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ABSTRACT: Cholesteric pitch P was measured on D,O solutions of a triple-helical polysaccharide
schizophyllan as functions of temperature and concentration. The value of P varied with concentration
and temperature and showed different concentration dependencies at lower and higher temperatures,
with a sudden decrease in P in between. This is due to the order—disorder transition in schizophyllan
solutions around 17 °C in D,O. These data were analyzed by a statistical theory taking into account
chiral repulsive and attractive interactions proposed by Sato et al. A subtle imbalance between the
attractive and repulsive interactions gave rise to a large change in P. For the schizophyllan solutions,
the attractive interaction changed according to the transition, while the change of the repulsive one was
less remarkable. Similar analyses were performed on poly(y-benzyl L-glutamate) data, elucidating the
roles of the two interactions in determining the cholesteric structure.

1. Introduction

Robinson et al.»2 were the first to show that a-helical
polypeptides form cholesteric lyotropic liquid crystals
and characterized their structures in detail. Since then,
there are many studies on lyotropic polymer cholester-
ics, including polypeptides and other rodlike or semi-
flexible polymers.2~18 It is well-known that a nematic
liquid crystal is transformed into a cholesteric one by
chiral perturbations from other molecules in the vicin-
ity.1220 This is also shown for achiral polyisocyanates
doped with chiral polyisocyanates.2%-21

The structure of a cholesteric liquid crystal is usually
characterized by cholesteric pitch P or the cholesteric
wavenumber q. (=27/P). Indeed, P has been measured
for many polymer cholesterics, among which poly(y-
benzyl L-glutamate) (PBLG) has been studied exten-
sively with respect to its dependence on temperature,
polymer concentration, solvent, and so forth.2=° On the
other hand, a cholesteric liquid crystal undergoes a
structure change with different types of perturbation
such as the conformational transition and so forth. A
typical example is aqueous schizophyllan as reported
previously.??2% The main chain of schizophyllan consists
of three -p-glucan chains wound into a triple helix,
while each three units on the main chain have a side-
chain glucose residue, which is connected to the main
chain with a single bond and directed outward the helix
core.?4~26 Because of this structure, schizophyllan mixes
with water almost at all compositions, and aqueous
schizophyllan undergoes an order—disorder transition
at room temperature, with the ordered structure being
formed with the side chain and water molecules in the
vicinity_22,23,27—35

In this paper we report the change of cholesteric pitch
P or g. accompanying the transition in great detail. The
concentration dependence of P is different at different
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temperatures, sandwiching the transition temperature
in D,O of 17 °C. Such data are analyzed by a theory of
Sato et al.3® on P, which takes into account the chiral
repulsive and attractive interactions operating between
polymer chains. The same analyses on data for PBLG
solutions*~8 are also attempted. The correlation between
cholesteric structure and polymer conformation is dis-
cussed in terms of the results derived from such
analyses.

2. Experimental Section

Two fractionated schizophyllan samples were prepared for
cholesteric pitch measurements: sample KR-1A (Mw = 23.7
x 10% Mz/My = 1.17) and sample S21 (My = 20.8 x 10%). The
weight-average molecular weights My and the z-average
molecular weights Mz for KR-1A in aqueous solution were
determined at 25 °C on a Beckman Optima XL-I analytical
ultracentrifuge equipped with a Rayleigh interference optical
system (1o = 675 nm) and charcoal-filled Epon 12 mm double-
sector cells. The viscosity-average molecular weights My were
determined from intrinsic viscosity at 25 °C using the [7]—Mw
relationship established by Yanaki et al.?®

