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Chapter 1

INTRODUCTION

1-1 Mesomorphic Order and Liquid Crystal

Late in the nineteenth century, Reinitzer and
L'ehmann1'2 found a new state of matter having properties
between ligquid and solid.3 A substance in this state
is as anisotropic as a crystal but has a fluidity
comparable to liguids. Fo: this unique nature, it is
referred to as a liquid crystal or more propefly a
mesophase.

Friedel4'was the first to recognize the liquid
crystal as an independent thermodynamic state of
matter. On the basis of optical properties, Friedel
classified liquid crystals into three major types,

i.e., smectics, nematics, and cholesterics, although

he regarded cholesterics as a special member of
nematics. Nematics and smectics are optically positive,
namely, the direction of the largest refractive index
coincides with the direction of orientation. On the

other hand, cholesterics are optically negative and



exhibit such remarkable optical properties as strong
optical rotation and selective reflection of circularly
polarized light in a narrow range of wavelength.

Until now many organic compounds capable of
forming mesophases, mesogens, have been found.s'6
The structural feature common to these compounds is
that they are geometrically anisqtropic, usually long
and relatively thin, e.g., rodlike or disklike. The
name "liquid crystal" usually refers to a mesophase
consisting of highly elongated molecules. When such
molecules are chiral, they give a cholesteric liquid
crystal.

Alternatively, liquid crystals are classified
into thermotropic or lyotropic depending on how they
become liquid crystalline. Thus, a thermotropic liquid
crystal is obtained by heating a substance and a
lyotropic one by dissolving a substance in a certain
solvent. As is well known, liquid crystals, mostly
of thermotropic type, have already found widespread
and still increasing applications in display devices
and sensors‘.—’-9 It is also known that the liquid
crystal order, 1yotr§pic and thermotropic, can be

found in a variety of biological systems.10-12



1-2 Polymer Ligquid Crystals

As low molecular weight mesogens do, rigid
rodlike polymers form liquid crystals when dissolved
in suitable solvents or heated. Synthetic helical
polypeptides are typical of such polymers. Indeed,
the first systematic study of polymer liquid crystals
was pérformed on synthetic polypeptides by

13-16 who found that a solution of a

Robinson,
polypeptide, e.g., poly(y-benzyl L—glutamate)‘(PBLG),
became anisotropic above a certain concentration.

The isotropic phase became unstable above another
concentration higher than this critical concentration
and the mixture became completely anisotropic.

Robinson examined the structure and optical properties
of the anisotropic phase in great detail and found the
phase to be cholesteric. He referred to the critical
concentration for the incipience of an anisotropic
phase as the A-point and that for the disappearance

of an isotropic phase és the B-point, and showed how
these critical concentrations varied with the molecular

weight of the sample.

This pioneering work has motivated a vast amount



of subsequent work on polymer liquid crystals, both
theoretical and experimental. Thus, a variety of
mesogenic polymers have been found; those include

rodlike particles such as certain viruses and phages,

17-20 15

and such stiff-chain polymers as nucleic acids,

13-16,21-41 42-47

polypeptides, aromatic polyamides,

48,49 main-chain heterocyélic

polyisocyanates,sz"54 and polysaccharides
55-67 |

aromatic polyesters,

polymers,so's1

and their derivatives. Polymers with mesogenic

side chains also become liguid crystalline under

appropriate conditions.68 In addition to their

13,21,24-30 32-34,

thermodynamic
57,64,66,67

and optical properties,
rodlike polymers have called considerable

interest because of their interactions with magnetic

35-39

and electric fields and because of their

characteristic rheological properties.m'40'41'45'63’70
Mesophase-forming polymers are also of practical
interest. A typical example is ultra-high modulus
fiber Kevlar produced by liquid crystal spinning.47'71
Various kinds of polymers, e.g., main-chain heterocYclic
polymers, thermotropic polyesters, etc., have been
developed for more or less similar purposes.48'58

