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ABSTRACT: The cholesteric pitch P of semiflexible helical polymer solutions was formulated using a
threaded equivalent freely jointed chain model. The theory was favorably compared with experimental
results of P for cholesteric solutions of the three helical polymers schizophyllan (a triple-helical
polysaccharide), poly(γ-benzyl L-glutamate), and poly((R)-2,6-dimethylheptyl isocyanate), and two chiral
interaction parameters characterizing the chiral hard-core repulsion and the soft dispersion force were
determined from this comparison. However, the same theory failed to describe the polymer concentration
dependence of P for cholesteric solutions of (acetoxypropyl)cellulose in a very concentrated region.

1. Introduction

The structure of cholesteric liquid crystals is charac-
terized by the cholesteric pitch P or the cholesteric
wavenumber qc (≡2π/P). Robinson1,2 pioneered the
study of the cholesteric pitch of lyotropic polymer liquid
crystals. He observed that P for liquid-crystalline
solutions of R-helical poly(γ-benzyl L-glutamate) (PBLG)
depends strongly on the polymer concentration and the
solvent but little on the polymer molecular weight.
After his work, the cholesteric pitch was studied for
various stiff or semiflexible polymer solutions.3-12

Theoretically, many workers calculated P for polymer
cholesterics using the straight-rod model.13-22 In those
theories are discussed two origins inducing the choles-
teric helical structure: the hard-core repulsion and the
chiral dispersion force between threaded or helicoidal
rods. Those theories, however, predict a strong molec-
ular-weight dependence of P, which was inconsistent
with Robinson’s experimental results.1,2
Recently, Sato and Teramoto23 formulated the free

energy of semiflexible polymer solutions in a distorted
nematic state to calculate the Frank elastic constants
Ki for the splay (i ) 1), twist (i ) 2), and bend (i ) 3)
distortions. They used the equivalent freely jointed
chain (EFJC) model to incorporate effects of the polymer
chain flexibility into Ki and showed that the flexibility
is essentially important in Ki even for polymer chains
taking nearly rodlike conformations (or with a small
Kuhn segment number N). Their theory was favorably
compared with experimental results for K2 and K3 of
PBLG solutions reported by Meyer and co-workers.24,25
The above theory indicates that the polymer chain

flexibility has an important role also in the cholesteric
pitch, which was not considered in the previous theories
for straight rods. Osipov et al.,20,26 Odijk,27 and Pelco-
vits45 presented expressions of P for semiflexible poly-

mer solutions in the coil limit. However, their results
cannot be applied to less flexible polymer chains with
small N, whereas most of the cholesteric pitch experi-
ments were made for such semiflexible polymer samples.
In the present study, we have derived an expression

of P for semiflexible polymer solutions by extending the
previous theory.23 We have used the EFJC with a
thread as the cholesteric polymer model and taken into
account the twisting forces induced by both hard-core
repulsion and the chiral dispersion force. In contrast
with previous workers’ results, the present expression
of P is valid for polymer chains with arbitrary flexibility.
The derived expression of P has been compared with

experimental data for cholesteric solutions of the helical
polymers PBLG,1,2,28 poly((R)-2,6-dimethylheptyl isocy-
anate) (PNIC),12 and schizophyllan (a triple-helical
polysaccharide). The cholesteric pitch for aqueous
schizophyllan solutions has been newly measured in this
study and added to literature data29 to compare with
the theory. From the comparison between theory and
experiment, we can estimate interaction parameters
characterizing the chiral hard-core repulsion and the
dispersion force between polymer chains.

