this figure and
Table 2, the value of [η] increases with lowering temp-
erature. In fact, the values of [η] at -15 °C are 2.1 times
as larger as that at 45 °C in the molecular weight range
of Mw > 3 × 105.

The molecular weight dependence of [η] at different
temperatures is illustrated in Figure 7. The curve fitting
the data points at -15 °C has an inflection point at Mw
∼ 5 × 104. Its slope is about 1.03 at this point and
decreases to about 0.80 for Mw larger than 3 × 105.
Below the inflection point, the slope increases gradually
with decreasing Mw. The data other than -15 °C show
similar Mw dependence, but the slopes of the curve for
45 °C are smaller than those for -15 °C at the corre-
sponding Mw, i.e., 0.85 for Mw ∼ 5 × 104 and 0.75 for
Mw > 3 × 105.

Results from viscometry for the sample F43 and F61
are summarized in Table 3. We note that the values of
Mv were determined from the solid line for the data at
25 °C in Figure 7. In n-hexane at 25 °C, the [η] value is
5% larger than that in isooctane at the same tempera-
ture, and the [η] value in methylcyclohexane at 25 °C
is 2% smaller than that in isooctane at the same
temperature. The difference in [η] among these solvents
is only marginal.

Discussion
Data Analysis of Intrinsic Viscosity. The [η] of a

wormlike chain in the unperturbed state is determined

Table 2. Results of Viscometry on PH3MPS Samples in Isooctane at Various Temperatures

at -27 °C at -15 °C at 5 °C at 25 °C at 45 °C

sample Mw/104 [η]a k′ [η]a k′ [η]a k′ [η]a k′ [η]a k′

F12 87.3 6.02 0.40 4.20 0.45 3.30 0.40 2.82 0.47
F22 67.4 6.31 0.40 5.15 0.44 3.63 0.40 2.85 0.45 2.46 0.43
F32 51.0 4.08 0.40 2.85 0.39 2.30 0.37 1.95 0.41
F42 25.5 2.23 0.38 1.60 0.39 1.30 0.38 1.10 0.44
F52 12.6 1.45 0.35 1.21 0.35 0.899 0.40 0.753 0.37 0.648 0.42
F62 6.60 0.630 0.37 0.500 0.38 0.432 0.35 0.381 0.38
F72 3.67 0.323 0.42 0.275 0.40 0.245 0.41 0.223 0.41
O1 2.04b 0.179 0.42 0.162 0.45 0.144 0.42 0.137 0.42
O2 1.10 0.101 0.52 0.0902 0.53 0.0859 0.56 0.0792 0.54

a In units of 102 cm3 g-1. b The average from light scattering and sedimentation equilibrium.

Figure 4. Molecular weight dependence of A2 for PH3MPS
in isooctane at 25 °C.

Figure 5. Molecular weight dependence of 〈S2〉z
1/2 for PH3MPS

in isooctane at 25 °C.

Figure 6. Temperature dependence of [η] for the indicated
PH3MPS samples in isooctane.
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by L (the contour length), q, and d (the chain diam-
eter).15,20,21 The first parameter is related to the molec-
ular weight M by

with ML the molar mass per unit contour length of the
chain. Assuming the PH3MPS chain is modeled by the
wormlike chain, we first analyze the measured [η] in
isooctane by a conventional method applicable to typical
stiff chain, using the data at low temperature where
intramolecular excluded-volume effects would be neg-
ligible or small.

1. Conventional Method. According to Bushin et
al.23 and Bohdanecký,24 the Yamakawa-Fujii-Yoshi-
zaki theory for the intrinsic viscosity [η]0 of an unper-
turbed wormlike cylinder can be expressed in a good
approximation as

where

with I0 and S0 being known functions of d/2q. Equation
12 is applicable to a range of L/2q from 3.2 to 2000 for
weakly stiff chains (d/2q ∼ 0.1) and from 0.4 to 300 for
typical stiff chains (d/2q ∼ 0.01).24 In such a range
of chain length, the Bushin-Bohdanecký plot of
(Mw

2/[η])1/3 vs Mw
1/2 should give a straight line whose

intercept and slope equal I and S, respectively.

Figure 8 shows the Bushin-Bohdanecký plot con-
structed from the present data in isooctane at -15 °C.
The plotted points follow the straight line except the
data point for O2, yielding the two values I ) 158 g1/3

cm-1 and S ) 1.00 g1/3 cm-1. The downward deviation
from the line for Mw

1/2 below 150 can be ascribed to the
inapplicability of eq 12 to short chains, but it may be
utilized for finding one more relation and hence for
uniquely determining the three parameters, q, ML, and
d. The procedure is as follows.