However, in this thesis, we confine ourselves to a



basic study on rodlike polymers forming lyotropic

liquid crystals.
1-3 Theoretical Basis for Liquid Crystal Formation

Onsager72 was the first to show that molecular
asymmetry alone is sufficient to produce a phase
transition from isotropic to anisotropic (actually
nematic). He dealt with an imperfect gas of cylindrical
particles and predicted that the phase boundary
concentrations, i.e., the A-point ¢A and B-point ¢B'

should vary with the axial ratio x of the particle as

¢

A~ 3.3/x%, ¢B 2 4.5/x (1;1)

Essentially the same theory was developed independently

by Ishihara.73

The Onsager theory should be used at relatively
low concentrations, because it makes use of a free
energy equation correct up to the term linear in

74-77

concentration. Subsequent attempts extended the

Onsager theory to higher concentration; for example,
Cotter used a scaled particle theory. Cotter's theory76

is exact both at the large and small limits of x.



Using a lattice model, Flory78

developed a
statistical thermodynamic theory for solutions of
inpenetrable rods in a solvent. 1In this theory, each
rod is divided into submolecules or segments of the
volume equal to that of the solvent, and the volume of
the rod relative to that of the solvent is defined as
the axial ratio. A rod inclining at an angle ¥ to a

director is divided into y submolecules, each

containing x/y segments (Figure 1.1). Thus, y can be

Figure 1.1
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regarded as a parameter for the degree of disorientation
of the rod and may be referred to as the disorientation
index; vy = 1 for a rod aligned parallel to the director
and y = x for a rod oriented randomly. As in the
Flory-Huggins theory of flexible polymers, polymer-
solvent interactions are taken into account by the
interaction parameter . The theory predicts that,

in the absence of polymer-solvent interaction, the

phase boundary concentrations should vary with x

approximately as
¢, = 8/x%, ¢ = 12.5/x (1.2)

Two attractive features of the Flory theory are
the following. First, it gives an exact partition
function when all the rods are aligned parallel and
hence should be useful at high concentrations.
Second, effects of polymer—solvent interaction on phase
behavior can be estimated easily by the interaction
parameter. Figure 1.2 shows the theoretical phase
diagram calculated for x = 100, which can be transformed
to the temperature-composition phase diagram if X is
given as a function of temperattire.78 Under good-

solvent conditions, i.e., for small or negative ¥ values,



0.2

Figure 1.2
0.1

Theoretical phase
X l diagram calculated
0 —
R by the Flory theory78
-0.1F for the axial ratio
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¢

the Flory theory gives a narrow biphasic gap separating
isotropic and .anisotropic regions. When the solvent
becomes poorer than a certain limit, the biphasic gap
suddenly widens, and the systéh becomes biphasic

almost over the entire composition.
1-4 Comparison of Experimental Data with Theory

As noted in Section 1-2, polyglutamates in certain
solvents give cholesteric liquid crystals. Robinson15
showed that the A- and B-points for PBLG in dioxane
and methylene chloride varied approximately linearly
with inverse molecular weight, confirming for the
first time the prediction of the Flory theory.29

However, this finding should be taken with reservation,

since PBLG in the solvents studied is known to



associate intermolecularly even at high dilution.

Miller and coworker521'24'28

investigated PBLG
and poly(e-carbobenzoxy L-lysine) (PCBL) in.
dimethylformamide (DMF), in which these polymefs
disperse molecularly at room temperature. Figure 1.3
shows their temperature-composition phase diagram for

PBLG, which consists of an almost vertical narrow

biphasic gap between isotropic and cholesteric regions

120+

Isotropic

Liquid Crystal

or. Isotropic + Liquid Crystat
) 0.1 0.2 03

P

Figure 1.3 Temperature - composition phase diagram

for the system PBLG - DMF, obtained by Miller et al.21



and a broad biphasic region at lower temperature., This
phase diagram is very similar to the theoretical
diagram shown in Figure 1.2, substantiating the
validity of the Flory prediction.

The dependence of the phase boundary concentrations
¢A and ¢B on axial ratio x for the PBLG - DMF system

was investigated by Miller and coworkers,23'24

30°

Kubo
and Ogino,26 and Funada et al. It was found that
the experimental ¢A and ¢B were higher and lower than
the values predicted by the Flory theory at higher and
lower molecular weights, respectively. The former
disparity may be attributed to a greater flexibility
of longer a-helix, but the latter disparity still
finds no reasonable explanation.