2. Formulation

A. Polymer Model and Chiral Interactions.
Most lyotropic liquid-crystalline polymers are repre-
sented by the wormlike cylinder (WC) model, which is
characterized by the contour length L, the hard-core
diameter d, and the persistence length q. However, its
chain statistics are hard to deal with in a inhomoge-
neous liquid-crystal field. Sato and Teramoto23 replaced
the WC by the equivalent freely jointed chain (EFJC)
to calculate the Frank elastic constants. This EFJC
model is defined as a freely jointed chain with the
orientational order parameter S the same as that of the
WC with the same L and d in a liquid-crystalline
solution. This condition relates the segment length κ
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of the EFJC to q of the WC by

where N (≡L/2q) is the number of Kuhn’s statistical
segments and R is the variational parameter which is
included in the Onsager trial function30 for the average
orientational distribution function f(a) with respect to
the tangent vector a of the WC, given by

(n: the director). The parameter R represents the
degree of orientation of a in the nematic solution, being
calculated from the free energy minimization condition
mentioned below. The segment length κ depends on the
polymer concentration and molecular weight through
R and N. In the rod limit (N f 0), κ is equal to the
contour length L. On the other hand, in the coil limit
(N f ∞), κ ) 6q(R-1 - πe-R).
Straley13 proposed, in his theory of polymer choles-

terics, a threaded rod model for helical polymers forming
cholesteric phases in concentrated solution. Similarly,
we here represent chiral polymers by a threaded EFJC
model, as shown schematically in Figure 1. The thread
height is denoted by ∆ and taken as a parameter
characterizing the chiral repulsive interaction between
polymer chains.
Osipov17,19,20 obtained the dispersion energy between

two chiral macromolecules by extending the McLachlan
theory31,32 for the dispersion force between macroscopic
bodies. His final result for the chiral part wC of the
dispersion energy is given by

where a and a′ are the tangent vectors to the contour
points s and s′ on the centroids of the two chains, x is
the distance between the points s and s′, and e is a unit
vector directed from s to s′. The coupling constant J*
is defined by

where ∆R*(ω) and ∆g*(ω) are the frequency (ω)-depend-
ent anisotropies of the molecular polarizability and of
the gyration tensor, respectively, and εm(ω) is the
solvent dielectric permittivity (p: the Planck constant
divided by 2π). The parameter J* is a pseudoscalar
quantity, which changes sign when the handedness of
the molecule is changed. It is not easy to estimate J*
with eq 3 because the data for ∆R*(ω) and ∆g*(ω) are
not readily available. In what follows, we regard J* as
an adjustable parameter characterizing the chiral dis-
persion interaction between polymer chains.
After performing the integration over the chain

contours s and s′ in eq 2 under the condition of the
crossed configuration (i.e., where both the closest con-
tour points s̃ and s̃′ on the centroids of the two chains
are not the chain end point),33 we have

where p is the vector connecting the closest contour
point s̃ to s̃′ and ã and ã′ are the tangent vectors to the
closest contour points s̃ and s̃′; p is parallel or antipar-
allel to the vector ã × ã′. This equation holds when
the persistence length (and also the contour length) is
much longer than the range of the dispersion interac-
tion, a condition probably met in most cases. In the
following theoretical development, we neglect the in-
teraction at the noncrossed configuration, which may
be justified for polymers of practical interest.
B. Cholesteric Pitch. In a twisted nematic state,

the Helmholtz free energy density F of a semiflexible
polymer solution is written as23

where q2 is the wavenumber of the twist distortion, FN
is the free energy density in the undistorted nematic
state, Kt is the twisting force constant, and K2 is the
Frank elastic constant for the twist distortion.
Sato and Teramoto23 calculated FN and K2 using the

EFJC model. The free energy density FN is given in
the appendix of their paper. The variational parameter
R appearing in eq 1 is determined from the minimization
condition of FN, which reads23

where c′ is the number concentration of the polymer
chain, σWC and F are the conformational entropy loss
(of the WC) and the reduction of the intermolecular
excluded volume, respectively, by the chain orientation,
both of which are known functions of R, and HA(φ) is a
function of the polymer volume fraction φ defined by

with X′≡ L/d - 1. The elastic constant K2 is calculated
to be

where c′κ is the number concentration of EFJC seg-
ments, kBT is the Boltzmann constant multiplied by the

Figure 1. Threaded effective freely jointed chain (EFJC)
model.
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absolute temperature, and I2(S) is a function of the
orientational order parameter S, defined by34