The cholesteric pitch of schizophyllan in D,O was deter-
mined by 488 and 633 nm light diffraction and polarized
microscopy with a thermostatic cell holder.141523 A polymer
solution for the cholesteric pitch measurements was filled in
a drum-shaped glass cell with a thin inlet tube. The temper-
ature was monitored by a thermocouple attached on the cell
wall. When compared, the P values from three methods agreed
within £2%. The refractive index for D,O solution necessary
for the analysis of the diffraction data was calculated from dn/
dc = 0.151 cm?® g~ measured on an Optilab DSP along with
the refractive index at higher concentrations determined by
an Abbe refractometer. When the temperature was jumped
from 20 to 10 °C, P was found to change very gradually on all
D0 solutions, and the equilibrium P value was attained only
after 2000 min from the temperature jump. Once the equilib-
rium value was achieved, it did not change even if the solution
was cooled from 15 to 10 °C or heated from 5 to 10 °C. For
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Figure 1. Temperature dependence of cholesteric pitch P for

D0 solutions of KR-1A at concentrations of 0.20—0.40 g/cm3.

Solid curves represent theoretical values calculated by eq 1

with the chiral interaction parameters AA and 6* estimated

from smooth curves connecting the data points obtained by

the curve-fitting method in Figure 4. The data points and

curves are shifted vertically by the values in the parentheses
for viewing clarity.

(ge+A)/pm’

this reason, equilibrium values in the transition region (16—
19 °C) were determined only on the heating process.

3. Results

In Figure 1, the equilibrium cholesteric wavenumber
gc (=27/P) is plotted against temperature for KR-1A—
D-,0 solutions of different concentrations. It is seen that
gc shows a steady decrease with temperature at lower
and higher temperatures and undergoes a sharp transi-
tion around 17 °C at each concentration. As shown in
the previous papers,??23 this transition is accompanied
by the order—disorder transition of schizophyllan solu-
tions detected by optical rotation, heat capacity, and so
forth_22,23,27735

We found that the transition also changes the polymer
concentration dependence of P. As shown in Figure 2A,
P for KR-1A—D,O solutions decreases monotonically
with the polymer mass concentration c above 18 °C but
seems to take a minimum at ¢ ~ 0.35 g/cm3 below 15
°C. This unusual concentration dependence of P is
however not unique to schizophyllan solutions but was
observed by Toriumi et al.#~® in m-cresol and 1,2,3-
trichloropropane solutions of PBLG at high tempera-
tures (cf. Figure 5), which exhibited no thermal confor-
mational transition.

Figure 2B compares the concentration dependence of
P for D,O and H,0 solutions of schizophyllan at 10 and
30 °C. Here, the H0 solution is known to exhibit the
order—disorder transition at ca. 7 °C, so that the
schizophyllan triple helix is in the disorder state in H,O
at both 10 and 30 °C. Because of this isotope effect, the
data points of H,O solutions at 10 °C (as well as at 30
°C) obey the curve for D,0O solutions at 30 °C, and the
concentration dependence of P is very different in D,O
and H,O solutions of schizophyllan at 10 °C. This
indicates that the twisting interactions between cho-
lesteric layers are changed by the order—disorder
transition.

Discussion

A. Schizophyllan Solutions. The cholesteric pitch
P is determined by the balance of the chiral twisting
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Figure 2. (A) Polymer concentration dependence of cholesteric
pitch P for DO solutions of KR-1A at temperatures of 5—35
°C. Solid curves represent the least-squares fitting by eq 1 (see
text) with the molecular parameters of schizophyllan: M_ =
2150 nm™%, d = 1.75 nm, g = 200 nm.% The data points and
curves are shifted vertically by the values in the parentheses.
(B) Comparison of cholestric pitch for KR-1A—D,0 and S21—
H,0 solutions at 10 and 30 °C. Solid curves are the same as
those in panel A at the same temperatures.

force and elastic force against the twist deformation.
Sato et al.’637 formulated the Frank elastic force
constants and P for lyotropic polymer liquid crystals,
taking the polymer flexibility effect into account using
the equivalent freely jointed chain model (EFJC). Here,
the EFJC is defined as a freely jointed chain of which
orientational order parameter in a liquid crystalline
solution is identical with that of the wormlike cylinder
with the same contour length in the same solution. The
theoretical results were favorably compared with ex-
perimental P and the elastic constants of various
lyotropic polymer liquid crystals, including P data of
aqueous schizophyllan in the disorder state. In this
section, we analyze P data of schizophyllan solutions
in the entire temperature range encompassing the
order—disorder transition using this theory.