First, different sets of q, ML, and d are evaluated from
the above I and S values and appropriately chosen d
values. Then the [η] values computed from the
Yamakawa-Fujii-Yoshizaki theory15,20,21 with those
parameter sets are compared with the experimental
data. The solid curve in the inset of Figure 8 represents
the theoretical values for d ) 1.8 nm (q ) 11.9 nm and
ML ) 1010 nm-1), while the dashed curves represent
those for d ) 1.2 nm (q ) 11.4 nm and ML ) 930 nm-1)
and d ) 2.4 nm (q ) 12.3 nm and ML ) 1070 nm-1). It
can be seen that the d value of 1.8 nm (with q ) 11.9
nm and ML ) 1010 nm-1) gives the best fit to the data
points.

The ML value of 1010 nm-1 estimated above (for
PH3MPS in isooctane at -15 °C) is consistent with the
chemical structure of PH3MPS if we assume that the
conformation of main chain is the 73 helix, i.e., ML )
1005 nm-1; note that this value was calculated from the
pitch per monomeric unit of the helix (0.197 nm).25 The
q value at -27 °C was estimated at 15.4 nm when ML
and d were assumed to be the same as those at -15 °C.

Table 3. Results of Viscometry on PH3MPS Samples in Different Solvents at 25 °C

in isooctane in n-hexane in methylcyclohexane

sample [η]a k′ Mv/104 [η]a k′ [η]a k′

F43 0.665 0.40 10.7 0.695 0.47
F61 0.603 0.41 9.6 0.593 0.41

a In units of 102 cm3 g-1.

Figure 7. Molecular weight dependence of [η] for PH3MPS
in isooctane at -15 °C (unfilled circles), 5 °C (filled circles),
25 °C (unfilled squares), and 45 °C (filled squares).

Figure 8. Plot of (Mw
2/[η])1/3 vs Mw

1/2 constructed from the
data for PH3MPS in isooctane at -15 °C. The solid line in the
inset, the theoretical values calculated from Yamakawa-
Fujii-Yoshizaki theory for the unperturbed wormlike chain
with q ) 11.7 nm, ML ) 1000 nm-1, and d ) 1.8 nm, and the
two dashed lines represent those for d ) 1.2 nm (q ) 11.4 nm,
ML ) 930 nm-1) and d ) 2.4 nm (q ) 12.3 nm, and ML ) 1070
nm-1).

L ) M/ML (11)

(M2/[η]0)
1/3 ) I + SM1/2 (12)

I ) 1.516 × 10-8I0ML (g1/3 cm-1) (13)

S ) 1.516 × 10-8S0(ML/2q)1/2 (g1/3 cm-1) (14)
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The [η] data at higher temperatures were difficult to
determine by the same method because the Bushin-
Bohdanecký plots23,24 do not obey the linear relation in
the Mw range. This is due to the excluded-volume effect
being much more significant than that at -15 °C.
Therefore, the [η] data are analyzed on the basis of the
wormlike chain model with excluded-volume effect in
the next section.

2. Consideration of Excluded-Volume Effect. As
shown in the previous section, the excluded-volume
effects on [η] are not negligible at the temperatures
higher than -15 °C. In the following, we analyze [η]
data with the aid of the quasi-two-parameter (QTP)
theory15,26,27 for wormlike or helical wormlike bead
chains. This theory allows an accurate description of [η]
for linear flexible and semiflexible polymers over a broad
range of molecular weight.15,28 The viscosity-radius
expansion factor Rη [)([η]/[η]0)1/3] in the QTP scheme is
expressed by

if the Barrett function is adopted.29 Here, z̃ is the scaled
excluded-volume parameter defined by

where N is the Kuhn statistical segment number
defined by N ) L/2q, K(N) is a known function of N (cf.
eq 8.46 in ref 21 or eq 50 in ref 27), and B is the
excluded-volume strength with the unit of length.

Equations 15 and 16 indicate that B needs to be
known (in addition to q and ML) in order to evaluate
theoretical Rη

3. A curve-fitting procedure was employed
for the determination of the parameters, but ML at any
temperature was assumed to be the same as that at -15
°C; we note that the three parameters (d, q, and B) can
uniquely be determined from the [η] data when the
value of ML is fixed. The parameters obtained are
summarized in Table 4 with those at -15 °C. It is
reasonable to take the B value at -15 °C to be 1.7 nm
because the values estimated at other temperatures are
invariably 1.7 nm.

Figure 9 compares the experimental [η]Mw
-1/2 for

PH3MPS in isooctane at indicated temperatures with
the theoretical solid lines calculated with the param-
eters in Table 4. The agreement is satisfactory at all
the temperatures. The dashed line at each temperature
refers to the unperturbed state (i.e., B ) 0). The
excluded-volume effect is almost invisible at -15 °C but
becomes appreciable with increasing temperature. In
particular, it is significant for Mw > 105 at 45 °C. Thus,
we conclude that the excluded-volume effect becomes
visible as the temperature is raised not because of the
excluded-volume interactions (B) but due to the increas-
ing flexibility.