In eqs 6 and 8, soft dispersion force terms have been
neglected, since these are not usually important in
lyotropic polymer liquid crystals consisting of a semi-
flexible polymer and a good solvent. Equation 9 was
obtained by using the Onsager trial function as f(a), and
the order parameter S is given by

with R determined by eq 6.
The twisting force constant Kt takes a nonzero value

only for chiral polymer systems. Using the threaded
EFJCmodel with the chiral interaction described above,
the calculation of Kt is carried out in the Appendix with
the result given by eq A9. The twisting force induced
by the hard-core repulsion does not necessarily over-
whelm that induced by the chiral dispersion force,
unlike in the case of K2. Therefore, the latter contribu-
tion to Kt is kept in eq A9.
From the minimization condition of the free energy,

eq 5, the cholesteric pitch P or the cholesteric wave-
number qc can be calculated by

Inserting eqs 8 and A9 into eq 11, we obtain the result

where λ and δ* are defined by eqs A6 and A8, respec-
tively. Since λ and δ* are pseudoscalar parameters, we
have to define their signs. In what follows, we assign
positive λ and δ* for the right-handed twisting forces.
Therefore, a positive (negative) qc indicates a right-
handed (left-handed) cholesteric helical structure. This
agrees with the conventional definition of the sign of
qc. In ref 12, qc was divided into the entropic term (Sq)
and the enthalpic term (Hq/T), which correspond to the
first and second terms on the right-hand side of eq 12,
respectively.

3. Experimental Section

Sonicated schizophyllan samples supplied by Taito Co. and
stocked in our laboratory in Osaka were combined and
repeatedly fractionated by fractional precipitation with water
as the solvent and acetone as the precipitant. Three fraction-
ated samples S21, S17, and S12 were used for the cholesteric
pitch measurements. The intrinsic viscosities [η] for those
samples in 25 °C water were determined on conventional
Ubbelohde-type capillary viscometers, and viscosity-average
molecular weights (Mv) were evaluated from the [η] data using
the [η]-molecular weight relation established by Yanaki et
al.35 The results for [η] and Mv are listed in Table 1.
Cholesteric solutions of the above schizophyllan samples

were prepared by mixing the samples with pure water and

stirring vigorously for 2-3 days. Each solution was trans-
ferred into a drum-shaped cell with a 1-mm thickness, and
the neck of the cell was sealed with an adhesive. Cholesteric
pitch measurements were made at 25 °C by the laser diffrac-
tion method. The detailed procedure of this method was
described elsewhere.5,12 The cholesteric pitch Pmeasured was
transformed into the cholesteric wavenumber qc using eq 11.

4. Results

Figure 2 plots qc against the viscosity-average mo-
lecular weight Mv for aqueous schizophyllan solutions
with different polymer mass concentrations c at 25 °C.
The data points at Mv ) 42.0 × 104, 32.0 × 104, and
15.2 × 104 are the results reported in ref 29. It can be
seen that qc is essentially independent of Mv at all the
concentrations examined. The molecular-weight inde-
pendence of qc or P was observed also for dioxane
solutions of poly(γ-benzyl L-glutamate) (PBLG),1 except
in the vicinity of the isotropic-cholesteric phase bound-
ary concentration.11

Figure 3 shows the concentration dependence of qc for
schizophyllan solutions at 25 °C. In the double-
logarithmic plot, the data points follow a curve concave
upward, indicating that the concentration dependence
of qc (or P) is not described by a simple power law. The
slope of the curve in the low-concentration region is 1.8.
Robinson et al. reported a c2 dependence of qc for the
PBLG-dioxane system, while Gray et al.6 obtained a
c3 dependence of qc for the (acetoxypropyl)cellulose
(APC)-acetone system. The concentration dependence
of qc for aqueous schizophyllan resembles that of the
PBLG solution.

5. Comparison between Theory and Experiment

Many cholesteric pitch measurements have been
carried out for various helical polymer solution systems.