Recently, Kubo and Ogino26

.obtained extensive
osmotic pressure data for the system PBLG + DMF,
At least for lower molecular weights, the osmotic

pressure and ¢A and ¢B data were comparable to the

76

‘prediction of the Cotter theory, but the data for

higher molecular weights were not. As previous

authors,23'24

they attributed the latter to the
flexibility of the @-helix. However, dilute solution

data show that the PBLG helix should be rigid and

- 10 -



straight except for the highest molecular weight

79 Furthermore, Kubo and Ogino found

sample examined.
for any samples no discontinuous change in solvent
chemical potential to occur in crossing the biphasic
gap. This suggests that their samples were
considerably polydisperse in molecular weight.
Similar but less extensive studies on phase
behavior have been reported for other polymer-solvent
systems.45‘47 In many cases, the polymers used were
poorly soluble in ordihary solvents, making it
difficult to carry out molecular characterization.
In addition to poor solubility and, in some cases,
unknown rigidity, no imformation about polydispersity
has been given on the samples in most cases. This
point is very crucial, because polydispersity should
have an appreciable effect on phase separation

80-83

behavior. Thus, we must conclude that the

existing data for isotropic-liquid crystal phase
equilibrium are not sufficient to test theoretical

predictions.
1-5 Scope and Purposes of the Present Thesis

Because of the unsatisfactory experimental

- 11 -



situations as mentioned above, it is significant to
carry out a study on another system better defined
than the previously treated ones. 1In this doctral
work, we chose the system schizdphyllan + water for
the reason given below.

Schizophyllan, a water-soluble polysaccharide
produced by a fungus schizophyllum commune, consists
of a repeating unit shown in Fiéure 1.4, Norisuye
et al.84 found that in aqueous solution schizophyllan
exists as a rigid helical trimer. They showed from
dilute solution studies that this trimer can be well
modeled by a wormlike cylinder with a large persistent

85,86

length of 200 nm Solubility of schizophyllan

in aqueous media facilitates various physical

CHo0H
(o)
— OH -
9
CHoO0H OH CHj CH,OH
I 0. 0 (0) 0 0, |
HO HO HO

OH OH OH J

L n

Figure 1.4 Repeat unit of schizophyllan.

- 12 -



measurements. Further, samples of this polymer are
available in a wide range of molecular weight. Thus,
we considered schizophyllan to be pertinent for
in&estigating concentrated solutions of rodlike
polymers.

Because of its high rigidity comparable to
collagen, which is more rigid than any other stiff-
chain polymers known to date, schizophyllan in aqueous
solutions should form a liquid crystal at concentrations
above a certain value.  This polymer is optically
active, and hence its triple helix should have a
definite sense. Thus, its liquid crystal, if formed,
should be cholesteric. As far és we aware, the
mesophase formation of a rodlike polysaccharides is
as yet not reported.

This thesis was undertaken mainly to elucidate
optical and thermodynamic properties including the
formation of a mesophase of rodlike polymer solutions,
using aqueous schizophyllan as a model system. The
most crucial question was whether aqueous schizophyllan
gives a liquid crystal under relevant conditions.
Fortunately, the answer to this question was "yes" as

will be shown in Chapter 3.

- 13 -



Chapter 2 describes the molecular characterization
of schizophyllan samples and the experimental
procedures employed in the present study. Chapter 3
presents the experimentai results leading to the
conclusion that a cholesteric liquid crystal is formed
from agqueous schizophyllan. Chapter 4 discusses
extraordinary optical rotatory dispersion of the
schizophyllan liquid crystal; this property is common
to cholesterics. Chapter 5 is concerned with the
excess chemical potential of water in aqueous
schizophyllan. The data obtained are compared with
theoretical predictions for solutions of rodlike
polymers. Chapter 6 describes isotropic-liquid
crystal phase diagrams for aéueous schizophyllan and
their comparisons with relevant theories. Chapter 7
describes the results from a preliminary examination
of the optical properties of an isotropic solution
near the isotropic-~-biphasic boundary. Chapter 8
summarizes the results and conclusions obtained in the

present study.

