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ABSTRACT: The intrinsic viscosity [η], the radius of gyration 〈S2〉1/2, and the isotropic-cholesteric phase
boundary concentration cI (between the isotropic and biphasic regions) for poly[(n-decyl-(S)-2-methylbutyl)-
silylene] dissolved in isooctane were measured as functions of the weight-average molecular weight Mw.
By analyzing the results of [η] and 〈S2〉1/2 in terms of the wormlike-chain model, the persistence length
q was determined to be 70 nm. Using this q, the scaled particle theory for the hard wormlike-spherocylinder
model successfully predicted cI at high Mw but underestimated it at low Mw. The underestimate may be
ascribed to the flexibility effect in the vicinity of the polymer-chain ends on cI, which is more appreciable
than the same effect on [η].

Introduction

Recently, it has been found that the silicon backbone
of some alkyl-substituted polysilylenes take a rigid
helical conformation in solution1-3 due to severe restric-
tion of their internal rotation by steric hindrance
between neighboring alkyl side chains. For example, the
persistence length of poly[(n-hexyl-(S)-2-methylbutyl)-
silylene] (PH2MBS) is reported to be 85 nm,2 indicating
that this polysilylene is even stiffer than typical stiff
polymers, e.g., poly(hexyl isocyanate) (20-43 nm), aro-
matic polyamides (20-50 nm), and the double helix of
DNA (ca. 60 nm).4

It is well-known that the polymer chain stiffness
closely correlates to liquid crystallinity.4 Thus, we have
examined lyotropic liquid crystallinity of an isooctane
solution of PH2MBS with increasing the polymer con-
centration. Unfortunately, due to the limiting solubility
of PH2MBS, we could not observe any liquid crystal
phase but observed a gel in its concentrated isooctane
solution. To enhance solubility, we replaced the hexyl
side chain of PH2MBS by an n-decyl chain and found a
cholesteric phase in concentrated isooctane solutions of
poly((n-decyl-(S)-2-methylbutyl)silylene) (PD2MBS; cf.
Scheme 1). Very recently, Watanabe, Kamee, and
Fujiki5 found liquid crystallinity also in the bulk phase
of PD2MBS with relatively low molecular weights.
Therefore, this polysilylene is a unique polymer, exhib-
iting both lyotropic and thermotropic liquid crystallinity.

This paper reports the persistence length and the
isotropic-cholesteric phase boundary concentration of
PD2MBS in isooctane solutions. The resulting persis-
tence length and phase boundary concentration are
compared with each other through a standard statisti-
cal-mechanical theory, the scaled particle theory for
stiff polymer solutions.4

Experimental Section
Polymer Samples. Dichlorosilane monomer bearing (S)-

2-methylbutyl and n-decyl substituents was polymerized in hot
toluene by the Wurtz-type condensation.6 The polymer sample
obtained was recovered from the toluene solution, and divided
into many fractions by repeating fractional precipitation, using
cyclohexane as the solvent and ethanol as the precipitant. The
fractionation was made in brownish glassware to avoid pho-
todegradation of the sample. Ten middle fractions were chosen
for the following experiments. The polydispersity in the molec-
ular weight of the fractions were checked by size-exclusion
chromatography (SEC) with a column of Shodex KF-806 M
and using 40 °C tetrahydrofuran as the eluent. Ratios of the
weight- to number-average molecular weight Mw/Mn esti-
mated by SEC were 1.04-1.14 (except for one sample used
for the isotropic-cholesteric phase boundary concentration);7
the calibration curve was made using eight PD2MBS samples
whose weight-average molecular weights Mw were determined
by light scattering and/or sedimentation equilibrium (see
below).

Scheme 1
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Light Scattering. Light scattering measurements for
isooctane solutions of five PD2MBS samples were made at 25
°C on a DAWN DSP multiangle light scattering instrument
(Wyatt Technology Inc.) equipped with a flow cell, to determine
Mw, the second virial coefficient A2, and z-average radius of
gyration 〈S2〉z

1/2. The light source was a He-Ne laser emitting
633 nm vertically polarized light. The detailed procedure for
the measurements is described in ref 6.