I2(φ) ) 7
16[π3(1 - S)]1/2(0.1138 - 0.5579S +

1.9484S2 - 0.5043S3) (9)

S ) 1 - 3
R
coth R + 3

R2
(10)

2π
P
≡ qc )

Kt

K2
(11)

qc )
Kt

K2
) 6S2

κ
2I2(S)[λ∆ + δ*

HA(φ)] (12)

Table 1. Molecular Characterization of Schizophyllan
Samples Used

sample [η]/102 cm3 g-1 Mv/104 La/nm Na

S21 1.50 20.8 96.7 0.242
S17 1.06 17.0 76.1 0.198
S12 0.56 11.6 54.0 0.135
a Calculated fromMv with the wormlike chain parameters listed

in Table 2.

Figure 2. Plots of qc against the viscosity-average molecular
weight Mv for aqueous schizophyllan solutions with different
polymer mass concentrations c at 25 °C. Data at Mv/104 )
15.2, 32.0, and 42.0 are taken from ref 29.
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In this section, we compare those pitch data as well as
the data obtained in this study (cf. Section 4) with the
theory (eq 12) formulated in Section 2. Here we focus
our attention on the polymer concentration dependence
of the cholesteric pitch P. Although the temperature
dependence of P is also an interesting problem,10,12 we
do not analyze it in the present study.
To calculate P or qc from eq 12, we need the wormlike

cylinder parameters, the molar mass per unit contour
length ML, the persistence length q, and the hard-core
diameter d of the polymer forming the cholesteric liquid
crystal. The contour length L of the polymer is calcu-
lated from ML and the molecular weight M of the
polymer from L ) M/ML. The values of ML and q for
helical polymers examined in this section were previ-
ously estimated by established methods of dilute solu-
tion studies.35-39 The results are listed in Table 2. The
wormlike chain parameters for poly((R)-2,6-dimethyl-
heptyl isocyanate) (PNIC) and (acetoxypropyl)cellulose
(APC) were estimated in n-hexane and dimethyl phtha-
late, respectively, both of which are different from the
solvents used for the cholesteric pitch measurements
(see below). In the following, however, we neglect the
difference in these solvent conditions.
The values of d for schizophyllan and PBLG were

recently determined by analyzing the data of the second
virial coefficient and osmotic pressure (or osmotic
compressibility) of isotropic solutions.40 The results are
listed in the fourth column of Table 2. Since there are
no such data for PNIC nor APC, the values of d for these
polymers were estimated from the partial specific
volume υsp using the relation d ) (4υspML/πNA)0.5. For
schizophyllan and PBLG, d estimated from υsp was a
good approximation to the result listed in Table 2.40
Equation 12 includes also two chiral interaction

parameters, the thread height ∆ and the strength of the
chiral dispersion force δ*. These parameters may be

determined from the cholesteric pitch data as follows.
Equation 12 can be rewritten as

The quantity on the left-hand side can be calculated
with the experimental qc as well as the theoretical κ,
I2(S), and S evaluated by eqs 1, 9, and 10, respectively,
with the molecular parameters listed in Table 2. The
variational parameter R in those equations is deter-
mined by eq 6. On the other hand, HA(φ) on the right-
hand side can be calculated from eq 7 with the same
molecular parameters and experimental concentration.
Then qcκ2I2(S)/6S is plotted against HA(φ)-1, and if the
plot is followed by a straight line, λ∆ and δ* are
determined from the intercept and slope of the line,
respectively.
Figure 4 shows the plot of qcκ2I2(S)/6S against

1/HA(φ) for aqueous solutions of the schizophyllan
sample S21 (Mv ) 20.8 × 104) by filled circles; the data
of qc were taken from Figure 3. By least-squares fitting
(the line shown in the figure), we determined λ∆ and
δ* to be -0.068 and 0.18 nm, respectively. Applying
the same procedure to the other schizophyllan samples
shown in Figure 3 (except for the sample withMv ) 11.6
× 104), we obtained λ∆ and δ* in the ranges indicated
in Table 3. The signs of λ∆ and δ* indicate that the
twisting forces induced by the chiral hard-core and
dispersion interactions are left-handed and right-
handed, respectively. The chiral dispersion interaction
is predominant in the twisting force for schizophyllan
at room temperature.