- 14 -



Chapter 2

EXPERIMENTAL DETAILS

2-1 Schizophyllan Samples

Sonicated schizophyllan samples supplied by Taito
Co. were purified or separated to many fractions from
aqueous solutions with methanol or acetone as the
precipitant. Eight fractions were chosen and designated
as SPG-01, E-4, SpG-3', U-1, R23, D-4, V-1, and DA40.
Their molecular weights were determined from
sedimentation equilibrium and viscosity measurements
on dilute aqueous solutions at 25°C; the intrinsic
viscosity [n] - molecular weight relationship of

85 was used. The results are summarized

Yanaki et al.
in Table 2.1, where Mv' Mw, and MZ are the viscosity-
average, weight-average, and z-average molecular
weights, respectively, and A2 is the second virial
coefficient. The values of M_/M_ for D40, R23, and
SPG-3' are fairly close to unity, indicating that

these samples are moderately narrow in molecular weight

distribution.

- 15 -



Table 2.1

Molecular Characterization of the Schizophyllan Samples

in) M M

samples 100 an’g™!  10% gvmol“ 10 gwml" " 1074 a® mal g2
SPG-01 0.4, 10.5 - - -

E-4 0.85, 15.0 - - -

SPG-3' 0.50, 15.6 15.9 1.2 0.9

u-1 0.97, 17.0 - - L

R23 1.7, 23.0 24.5 1.2 - 0.5

D-4 4.0, 38.0 - - -

v-1 4.3, 40.0 - - -

D40 4.7, 42.0 47.8 1.2 1.0

Samples U-1, R23, D-4, V-1, and D40 were used for
microscopy and/or laser light diffraction, U-1 and
V-1 for optical rotatory dispersion (ORD) measurement,
D40, SPG-3', and R23 for thermodynamic measurement,
and D40 for phase separation experiment. Sample R23
was used to examine optical properties near the A-

point, and E-4 and SPG-01 were used for refractive



® index and density measurements, respectively.
2-2 Solution Preparation

A known amount of a schizophyllan sample was
dried in vacuo overnight and mixed with water in a
stoppered flask or a small weighing bottle (except for
° phase separation measurement) or a calibrated glass
® tube (phase separation measurement, Chapter 6).
The mixture became transparent within two days.
Dissolution was ensured by slowly rotating the
container or by stirring the mixture by a maghetic bar.
In most cases, the polymer weight fraction w was
determined gravimetrically. The polymer mass
concentration ¢ (g cm_3) was calculated from w and the

3 g-1) of aqueous schizophyllan

specific volume v (cm
® solutions at 25°C. The polymer volume fraction ¢ was

calculated from w by
¢ = va/[va + (1 - w)vg] (2.1)

where vp is the partial specific volume of schizophyllan

in water at infinite dilution (0.619 cm> g~ 1)%% ana

v, is the specific volume of water at 25°¢,

0

- 17 -



2-3 Microscopy and Laser Light Diffraction
2-3-1 Experimental Procedures

Polarizing light microscopic observations were
performed on a Union Mec-3 microscope equipped with a
thermostatting cell holder.

Laser light diffraction was performed on an
apparatus schematically shown in.Figure 2.1. A glass
cell was placed in the cell holder fixed on the stage
of a traveling microscope. Thus, the cell was movable
along the direction of laser beam and its position
could be determined as accurately as + 0.002 cm.
Diffraction patterns projected on a screen were
measured by another traveling microscope.

Drum-shaped glass cells (diameter = 10 mm,
thickness = 1 or 2 mm) with a thin inlet tube were
used for both microscopy and laser light diffracfion.
A cell was filled with an appropriate volume of the
solution and sealed at the inlet tube. Magnification

was determined by photographing a microscope scale.
2-3-2 Analysis of Diffraction Data

Let a solution consist of a system of diffraction

- 18 -



thermostated

1
2
1 [
5
6
[ LI
1. He-Ne laser - 5. stage of a traveling
2. slit microséope
3. cell holder 6. traveling microscope
4., drum-shaped cell 7. screen

Figure 2.1 Arrangement of parts in the apparatus for

laser light diffraction measurements.

gratings which have a constant spacing S but are
randomly oriented. When this solution is illuminated
by laser light, a diffraction ring (or rings) may be
projected on the screen. The spacing S is related to
the diffraction angle 20 in the solution by the Bragg

equation

2Ssin § = Ao/n (2.2)