Specific refractive index increments ∂n/∂c of PD2MBS in 25
°C isooctane were measured to be 0.180 cm3/g at 436 nm and
0.161 cm3/g at 546 nm, using a modified Schulz-Cantow type
differential refractometer. The value of ∂n/∂c at 633 nm was
obtained to be 0.153 cm3/g by extrapolation of the results at
436 and 546 nm, using the Couchy dispersion formula.

Sedimentation Equilibrium. For four lower molecular
weight PD2MBS samples, Mw and A2 were determined in iso-
octane at 25 °C by sedimentation equilibrium using a Beckman
Optima XL-I analytical ultracentrifuge equipped with the
Rayleigh interferometer with a 675 nm diode laser as light
source. Test solutions and solvent were put in aluminum 12
mm double sector cells, and rotated at 8000-18 000 rpm. Data
analysis is explained in ref 6.

The partial specific volume and ∂n/∂c at 675 nm of PD2MBS
in 25 °C isooctane are necessary to the data analysis. The
former was determined to be 1.107 cm3/g using an Anton Paar
DMA 5000 oscillation U-tube densitometer, while the latter
was estimated to be 0.149 cm3/g by extrapolation of the results
at 436 and 546 nm (see above).

Viscometry. Viscosities of isooctane solutions of eight
PD2MBS samples were measured by a conventional Ubbelo-
hde-type capillary viscometer to determine the intrinsic viscos-
ity [η]. For the two highest molecular weight PD2MBS sam-
ples, solution viscosities were also measured with a four-bulb
low-shear viscometer, and weak shear-rate dependencies were
found. Thus, [η] for the two samples were obtained by extra-
polation to the zero-shear rate.

Determination of Isotropic-Liquid Crystal Phase
Boundary Concentration. When the concentration of an
isooctane solution of a PD2MBS sample was increased, the
solution exhibited strong optical birefringence above some
critical concentration, under a polarizing microscope. This
birefringence indicates the formation of a liquid crystal phase
in the isooctane solution of PD2MBS. The critical mass
concentration cI of the appearance or disappearance of the
birefringence was determined for isooctane solutions of six
PD2MBS samples, with increasing or decreasing the polymer
concentration. This concentration corresponds to the phase
boundary concentration between the isotropic and biphasic
regions. Owing to the limiting amounts of PD2MBS samples
used, it was difficult to analyze coexisting isotropic and liquid-
crystal phases separately, so that another phase boundary
concentration between the biphasic and liquid-crystal region
was not determined in this study.

Results and Discussion

Intrinsic Viscosity and Radius of Gyration. Fig-
ure 1 shows the molecular weight dependence of the
intrinsic viscosity [η] of PD2MBS in isooctane at 25 °C
(circles). In the double-logarithmic plot, the data points
obey a curve convex upward, whose slope is 1.5 at Mw
< 2 × 105. This strong molecular weight dependence
indicates the chain stiffness of PD2MBS. The stiffness
of the PD2MBS chain is also indicated by data of the
radius of gyration 〈S2〉z

1/2, which is almost proportional
to Mw

0.8 as shown in Figure 2.
The data of [η] and 〈S2〉z

1/2 shown in Figures 1 and 2,
respectively, are analyzed in terms of the wormlike-
chain model to determine the chain stiffness parameter,
the persistence length q.8 Recently, the same analysis
was made for poly(n-hexyl-(S)-2-methylbutyl)silylene)
(PH2MBS) and poly(n-hexyl-(S)-3-methylpentyl)silylene)
(PH3MPS) in the same solvent,2 and it turned out that

local conformations of PH2MBS and PH3MPS are
almost identical with that of the 7/3 helix proposed for
poly((di-n-pentyl)silylene) and poly((di-n-butyl)silylene)
in crystalline state.9,10 From the resemblance of the
chemical structure between PD2MBS and PH2MBS, we
may expect that the local conformation of PD2MBS is
also approximated to the 7/3 helical conformation. Using
the helix pitch per the monomer unit to be 0.197 nm,9
the molar mass per unit contour length ML for PD2MBS
is estimated to be 1220 nm-1.