Table 2. Molecular Parameters of Various Helical Polymers

polymer solvent ML/nm-1 q/nm d/nm υsp/cm3 g-1 ref

schizophyllan water (25 °C) 2150 200 1.75 35, 40
PBLGa DMFd (25 °C) 1450 150 1.42 36, 37, 40
PNICb n-hexane (25 °C) 970 76 1.43 1.00f 38
APCc DMPe (25 °C) 821 5.9 1.2 0.825g 6, 39

a Poly(γ-benzyl L-glutamate). b Poly((R)-2,6-dimethylheptyl isocyanate). c (Acetoxypropyl)cellulose. d Dimethylformamide. e Dimeth-
ylphthalate. f Measured by Miss I. Terakawa at Osaka University. g In 25 °C acetone.

Figure 3. Concentration dependence of qc for aqueous schizo-
phyllan solutions with different molecular weights at 25 °C.
Data for Mv/104 ) 15.2, 32.0, and 42.0 are taken from ref 29.

Figure 4. Plots of qcκ2I2(S)/6S againstHA(φ)-1 for cholesteric
solutions of the schizophyllan sample S21 and of a poly((R)-
2,6-dimethylheptyl isocyanate) (PNIC) sample, from which the
chiral interaction parameters λ∆ and δ* are determined
according to eq 13. The qc data for PNIC solutions are taken
from ref 12.46

qcκ
2I2(S)

6S2
) λ∆ + δ*

HA(φ)
(13)
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In Figure 4, the same plot is shown also for toluene
solutions of PNIC at 43.7 °C by unfilled circles. The qc
data were taken from ref 1246 and the molecular
parameters of PNIC in toluene were approximated by
those in n-hexane. This may be a plausible approxima-
tion, because the wormlike chain parameters of poly-
(n-hexyl isocyanate) are nearly the same in n-hexane
and in toluene.42,43 The results of λ∆ and δ* obtained
by least-squares fitting are -0.028 and 0.0735 nm,
respectively. For this polymer, the twisting forces
induced by the chiral hard-core and dispersion interac-
tions are also left-handed and right-handed, respec-
tively,41 and the chiral dispersion interaction is
predominant in the cholesteric formation at room tem-
perature.
The same procedure was applied to obtain the chiral

interaction parameters for PBLG in 1,4-dioxane by
using literature data1,28 for the cholesteric pitch for
three different molecular-weight samples and the mo-
lecular parameters listed in Table 2. For both schizo-
phyllan and PBLG, the values of λ∆ and δ* varied
somewhat on the samples, and their ranges are shown
in Table 3. It is seen in this table that the magnitudes
of the chiral interaction parameters for PBLG are
considerably smaller than those for schizophyllan and
PNIC.
In Figure 5, we compare Gray et al.’s pitch data6 for

acetone solutions of (acetoxypropyl)cellulose (APC) with
our theory, where the wormlike chain parameters in
dimethyl phthalate given in Table 2 are used instead
of those in acetone. It is clearly seen that eq 12 with
constant values of λ∆ and δ* fails to describe the
concentration dependence of qc for this system in
contrast to the case for the above three helical polymer
systems. The following explanations may be in order
to reconcile this failure.
(1) The failure is characteristic of this system and does

not represent the general behavior.
(2) The concentration range is much higher for the

APC-acetone system (the weight fraction 0.7-0.9)
compared with the other systems studied. At such high

concentrations, some approximations used to derive K2
and Kt become poor: for example, the neglect of higher
perturbation terms with respect to wC in eq A2 or an
approximation to the direct correlation function used
in the previous formulation23 of the free energy func-
tional.
(3) The side-chain and/or main-chain conformations

may change with the polymer concentration c, causing
the parameters λ∆ and δ* to depend on c, although there
is no evidence to support this.
Now, we can directly compare the theoretical and

experimental qc values for schizophyllan, PBLG, and
PNIC solutions using the λ∆ and δ* values determined.
Figures 6 and 7 show the concentration dependence of
qc for schizophyllan and PBLG solutions. The solid
curves in the figures indicate theoretical values calcu-
lated with eq 12 with λ∆ and δ* chosen within the
ranges shown in Table 3 so as to give the closest

Figure 5. Plots of qcκ2I2(S)/6S against HA(φ)-1 for acetone
solutions of (acetoxypropyl)cellulose (APC). The qc data are
taken from ref 6.