- 19 -



where AO is the wavelength of light in vacuo and n the

refractive index of the solution.13

As shown in
Appendix, S is related to the angle ¢ between the
direction of incident light and that of diffracted

light in air by
S = Aocos ] /sié ) ’ (2.3)
with
cos 8 = cos[(1/2)sin” 1 (n"'sin ¢ )] (2.4)
The angle ¢ can be detefmined from the distance x

between the screen and the outer cell wall and the

radius y of the ring using the relation (Figure 2.4)
tan ¢ = (v, - yv4)/(x, - x,) (2.5)

where Y4 and y, are the y values at different cell
positions, X, and Xy respectively. The correction
factor cos 6 given in Eq. (2.4) is not very different
from unity nor sensitive to n. Therefore, in actual

application to aqueous schizophyllan solutions, n was

- 20 -



assumed to be 1.35.
2-4 Optical Rotatory Dispersion

Optical rotatory dispersion measurement was made
on a JASCO Model ORD/UV-5 spectropolarimeter in the
range of wavelength between 210 and 600 nm. Glass
cells were used down to 300 nm, whereas quartz ones
were used down to 210 nm. Quartz cells 1 and 20 mm
thick were used for isotropic solutions.

Quartz and glass cells to study birefringent
solutions were constructed as follows. A thin plastic
film was sandwiched between two slide glass plates
somewhat wider than the film. The longer edges of
the plates were sealed with a quick adhesive. About
one hour later, the film was pulled out, leaving a
thin cavity to be used as thevsolution compartment.

- The cell thickness d was adjusted by changing the
film thickness. Thicker cells were constructed by
binding two plates with strips of Scotch tape; d was
adjusted by the number of strips placed. The cells
constructed in these ways, empty or filled with water,
showed negligible optical rotation, and the thickness

of each cell was determined to within an accuracy of

- 21 -



+ 2 uym. The cells were filled with solutions under
reduced pressure and sealed at their ends with an

adhesive.
2-5 Refractive Index and Density

Refractive indices n for light of wavelengths 436
and 546 nm were measured on agqueous schizophyllan at
polymer concentrations up to 15 wts at 25°C.

A Bausch & Lomb precision sugar refractometer was used.

The values of n obtained are plotted against w
in Figure 2.2, where the solid curves fit the data
points for the respective wavelengths. Because of
the difficulty in handling highly viscous solutions
and a limited amount of the sample available, no
sufficient  data were obtained to détermine the n vs. w
relationship accurately; Therefore, an equation for
n was determined in such a way that it gives an
initial slope consistent with the literature specific

refractive index increment at infinite dilution84

and
a reasonable n value at w = 1, i.e., for the pure
polymer.87 The resulting equations are

3

n=1.3339+0.1416w+ 0.123w> - 0.03124w> (546 nm) (2.6)

- 22 -



2 3

n=1,3397+0.1446w+ 0.115w~ - 0.02430w (436 nm) (2.7)

Densities of aqueous schizophyllan at different

1.37
25 °C
1.36
=
1.35
1.34
1.33 1 ' | L
o 0.05 0.10 0.15
w _

Figure 2.2 Concentration dependence of refractuve
indices n of schizophyllan solutions for 436 and 546
nm at 25°C; solid lines, calculated from Eq. (2.6)

and (2.7); w, the weight fraction of the polymer.

- 23 -



polymer concentrations at 25°C were measured on a
Lipkin-Davison type pycnometer of 5 cm3 capacity up
to 9.5 wt% of the polymer, The data for the specific
volume v of the isotropic solutions were fitted by

the equation (Figure 2.3)

v = 1.003 - 0.384w + 0.03w 2 (2.8)
This was determined by the same method as used in
1.00
T
o
™
£ o.8
(1]
~
>
0.96}-
1 1 | ! 1 | | 1 | !
0 0.05 0.10
w

Figure 2.3 Concentration dependence of the specific
volume v of schizophyllan solutions at 25°C; solid

line, calculated from Eq. (2.8).
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deriving Eq. (2.6) and (2.7).
2.6 Light Scattering
2-6-1 Measurement

A Fica 50 automatic photogoniometer was used with
cylindrical cells of 1.8 cm in diameter. Intensities
of scattered light were measured for vertically
polarized incident light of 546 and 436 nm wavelengths
at scattering angles 9 between 30 and 150°,

An appropriate neutral'density filter was used to:
attenuate strong 436 nm intensities. The transmittance
of the filter was determined from the ratio of the 90°
scattering intensities measured with and without it

on schizophyllan solutions or a polystyrene-xylene
solution.