Data Analysis of Radii of Gyration. As shown
above, excluded-volume effects on [η] for PH3MPS in
isooctane at 25 °C are significant at high Mw and
explained quantitatively by the QTP theory. Within the
framework of this theory, the radius expansion factor
Rs [≡(〈S2〉/〈S2〉0)1/2] is a universal function of z̃, where
〈S2〉0 denotes the unperturbed mean-square radius of
gyration and is given by30

for the wormlike chain. Adopting the Domb-Barrett
equation31 for Rs

2, we have

Equation 18 is known to accurately describe experimen-
tal data for flexible and semiflexible polymers over a
broad range of molecular weight.15,28

Equations 17 and 18 indicate that 〈S2〉 in the per-
turbed state is characterized by three parameters: ML,
q, and B. A curve-fitting procedure was employed for
our analysis with q assumed to the values determined
from [η] (q ) 6.1 nm); we note that ML and B can
uniquely be determined from the present 〈S2〉z data
when the value of q is fixed. The parameters were
estimated to 900 nm-1 for ML and 1.7 nm for B,
respectively. Figure 10 shows that the theoretical solid
curve calculated with these parameters closely fits the
data points over the whole range studied.

As is known, the analysis of 〈S2〉z for polydisperse
samples by eq 17 gives a value of ML that is smaller
than the true value. If N > 5, this polydispersity effect
may be corrected by multiplying ML by Mz/Mw. In fact,
the ML value from 〈S2〉z is about 0.89 times as large as
that from [η]. On the other hand, GPC measurements

Table 4. Molecular Parameters for PH3MPS in Isooctane
at Various Temperatures

T/°C ML/103 nm-1 d/nm q/nm B/nm

-27 1.01a 1.8a 15.4 (1.7)
-15 1.01 1.8 11.9 (1.7)

5 1.01a 1.8 7.7 1.7
25 1.01a 1.8 6.1 1.7
45 1.01a 1.8 5.0 1.7

a Assumed.

Figure 9. Comparison between the measured [η]Mw
-1/2 for

PH3MPS in isooctane at indicated temperatures and the
theoretical values (solid lines) calculated with the parameters
in Table 4. Dashed lines represent theoretical values for B )
0.

〈S2〉0 ) (2q)2[16N - 1
4

+ 1
4N

- 1
8N2

(1 - e-2N)] (17)

Rs
2 ) [1 + 10z̃ + (70π

9
+ 10

3 )z̃2 + 8π3/2z̃3]2/15
[0.933 +

0.067 exp(-0.85z̃ - 1.39z̃2)] (18)

Rη
3 ) (1 + 3.8z̃ + 1.9z̃2)0.3 (15)

z̃ ) 3
4
K(N)( 3

2π)3/2 B
2q

N1/2 (16)
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and sedimentation equilibrium gave a value around 1.1
for Mz/Mw of our PH3MPS samples. Thus, we find that
the [η] and 〈S2〉z data are explained consistently with
the parameters described above, which in turn shows
that the assumption for ML is correct.

Conclusions
We have determined intrinsic viscosity [η], z-average

mean-square radius of gyration 〈S2〉z, and A2 as func-
tions of weight-average molecular weight Mw for poly-
{n-hexyl-[(S)-3-methylpentyl]silylene} (PH3MPS) in iso-
octane, n-hexane, and methylcyclohexane at different
temperatures. The following conclusions have been
drawn from the analysis of [η] and 〈S2〉z data on the
wormlike chain with excluded volume.

1. The molar mass per unit contour length 1.01 × 103

nm-1 for the PH3MPS in isooctane is consistent with
the value calculated for the model of 73 helix.

2. In isooctane, the persistence length q remarkably
increases from 5.0 nm at 45 °C to 15.4 nm at -27 °C
with decreasing temperature.

3. The [η] values in n-hexane and methylcyclohexane
were substantially equal to that in isooctane at the same
temperature. This finding suggests that the persistence
lengths of PH3MPS are not affected by small difference
of the shape of solvent molecules.
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(24) Bohdanecký, M. Macromolecules 1983, 16, 1483-1492.
(25) Miller, R. D.; Farmer, B. L.; Fleming, W.; Sooriyakumaran,

R.; Rabolt, J. J. Am. Chem. Soc. 1987, 109, 2509-2510.
(26) Yamakawa, H.; Stockmayer, W. H. J. Chem. Phys. 1972, 57,

2843-2854.
(27) Shimada, J.; Yamakawa, H. J. Chem. Phys. 1986, 85, 591-

600.
(28) Norisuye, T.; Tsuboi, A.; Teramoto, A. Polym. J. 1996, 28,

357-361.
(29) Barrett, A. J. Macromolecules 1984, 17, 1566-1572.
(30) Benoit, H.; Doty, P. J. Phys. Chem. 1953, 57, 958.
(31) Domb, C.; Barrett, A. J. Polymer 1976, 17, 179.

MA010212W

Figure 10. Comparison between the measured 〈S2〉z
1/2 for the

PH3MPS in isooctane at 25 °C and the theoretical solid curve
for the perturbed wormlike chains with the parameters ML )
900 nm-1, q ) 6.1 nm, and B ) 1.7 nm. The dashed line
represents theoretical values for B ) 0.
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