Table 3. Chiral Interaction Parameters of Helical
Polymers Determined from Cholesteric Pitch Data

polymer solvent λ∆/nm δ*/nm

schizophyllan water (25 °C) -0.063 ( 0.008 0.17 ( 0.02
PBLG dioxane (22, 25 °C) -0.0051 ( 0.0025 0.017 ( 0.005
PNIC toluene (43.7 °C) -0.028 0.0735

Figure 6. Comparison between theory and experiment for qc
for aqueous schizophyllan solutions. The theoretical values are
calculated with eq 12 with λ∆ ) -0.0581 nm and δ* ) 0.162
nm.

Figure 7. Comparison between theory and experiment for qc
for 1,4-dioxane solutions of poly(γ-benzyl L-glutamate) (PBLG).
Data for Mv/104 ) 6.0, 14.7, and 27.5 (at 22 °C) are taken
from ref 1; data forMv/104 ) 31.0 and 55.0 (at 25 °C) are taken
from ref 28; theoretical values are calculated with eq 12 with
λ∆ ) -0.00263 nm and δ* ) 0.0127 nm.
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agreement between experiment and theory. The theo-
retical curves were virtually independent of the polymer
molecular weight within the molecular weight and
concentration ranges experimentally studied, as dem-
onstrated in Figure 8 (the solid curves), which agrees
with experimental results for both schizophyllan and
PBLG.44

Figure 9 compares experimental results of PNIC
solutions with the theory in the plot of qc versus c, where
the theoretical values (the solid curve) were calculated
by using the values of λ∆ and δ* listed in Table 3. The
agreement between theory and experiment is also good
for this system.
It should be noted that the value of qc calculated from

eq 12 is very sensitive to the values of λ∆ and δ*,
especially at high c, because qc results from the subtrac-
tion of large numbers corresponding to the hard-core
repulsion and dispersion force terms. Therefore, the
least-squares fit in the plot of qcκ2I2(S)/6S versus
1/HA(φ) does not necessarily give λ∆ and δ*, which lead
to the best fit in the plot of qc versus c over the whole
concentration range. For example, the values of λ∆ and
δ* estimated from the least-squares linear fit in the plot
of qcκ2I2(S)/6S versus 1/HA(φ) shown in Figure 5, for
the APC-acetone system, provided theoretical qc values

which deviate greatly from the experimental data at
high c, although it is not shown here graphically.

6. Conclusions
The cholesteric pitch P or the cholesteric wavenumber

qc (≡2π/P) for lyotropic liquid crystals of semiflexible
helical polymers has been formulated using the threaded
equivalent freely jointed chain model. For the model,
the rod segment length κ can be calculated from worm-
like cylinder parameters (cf. eq 1), and the chiral
intermolecular interaction is characterized by the thread
height ∆ and the strength δ* of a chiral dispersion force.
The formulated P or qc is expressed in terms of λ∆ (λ:
a numerical constant of order of unity) and δ* as well
as the wormlike cylinder parameters (the contour
length, the persistence length, and the hard-core diam-
eter). The wormlike cylinder parameters can be deter-
mined from isotropic solution studies.
The theory formulated has been compared with pitch

data of cholesteric solutions of four chiral stiff polymers,
schizophyllan, poly(γ-benzyl L-glutamate) (PBLG), poly-
((R)-2,6-dimethylheptyl isocyanate) (PNIC), and (ac-
etoxypropyl)cellulose (APC), obtained in this study or
reported in the literature. The polymer concentration
and molecular-weight dependences of P for schizophyl-
lan and PBLG, as well as the polymer concentration
dependence for PNIC, were successfully reproduced by
the theory with the suitably chosen chiral interaction
parameters λ∆ and δ*. On the other hand, the concen-
tration dependence of P for very concentrated solutions
of APC could not be fitted by the present theory. The
reason for this failure remains open to question. We
now plan to study the cholesteric pitch of other cellulose
derivatives to elucidate the reason.
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Appendix. Calculation of Kt