In most cases, the intensity IG,UV of scattered
light for vertically polarized incident light was
measured with no analyzer. The reduced scattering
intensity Ry (= RG,UV) was calculated from IG,UV by

2
Rg = WIe'Uvn (2.9)
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The calibration constant ¥ for the photogoniometer was

determined with benzene at 25°C, with the Rayleigh

ratio®® assumed to be 46.5 x 1078 cm-.1 at 436 nm and
16.1 x 1078 cm™! at 546 nm, and the depolarization
determined by Yu's method.89

2-6-2 Optical Purification

Optical purification includéd in order
purification of a given sample, preparation of a
concentrated solution, and filteration followed by
centrifugation. Conventional procedures for dilute
solutions would have had a large loss of the solution
because of its high viscosity. Hence, light scattering
cells were directly subjected to centrifugation.

The cells used were about 1.8 cm in diameter, and the
minimum volume of the filling solution was about
3 cm3.

Satisfactory optical purification of the solutions
of sample R23 could be made as follows. A necessary
amount of the sample was dissolved in water at a
concentration of about 1 wt%, filtered through a
millipore filter GSWPO 2500 of pore size 0.22 pm, and

freeze-dried. Its concentrated solution was passed
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through the same filter into a light scattering cell,
and centrifuged at about 3000 times the gravity for

15 - 20 min, using Sorvall RC2-B centrifuge.
2-6-3 Optical Anisotropy

Optical anisotropy was estimated from the ratio

of I to , where I is the scattering

90,0v °© I90,vv 90, Hv

intensity for vertically polarized light measured

with an analyzer set in the horizontal direction and

I , that measured with an analyzer set in the
90,Vv

vertical direction.

The optical anisotropy of aqueous schizophyllan
increased with increasing concentration, reaching
0.015 at w = 0.1316. When estimated by the method
applied to dilute solutions, errors in the
determination of Ro due to optical anisotropy were

less than 4 %. However, the data for R0 were not

corrected for this effect.
2-6-4 Concentration Determination

The concentrated solution used for 1light
scattering measurements was diluted with water and

subjected to a refractive index increment measurement
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at 25° by using a modified Schulz-Cantow differential
refractometer. The polymer mass concentration was
determined from the exéess refractive indices for

546 and 436 nm using the specific refractive index

3 1 3 1

increments: 0.1416 cm® g @ for 546 nm and 0.1446 cm” g~
for 436 nm.84 The polymer weight fraction of the
original solution was calculated from the average of

the determinations at the two wavelengths.
2-7 Centrifugation

2-7-1 Sedimentation Equilibrium Measurement on

Isotropic Solutions

Sedimentation equilibrium measurements on
_isotropic schizophyllan solutions were made at 25°C,
using a Beckmann-Spinco Model E ultracentrifuge
equipped with a schlieren optical system and a Kel-F
12 mm or an Epon 30 mm double-sector cell. The
solution column was adjusted to a length between 0.7

and 1.5 mm. The rotor speeds ranged 3000 - 4000 rpm.

2-7-2 ~ Sedimentation Equilibrium Measurement on

Biphasic Solutions
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Sedimentation equilibrium measurements on
schizophyllan solutions in the biphasic region were
made as follows. An appropriate volume of a
schizophyllan solution was placed in a Kel-F cell, and
the cell assembly was kept at 30°C at least for two
days to effect phase separation. The cell assembly
was then loaded onto a J-rotor heated at 30°C and
centrifuged at a rotor speed between 2000 and 5600 rpm.
The phase separation was monitored by a schlieren
optical system. The length of the solution column