According to the theory of Yamakawa, Fujii, and
Yoshizaki11,12 for the wormlike-cylinder model, [η] can
be calculated as a function of the molecular weight, if
ML, q, and the cylinder diameter d are given. A trial-
and-error method was used to find q and d values which
lead to the closest agreement between the Yamakawa-
Fujii-Yoshizaki theory and experimental [η] with ML
fixed to 1220 nm-1. It is shown by the solid curve in
Figure 1 that when q and d are chosen to be 70 nm and
1.6 nm, respectively, the theory fits closely the data
points. Since d affects [η] only at low molecular weights,
the value of q was almost uniquely determined irrespec-
tive of the d value.

Figure 1. Molecular weight dependence of the intrinsic
viscosity of PD2MBS in isooctane at 25 °C: circles, experi-
mental data; solid curve, theoretical values calculated by the
Yamakawa-Fujii-Yoshizaki theory11,12 for the wormlike-
cylinder model with the parameters indicated.

Figure 2. Molecular weight dependence of the radius of
gyration of PD2MBS in isooctane at 25 °C: circles, experi-
mental data; solid curve, theoretical values calculated by the
Benoit-Doty theory13 for the wormlike-chain model with the
parameters indicated.
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The solid curve in Figure 2 shows theoretical values
of 〈S2〉1/2 calculated by the Benoit-Doty equation13 for
the wormlike chain with ML ) 1220 nm-1 and q ) 70
nm. The curve almost fits the data points, though a
better fit is obtained by using a slightly larger ML.

The q value of PD2MBS is close to that of PH2MBS
()85 nm) and much longer than that of PH3MPS ()6.2
nm), confirming the previous conclusion2 that a polysi-
lylene with a â-branched alkyl side-chain is much stiffer
compared to those without it. The persistence length of
helical polymers is determined by the steepness of the
internal-rotation potential in the main chain.14 The
slightly shorter q of PD2MBS than that of PH2MBS
implies that the longer nonbranched alkyl side-chain
makes the internal-rotation potential of the silicon
backbone less steep.

Isotropic)Liquid Crystal Phase Boundary Con-
centration. Figure 3 shows the molecular weight
dependence of the isotropic-liquid crystal (cholesteric)
phase boundary concentration cI for isooctane solu-
tions of PD2MBS by circles. It is almost molecular-
weight independent in the high Mw region, but sharply
increases with decreasing Mw. Recently, Watanabe,
Kamee, and Fujiki5 found a cholesteric phase in PD2MBS
in the bulk at Mw J 1.8 × 104. The strong Mw
dependence of our lyotropic cI data at low Mw is not
inconsistent with their critical molecular weight for the
thermotropic liquid crystallinity; the specific volume
(corresponding to cI) of the bulk PD2MBS is about 0.98
cm3/g.

It is known that the isotropic-liquid crystal phase
boundary concentration of stiff-polymer solutions is
quantitatively predicted by the scaled particle theory
(SPT) for hard wormlike spherocylinders,4 which is a
standard statistical-mechanical theory for stiff polymer
solutions, being briefly explained in Appendix A. The
theory needs three molecular parameters, ML, q, and
the hard-core diameter d0 of the cylinder, to calculate
cI. The former two parameters have already been
determined from [η] data in the previous subsection. The
last parameter d0 may be estimated from the partial
specific volume υj by the equation

where NA is the Avogadro constant. Using υj ) 1.107
cm3/g (cf. Experimental Section) as well as ML ) 1220
nm-1, we have a value of 1.7 nm for d0 of PD2MBS.

The solid curve in Figure 3 indicates theoretical
values of cI calculated by the SPT with ML ) 1220 nm-1,
q ) 70 nm, and d0 ) 1.7 nm. The theory agrees with
experimental results at high Mw, but underestimates
cI at Mw < 5 × 104. Especially, for the lowest molecular
weight sample, the theoretical cI is almost half of the
experimental one.