Using the EFJC model, the twisting force constant
Kt is written as23

with the derivative f ′(ãz′) ≡ df(ãz′)/dãz′ and34

Here Φ0 and Φ*w are the Mayer functions with respect
to the hard-core potential and the chiral dispersion
potential in the crossed configuration, s̃ and s̃′ are the
closest contour points on the centroids of two interacting
EFJCs, and ã and ã′ are the unit vectors parallel to the
closest EFJC segments which include the contour points
s̃ and s̃′, respectively. Cartesian coordinates (x, y, z)
have been chosen so the z- and y-axes are parallel to
the director at the origin and the cholesteric axis,

Figure 8. Comparison between theory and experiment of the
molecular weight dependence of qc for schizophyllan and poly-
(γ-benzyl L-glutamate) solutions.

Figure 9. Comparison between theory and experiment for qc
for toluene solutions of poly((R)-2,6-dimethylheptyl isocyanate)
(PNIC). Data are taken from ref 12;46 theoretical values are
calculated with λ∆ ) -0.028 nm and δ* ) 0.0735 nm.

Kt ) 1
2
c′κ
2kBT∫∫ dã dã′|ã × ã′|C2f(ãz)ã′xf ′(ã′z) (A1)

C2 ) ∫-κ/2κ/2
ds̃∫-κ/2κ/2

ds̃′∫-∞

∞
dp[HA(φ)Φ0 + Φ*w](p‚ey)

(A2)
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respectively, ey is the unit vector in the y direction, and
p is the closest distance between two polymer chains,
and p is defined by

In eq A2, the achiral dispersion potential has been
omitted because it has no contribution to C2, and higher
order perturbation terms with respect to wC have been
neglected on the assumption that wC is weak enough.
The Mayer functions Φ0 and Φ*w for a threaded EFJC

(cf. Figure 1) may be expressed by

and

where we have used the high-temperature approxima-
tion to Φ*w. The thickness parameters d* and d** may
be expressed as

where d and ∆ are defined in Figure 1 and c(ã‚ã′) is a
function of ã‚ã′. The function c(a, a′) depends on ã‚ã′
in a complicated way, and its explicit formulation is
difficult. Straley13 just assumed

with a constant λ of order of unity, and we use his c(ã‚ã′)
in the following. The constant λ is a pseudoscalar; that
is, it changes the sign when the handness of the
molecule (or the threaded EFJC) is changed.
Using eqs A4-A6, we can calculate C2 as

with

Inserting eq A7 into eq A1, we have

where S is the orientational order parameter.
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36kBTd

4
(A8)

Kt ) 1
2
kBTκ

2dc′κ
2[λ∆HA(φ) + δ*]S2 (A9)

1404 Sato et al. Macromolecules, Vol. 31, No. 4, 1998



(47) Green, M. M.; Zanella, S.; Gu, H.; Sato, T.; Gottarelli, G.; Jha,
S. K.; Spada, G. P.; Schoevaars, A.-M.; Feringa, B.; Teramoto,
A., in preparation.

(48) Lifson, S.; Felder, C. E.; Green, M. M.Macromolecules 1992,
25, 4142.

(49) Gottarelli, G.; Spada, G. P.; Garbesi, A. In Comprehensive
Supramolecular Chemistry; Lehn, J.-M., Ed.; Pergamon:
Oxford, 1996; Vol. 9, p 483.

MA970968O

Macromolecules, Vol. 31, No. 4, 1998 Cholesteric Pitch of Lyotropic Polymer Liquid Crystals 1405