The twisting force between polymer chains may arise
from chiral both repulsive and dispersion (or attractive)
interactions, as pointed out by Straley,3” Samulski and
Samulski,?®® and Osipov.40=42 The former and latter
interactions may be characterized by the depth A of
helical groove and the strength 6* of the chiral disper-
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Figure 3. Plots of ®Ha(¢) vs Ha(¢) for KR-1A—D,0 solutions
at different temperatures, constructed from the data shown
in Figure 2A. Solid lines represent the least-squares fitting.
The data points and curves are shifted vertically by the values
in the parentheses.
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Figure 4. (A) Temperature dependencies of AA and ¢* derived
by analyzing concentration dependence of cholesteric pitch for
D,0O and H;O solutions of the schizophyllan sample KR-1A,
unfilled circles, squares, and filled circles are the results
obtained for the D,O solution by the curve-fitting method
(method A), the ®—Ha(¢)* plot (method B), and the ®Ha(¢)—
Ha(¢) plot (method C), respectively; triangles are the results
obtained for the H,O solution by the curve-fitting method, and
the solid curve is drawn using eq 3. (B) Fraction fy of monomer
units in the ordered state of the schizophyllan triple helix in
D0, calculated according to ref 35.

sion force of the polymer chain, respectively. Those
chiral interactions operative between the rodlike seg-
ments of the EFJC are incorporated into the free energy
of the system, and the free energy is minimized with
respect to the twisting angle, yielding the equilibrium
P or the cholesteric wavenumber g, as%®
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27/P = q, = [6SYIC1,(S)][AA + 0*HA(9)] (1)

Here, S is the orientational order parameter in the
cholesteric solution, « is the segment length of the EFJC,
¢ is the polymer volume fraction in the solution, 4 is a
numerical constant of order of unity, and 15(S) and Ha-
(¢) are known functions of S and ¢, respectively.36:37
Values of S and « can be calculated as functions of ¢
using the wormlike cylinder parameters, the molar mass
per contour length M, the persistence length g, and the
diameter d.

According to eq 1, with the known values for the
wormlike cylinder parameters of the schizophyllan triple
helix (M_ = 2150 nm~%, g = 200 nm, and d = 1.75
nm),24~26 the concentration dependence of P is calcu-
lated given the two chiral interaction parameters AA and
o0*. In the previous study, this equation was used to
analyze the P—c relation by a linear plot of ® = q¢[«?l,-
(S)/6S?] vs 1/Ha(¢). On the other hand, it is rearranged
to give another linear relation of ®Ha(¢) vs Ha(¢) by
multiplying Ha(¢) on both sides of eq 1. In principle,
both these equations allow to estimate the two param-
eters separately. Of course, the parameters may be also
estimated by a simple curve fitting which minimizes o
defined by

n |Pexperiment(ci)| 2

ot = n‘lz n——7mM 2)
= |Ptheory(ci)|

for P data at various concentrations c; at a fixed
temperature, where n is the number of experimental
data points (i.e., 1 <= i < n) and the superscripts
experiment and theory refer to theoretical and experi-
mental P values, respectively. Here, we have assumed
that errors in experimental P are proportional to the
magnitude of P. This method may properly access
experimental errors in P, but the contributions of the
chiral repulsive and attractive interactions to P cannot
be seen explicitly in the plot.

The solid curves in Figure 2A represent the theoreti-
cal values for P obtained by the least-squares fitting
method for KR-1A—D,0 solutions. It is seen that the
theoretical curve follows closely the data points at each
temperature. On the other hand, Figure 3 shows the
linear plot of ®Ha(¢) vs Ha(¢) for the same data. All
the lines indicated were drawn by the least-squares
method. Although not shown, we obtained similar linear
plots of ® vs 1/Ha(¢) from the same pitch data. Similar
analyses were performed also on data for H,O solutions
of schizophyllan.