For other rigid helical polymers, say schizophyllan,
xanthan, and poly(γ-benzyl-L-glutamate), the SPT suc-
cessfully predicts cI even in low molecular weight
regions,4 so that the deviation of the theoretical curve
in Figure 3 may not come from invalidity of the theory
itself for short chains. The Kuhn segment number of
the lowest molecular weight sample in Figure 3 is as
small as 0.15, and the theoretical value of cI indicated
by the solid curve is almost identical with that calcu-
lated by the SPT for straight spherocylinders at such a
low molecular weight. The remarkable deviation at the
lowest molecular weight indicates that some residual
conformational entropy remains in the short polysi-
lylene chain in the isotropic phase.

A similar disagreement between the theory and
experiment of cI was observed for solutions of polymac-
romonomers consisting of polystyrene with the degree
of polymerization of the side chain fixed to 33.23 The
chain stiffness of both PD2MBS and polymacromonomer
may come from the steric hindrance among neighboring
side chains,10 because for example poly[(di-n-hexyl)-
silylene]15 and polystyrene are known as flexible poly-
mers. In the middle of the main chain, each side-chain
strongly interacts with neighboring side chains on the
both sides along the main chain, while at the chain end,
side chains may interact each other more loosely, so that
the internal rotation in the backbone chain should occur
more freely in the vicinity of both chain ends than in
the middle of the main chain.16 In other words, the
PD2MBS and polymacromonomer chains may be more
flexible in the vicinity of the chain ends than in the
middle. At sufficiently high molecular weights, this
flexibility effect at the chain ends may be neglected, but
it becomes important with decreasing molecular weight.

Concluding Remarks
In the above discussion, we have insisted that the

disagreement between theory and experiment of the
isotropic-liquid crystal phase boundary concentration
cI for PD2MBS solutions comes from the flexibility effect
in the vicinity of both chain ends. This insistence,
however, seems to be inconsistent of the good agreement
of intrinsic viscosity [η] data with the theory for the
uniform wormlike-chain model even in a low molecular
weight region, shown in Figure 1. To clarify this point,
we examine theoretically how strongly the flexibility at
polymer end portions affects cI and [η], respectively.

Although a wormlike-chain model with the persis-
tence length varying along the chain contour may be
suitable to discuss the present problem, it is not easy
to calculate [η] or the conformational entropy loss at the
formation of the liquid crystal phase for such a model.
Here we use a cruder model as a first approximation,
i.e., a wormlike chain connected to freely jointed chains

Figure 3. Molecular weight dependence of the isotropic-
cholesteric phase boundary concentration cI between the
isotropic and biphasic regions of isooctane solutions of
PD2MBS: circles, experimental data; solid curve, theoretical
values calculated by the scaled particle theory (SPT) for the
hard wormlike-spherocylinder model4 with the parameters
indicated; dashed curve: theoretical values calculated by the
SPT for the hard-tailed-wormlike-spherocylinder model with
2L1 ) 8.6 nm (cf. Figure 4a).

d0 ) (4υjML

πNA
)1/2

(1)
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at both ends, as schematically shown in Figure 4a
(called as the tailed-wormlike chain). The contour
lengths of the wormlike chain portion 2 and the freely
jointed chain portions 1 and 3 are denoted as L2, L1,
and L3, respectively. Chain flexibilities of the portion 2
and portion 1 (or 3) are characterized in terms of the
persistence length q and the rodlike segment length l,
respectively.

Using the SPT, the excess free energy for a solution
of hard spherocylinders whose contour is the tailed-
wormlike chain is given by eq A1 along with eqs
A6-A10 in Appendix A, and the phase boundary
concentration cI can be calculated from this free energy.
The calculation needs the following parameters: L2, L1
+ L3, q, l, and d0 (the hard-core diameter of the
spherocylinder). Terao et al.17 pointed out that for
polymers with relatively long side chains (e.g., poly-
macromonomers), side chains near the main-chain ends
may contribute toward apparently increasing the poly-
mer contour length. To take this contribution into
account, we calculate the total contour length L () L1
+ L2 + L3) of the tailed-wormlike spherocylinder by

where M and ML are the polymer molecular weight and
molar mass per unit contour length (at sufficiently high
molecular weights), respectively. In eq 2, we have
assumed that the end hemispheres and middle cylinder
of the spherocylinder have the same density.18

Since we have already determined ML, q, and d0 (cf.
the previous section), only L1 + L3 and l are unknown
parameters at the calculation of cI. It turned out in the
numerical calculation of cI that degree of orientation of
the freely jointed chain portions at the chain ends is
very low within reasonable values of l, and resulting cI
is almost independent of l. Therefore, the unknown
parameter is substantially only L1 + L3. As shown by
the dotted curve in Figure 3, low-molecular weight data
of cI can be fitted by the SPT for hard tailed-wormlike
spherocylinders with choosing L1 + L3 ) 8.6 nm.

In the calculation of [η], the tailed-wormlike chain is
viewed as a wormlike bead model, which consists of Nb2
beads with the diameter db2 and one bead with the
diameter db1 () db3) at both ends, as schematically
shown in Figure 4b. The Nb2 middle and two end beads
correspond to the middle wormlike-chain portion 2 and

the tail portions of 1 and 3 in the tailed-wormlike chain,
respectively, and the number Nb2 of the middle beads
is calculated by Nb2 ) L2/db2, where L2 is the contour
length of the middle wormlike-chain portion 2. The total
contour length of our beads model is equal to Nb2db2 +
2db1, and its contour is regarded to be identical with a
uniform wormlike chain with the persistence length q.
(it is noted that the total contour length of the beads
model is not equal to L of tailed-wormlike spherocylin-
der mentioned above.)

Simply extending the theory of Yoshizaki, Nitta, and
Yamakawa (YNY)19 of the intrinsic viscosity [η] for the
wormlike touched-bead model consisting of identical
beads, we can calculate [η] of our bead model, which is
characterized by the four parameters L2, q, db1, and db2.
The detailed method of calculation is described in
Appendix B. Among the parameters, we can calculate
db1 from L1 + L3, l, and db2 (cf. Appendix B) and choose
the same values of L2, L1 + L3, q, and l as in the
calculation of cI. Thus, the only remaining unknown
parameter is db2. If we choose this value to be 2.4 nm,
the theory agrees with the experimental results of [η],
as shown by the solid curve in Figure 5. The agreement
between theory and experiment in Figure 5 is as
satisfactory as that in Figure 3 where we used the
regular wormlike-cylinder model. The value of db2 of the
bead model corresponds to a diameter d of 1.8 nm of
the wormlike cylinder model (d ) 0.74db).19 This d is
slightly larger than that used in Figure 3. If the effect
of flexibility at chain ends is neglected (i.e., L1 + L3 )
0), the YNY theory for the wormlike touched-bead model
consisting of identical beads with a diameter of 2.4 nm
gives the dotted curve in Figure 5, which slightly
deviates from the data points at low Mw.

In conclusion, the flexibility in the vicinity of polymer-
chain ends appreciably affects the isotropic-liquid
crystal phase boundary concentration in a low molecular
weight region, but its effect on the intrinsic viscosity
appears only as a small change of the diameter of the
polymer chain. The tailed-wormlike chain model looks
too crude to describe the real PD2MBS chain, and the
contour length L1 + L3 () 8.6 nm) of the polymer end
portions estimated above seems too large. In this
connection, we have to mention that cI for the uniform
wormlike chain is considerably higher than that for the
freely jointed chain with l ) 2q, as pointed out by

Figure 4. (a) Tailed-wormlike chain model. (b) Touched-bead
model whose contour obeys the tailed-wormlike chain.

L ) M
ML

+
d0

3
(2)

Figure 5. Comparison of experimental intrinsic viscosities
with the theory calculated by the modified Yoshizaki-Nitta-
Yamakawa theory19 for the touched-bead model illustrated in
Figure 4b.
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Khokhlov and Semenov.20 Their result indicates that
freely jointed chain model underestimates the confor-
mational entropy loss in the liquid crystal phase.
Therefore, if replacing freely jointed chains in the tailed
wormlike chain by flexible wormlike chains, we may fit
the cI data to the theory with shorter L1 + L3, in Figure
3. The shorter L1 + L3, the weaker the flexibility effect
at the chain ends on [η], so that the above conclusion is
unaltered. To make more quantitative discussion, we
need a novel theory based on the modified wormlike
chain model with the persistence length varying along
the chain contour.