The chiral interaction parameters AA and 6* for D,O
solutions of schizophyllan determined by the three
methods are plotted against temperature in Figure 4A.
Although the three different methods provide apprecia-
bly different values of AA and 6*, we can definitely see
a general trend that the change of 6* at low and high
temperatures is linear with temperature but is abrupt
in the vicinity of the order—disorder transition temper-
ature (~17 °C). On the other hand, as shown by
triangles in Figure 4, 6* of schizophyllan in H,O shows
only a gradual temperature dependence above 10 °C,
outside the transition region. Thus, the change of 6* in
the transition region can be linearly related to the
fraction fy of monomer units of schizophyllan in the
ordered state. Theoretically, fy is a function of N, T, the
transition enthalpy AH;,, the transition temperature T,~,
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Table 1. Chiral Interaction Parameters of Helical Polymers

polymera solvent? AAINM 6*/nm method® ref

schizophyllan D,0 (10 °C)ord —0.083 0.156 A present study
schizophyllan H20 (10 °C)dis —0.082 0.21 A present study
schizophyllan D,0 (25 °C)dis —0.067 0.184 A present study
schizophyllan H,0 (25 °C)dis —0.063 0.17 B 36

PBLG m-cresol (20 °C) —0.0070 0.020 B present study
PBLG m-cresol (120 °C) 0.035 —0.063 B present study
PBLG TCP (40 °C) 0.028 —0.031 B present study
PBLG TCP (100 °C) 0.0385 —0.059 B present study
PBLG dioxane (22, 25 °C) —0.0051 0.017 B 36

PNIC toluene (43.7 °C) —0.028 0.0735 B 36

aPNIC = poly{(R)-2,6-dimethylheptyl isocyanate}; TCP = 1,2,3-trichloropropane. ° dis = disordered; ord = ordered. ¢ Methods: A,

curve fitting; B, linear plot of ® vs Ha(¢) L.

and cooperativity parameter o. Using the AH,, T,®, and
o of D,0O solutions of schizophyllan given in ref 35, fy
for KR-1A (N = 122) has been calculated (see Figure
4B). The solid curve in Figure 4A represent the 6*—T
relation constructed by combining those in the three
regions:

5*Inm = —0.061f,, + 160.5/(T/K) — 0.353  (3)

Contrarily, the change of AA is less remarkable, and
we can see no clear temperature dependence of AA
determined by the curve-fitting method (method A) and
the @ vs 1/Ha(¢) plot (method B); only the results
obtained from the plot of ®Ha(¢) vs Ha(¢) (method C)
exhibit a small jump around 17 °C similar to 6*. The
latter plot gives the value of 1A as the slope, which may
be estimated more consistently from the data of different
temperatures than the other methods. From these
results, we conclude that the order—disorder transition
in aqueous schizophyllan changes the chiral interactions
among the helices as expected. This is confirmed also
in Table 1.

B. PBLG Solutions. Toriumi et al.5~8 extensively
studied the temperature and concentration dependen-
cies of the cholesteric pitch for m-cresol and 1,2,3-
trichloropropane (TCP) solutions of poly(y-benzyl L-
glutamate) (PBLG). Their results are shown in Figure
5, where the concentration dependence of P changes
systematically with temperature similar to those shown
in Figure 2, but the system becomes nematic (i.e., qc =
0 or P = ») at some temperatures in both solvents. The
curve-fitting and linear plot methods have been used
for the analysis. Figure 6 shows the linear plot of ® vs
1/Ha(¢) for m-cresol solutions of PBLG at different
temperatures, as an example. The data points almost
follow a straight line at each temperature, from which
we have determined the chiral interaction parameters
of PBLG a-helix as functions of temperature. The solid
curves in Figure 5 are drawn using the parameters
determined by the linear plot. It is seen that the theory
describes the complicated behavior of P rather precisely;
the present analysis needs a certain number of data
points, and the data at some temperatures have been
omitted because they do not fulfill this condition.

Temperature dependencies of AA and 6* of the PBLG
o-helix obtained in m-cresol and TCP by the linear plot
are shown in Figure 7; the curve-fitting method gave
essentially the same temperature dependencies. Al-
though slightly scattered, the data points of both 1A and
0* look to follow smooth lines in both solvents with no
symptom of transition. The temperature dependencies
of AA and 0* of PBLG are as weak as those of schizo-
phyllan except in the transition region, as shown in
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Figure 5. Concentration dependencies of cholesteric pitch of
the systems (A) PBLG—m-cresol (the viscosity average molec-
ular weight = 2.46 x 10°) and (B) PBLG—TCP (the viscosity
average molecular weights = 1.84 x 10° and 2.46 x 105).
Symbols, experimental data;®~8 solid curves, theoretical values
calculated by eq 1 with the chiral interaction parameters
determined by the linear plot (cf. Figure 7) and the molecular
parameters of PBLG: M_ = 1450 nm~%, d = 1.42 nm, q = 150
nm.36

Figure 1 below 15 °C or above 20 °C. These gradual
temperature dependencies may be ascribed to gradual
changes in the side-chain conformation and/or the
degree of solvation with temperature.

The signs of 1A and 6* of both schizophyllan and
PBLG are opposite each other, except in a very narrow
temperature region (around 30 °C) for m-cresol solutions
of PBLG. This means that the chiral repulsive and
attractive interactions twist cholesteric layers in the
opposite direction. This relation of the two twisting
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Figure 7. Temperature dependencies of AA and 6* for the

systems PBLG—m-cresol (unfilled symbols) and PBLG—TCP
(filled symbols) determined from the linear plot of ® vs Ha(¢) ™.

forces holds also for other lyotropic polymer liquid
crystal systems (cf. Table 1), but we cannot theoretically
verify it at present. As seen from eq 1, the cholesteric
pitch is determined by the compensation of the chiral
repulsive and attractive twisting forces. For schizophyl-
lan and PBLG solutions analyzed, the attractive twist-
ing force surpasses the repulsive one in most cases. The
opposite case is found only in the PBLG—TCP solution
below 60 °C and the PBLG—m-cresol solution at 40—
60 °C.

Since absolute values of the repulsive and attractive
terms in eq 1 are not so much different for all the
systems listed in Table 1, a subtle imbalance between
the two terms with the opposite sign causes a large
change cholesteric structure. In other words, a minute
change in the microscopic level gives rise to a large
change in macroscopic structure. As a result, the
cholesteric pitch of schizophyllan solutions in Figure 1
changes more remarkably in the transition region than
AA and 6* in Figure 4.
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It is noted that the signs of AA and 6* of PBLG in
m-cresol change at ca. 35 °C, indicating that the twisting
forces arising both from chiral repulsive and attractive
interactions change the direction at that temperature.
However, this does not mean the thermal inversion of
the PBLG a-helix sense. The sign of 1A is determined
not only by the helical groove sense but also by the pitch
and width of the groove and also helix diameter as
pointed out by Gottarelli et al.*3 According to Osipov,*0~42
0* depends on the frequency-dependent anisotropies of
the molecular polarizability and of the gyration tensor,
which may change the signs by local side-chain confor-
mation especially by the orientation of the phenyl ring
of PBLG.

Abe and Yamazaki** studied the side-chain conforma-
tion of PBLG in m-cresol as well as in 1,4-dioxane and
chloroform over 30—80 °C by deuterium NMR combined
with the rotational isomeric-state analysis. They ob-
tained an asymmetric population of the gauche* and
gauche™ conformations at the low temperature for outer
bonds of the side chain and also a very much different
stable side-chain conformation in m-cresol from those
in the other solvents. These results imply that the
unique side-chain conformation of PBLG in m-cresol
may be responsible for the thermally driven inversion
of the twisting force direction in the cholesteric phase.
However, differing from aqueous schizophyllan, the
NMR data show no cooperative transition. This is
consistent with the monotonic changes in 1A and 6* for
these systems. Finally, it must be stressed that although
AA and 6* are the main competing factors, the competi-
tion is greatly amplified by the concentration factors in
eq 1, yielding a remarkable change in P.
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