Appendix A. Calculation of the
Isotropic-Liquid-Crystal Phase Boundary
Concentration

Using the scaled particle theory (SPT), we can for-
mulate thermodynamic quantities for the solution of
hard wormlike spherocylinders, including all the virial
terms. Details of the formulation is described in ref 4,
and the final result of the excess free energy ∆F of the
solution over that of the solvent reads as

Here, n, µ°, and c′ are the number, the standard
chemical potential, and the number concentration of
spherocylinders in the solution, respectively, υ and σ are
the volume and the orientational plus conformational
entropy loss parameter of each spherocylinder, respec-
tively, and kBT is the Boltzmann constant multiplied
by the absolute temperature. The parameters B and υ′
in eq A1 are defined by

where L and d0 are the contour length and the hard-
core diameter of the spherocylinder, respectively, and
F expresses the reduction of the excluded volume
between two spherocylinders due to the alignment of
spherocylinders in the liquid crystal (nematic) phase.

The parameter F is represented in terms of the
(average) orientational distribution function f(a) of the
tangent vector a to contour points along the spherocyl-
inder axis, by

In the isotropic solution, F is equal to unity, and if f(a)
in the nematic phase is expressed by the Onsager trial
function, F is written as the following function of the
degree of orientation parameter R in the trial func-
tion:21

Using the same trial function for f(a), another orienta-
tion-depending parameter σ in ∆F in the nematic phase
is written as22

with the number of Kuhn’s statistical segments N. In
the isotropic phase, σ is equal to zero.

We can easily extend the above expression of ∆F to
the system containing hard spherocylinders whose axis
is represented by a wormlike chain (with the contour
length L2) connected by two freely jointed chains (with
the contour lengths L1 and L3) at both ends (the tailed-
wormlike chain), as illustrated in Figure 4a. Only
differences in ∆F are expression of B and σ in the
nematic phase. For tailed-wormlike spherocylinder sys-
tem, B in the nematic phase is written as

where L is the total contour length ()L1 + L2 + L3),
and x is defined by

The orientation-dependent parameter F22 in eq A6 is
given by eq A4 where R is replaced by the degree of the
orientation parameter R2 for the wormlike chain portion
2. On the other hand, since the degree of orientation
for the freely jointed chain portions 1 and 3 must be
weak (i.e., the degree of the orientation parameter R1
for the freely jointed chain portion 1 or 3 must be small)
even in the liquid crystal phase, we cannot use the
asymptotic expansion like eq A4 for F11 and F12. In a
very weakly oriented state, the orientational distribu-
tion function f1(a1) for the unit vector a1 along each
segment in the freely jointed chain portions is expressed
in the series of the Legendre polynomials Pi(a1‚n), where
n is the director in the liquid crystal phase, as

Using this expression, the parameters F11 and F12 are
calculated by21

(For f2(a2) of the wormlike-chain portion, higher order
terms of Pi(a1‚n) are important, but these terms do not
contribute to F12.)

The entropy loss parameter σ for tailed-wormlike
spherocylinder can be calculated by21

where l is the segment length of the freely jointed
chain, and σ2 is given by eq A5 where N and R are
replaced by the number N2 of Kuhn’s statistical seg-
ments in the wormlike chain portion 2 and R2, respec-
tively; N2 is calculated by the equation N2 ) L2/2q,
where q is the persistence length of the middle worm-
like-chain portion 2.

∆F
nkBT

) µ°
kBT

-1 + ln( c′
1 - υc′) + B

2( c′
1 - υc′) +

υ′(B - 2υ′)
3 ( c′

1 - υc′)
2

+ σ (A1)

B ≡ (π/2)d0(L - d0)
2F + 6υ, υ′ ≡ υ + (π/12)d0

3 (A2)

F ) (4/π) ∫ ∫|sin γ|f(a)f(a′) da da′ [γ ≡ cos-1(a‚a′)]
(A3)

F ) 4
xπR[1 - 15

16R
+ 105

512R2
-O(R-3)] (A4)

σ ) ln R - 1 + πe-R + (1/3)N(R - 1) +

(5/12) ln{cosh[(2/5)N(R - 1)]} (A5)

B ) (π/2)d0(L - d0)
2[(1 - x)2F11 + 2x(1 - x)F12 +

x2F22] + 6υ (A6)

x ) L2/(L - d0) (A7)

4πf1(a1) ) 1 + 5(1 - 3
R1

coth R1 + 3
R1

2)P2(a1‚n) + ...

(A8)

F1s ) 1 - 5
8(1 - 3

R1
cothR1 + 3

R1
2)(1 - 3

Rs
coth Rs + 3

Rs
2)

(s ) 1, 2) (A9)

σ ) 5
2(L1 + L3

l )(1 - 3
R1

cothR1 + 3
R1

2)2
+ σ2 (A10)
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The phase boundary concentration cI between the
isotropic and biphasic regions for the tailed-wormlike
spherocylinder system can be obtained by numerically
solving the following four simultaneous equations: (1)
the equality of the osmotic pressure in the coexisting
isotropic and nematic phases, (2) the equality of the
solute chemical potential in the two phases, and (3) the
two free energy minimization conditions with respect
to the degrees of orientation R1 and R2 in the nematic
phase.

Appendix B. Calculation of the Intrinsic
Viscosity for the Tailed-Wormlike Chain

Yoshizaki, Nitta, and Yamakawa (YNY)19 calculated
the intrinsic viscosity [η] for the helical wormlike
touched-bead model consisting of identical beads. Their
equation of [η] is written in the form

In the equation, [η]KR is the Kirkwood-Riseman term
of [η] for the helical wormlike chain, and in the wormlike
KP chain limit, it is calculated by

where Φ0 is the Flory-Fox constant ()2.87 × 1023), 〈S2〉
and M are the mean square radius of gyration and
molecular weight of the wormlike chain, respectively,
and ΓKP is a factor depending on the persistence length,
the number of Kuhn’s statistical segments, and the
spacing between neighboring friction points on the
wormlike chain (being equal to the bead spacing). On
the other hand, [η]E in eq B1 is the Einstein intrinsic
viscosity for a rigid sphere multiplied by the number of
beads.

Extending the YNY theory, we calculate [η] for our
touched-bead model consisting of Nb2 + 2 nonidentical
beads, as illustrated in Figure 4b. The Kirkwood-
Riseman term may be calculated using the three
parameters, the persistence length q of the middle
portion, the Kuhn segment number calculated by Lb/
2q (Lb ) Nb2db2 + 2db1), and the spacing dhb between
neighboring friction points on the wormlike chain, being
calculated by

On the other hand, the Einstein intrinsic viscosity term
[η]E is given by

where NA is the Avogadro constant.

We need the value of db1 to calculate [η] for our
touched-bead model using eqs B1-B4. This value may
be determined in the following way. When Nb2 is equal
to zero, eq B1 gives the intrinsic viscosity [η]DB of the
dumbbell with the bead diameter db1. In the same
limiting case, the tailed-wormlike chain becomes freely
jointed chain with (L1 + L3)/l segments (l: the segment
length), whose intrinsic viscosity [η]FJC may be calcu-
lated by the YNY theory for the wormlike touched-bead
model with the contour length L1 + L3, the persistence
length l/2, and the bead diameter db2 (assumed to be
the same as that of the middle bead). We choose the
value db1, which equates [η]DB with [η]FJC.
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(22) DuPré, D. B.; Yang, S. J. Chem. Phys. 1991, 94, 7466.
(23) Maeno, K.; Nakamura, Y.; Terao, K.; Sato, T.; Norisuye, T.

Kobunshi Ronbunshu 1999, 56, 254.

MA0110352

[η] ) [η]KR + [η]E (B1)

[η]KR ) 63/2 Φ0ΓKP
〈S2〉3/2

M
(B2)

dhb )
Nb2db2 + 2db1

Nb2 + 2
(B3)

[η]E )
5πNA

12M
(Nb2db2

3 + 2db1
3) (B4)

7904 Natsume et al. Macromolecules, Vol. 34, No. 22, 2001