was adjusted to 1.5 - 4.3 mm.
2-7-3 Phase Separation

A biphasic solution was prepared in a calibrated
glass tube by mixing appropriate amounts of a sample
‘and water. The mixture was stirred for several days
by a magnetic bar in an air bath thermostated at 25%%.
Then, the tube was left standing for several days in
the air bath without stirring at the same temperature.
Finally, the tube was centrifuged at a rotor speed of
2500 or 3000 rpm at 25°C for 35 - 45 h, with occasional
intermissions, by using a Hitachi 65P-7 automatic

preparative ultracentrifuge with a RPS 27-2 rotor.
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The volume of each separated phasé’was determined
from the length of the phase, and then each phase was
diluted with water to determine its w and MV. The
method described in the previous section was used for

the determination of w.
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Appendix

Light traveling through a solution is diffracted
when the Bragg condition Egq. (2.2) is sétisfied.13
Since both the incident and diffracted beams are
refracted at interfaces between layvers with different
refractive indices, the direction of the diffracted
beam in the solution is not always the same as that in
air. This refraction effect must be considered to
deduce correct 6 from experimentally obtainable data.
Stein and Keane90 developed a method for correcting
light scattering from thin films for a similar
refraction effect. Their method was applied to our
system by noticing that our system is not a single

layer like a film but consists of three layers, i.e.,

two glass walls and a cholesteric solution.

Correction for Refraction

Consider a cell consisting of two parallel glass
walls, each with a thickness € and a refractive index

n'

(Figure 2.4). Let a light beam be incident into
the cell perpendicularly to its walls. The incident

beam is diffracted at point M in the solution to the
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Glass Solution Glass Screen

Figure 2.4 Propagation of light in a solution
sandwiched between glass walls, each having thickness

€ and refractive index n'.

direction making an angle 20 with its direction. It is
then refracted at the solution-glass and glass-air
interfaces and reaches point R on the screen, which

is placed normal to the ihcident beam at point P.

The distance between P and the outer cell wall P0 is
denoted by x. Denoting the incidence and refraction

angles at the glass-air interface by ¥ and ¢,

respectively, we find
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sin 20 = n”'sin & (A.1)

Substitution of this equation into Eq. (2.2) gives
Eq. (2.3).

The angle ¢ is expressed in terms of x and the
distance y between points R and P (i.e., the radius

of the diffraction ring) as

tan ¢ = (1/x)(y - §) (A.2)
with

§ = dtan 206 + etan (A.3)

where d is the distance between point M and the inner
- cell wall Pex at the exit end. Thus, ¢ can be
evaluated if y,.é, and x are determined, though
accurate determination of these values is not always
easy.

If the cell is moved in the direction of the
incident beam to two different positions x = X5 and
Y =¥y (i =1,2), tan ¢ for either of these cell
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positions is given by Eq. (A.2), in which x and y are
replaced by X5 and Y respectively. Eliminating
from the resﬁlting two equations under the assumption
that 4 is the same for both cell positions (see below
for this assumption), we obtain Eg. (2.5). This
equation may be preferred to Eq. (A.2), because the
distances (y2 - y1) and (x2 - x1) may be determined
more accurately than the absolute values of y, x, and

.

Uncertainty due to the Finite Cell Thickness

Since the cell has a finite thickness dO' the
position R varies with the point in the solution at
which the incident beam is diffracted. This effect
gives rise to a finite breadth in the diffraction
ring, making the estimation of y inaccurate. Let Yen
and Yox be the y values for the beams diffracted
from the two extreme positions, i.e., the entrance
P and exit Pex of the cell (Figure 2.4), respectively.

en
Then, we have

tan ¢

(Yo - dotan 26 - getan ¢ ) /x

(Yo, - etani)/x (A.4)
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which gives

Yon = Yex = dotan 20 : (A.5)
. . [1] 1] 1
If Yo 18 used instead of the "correct” wvalue Yoy in
the second of Eg. (A.4), an apparent ¢ value, ¢', is

obtained, which is related to ¢ by
tan ¢' = [1 + (dO/x)tan 20/tan ¢Jtan ¢ (A.6)

The correction term dotan 26 /(xtan ¥) increases as
‘either x or ¢ or both decrease; note that tan 20/tan ¢
increases from zero to 1/n as ¢ decreases from T/2 fo
zero. However, even for a set of parameters such as

Xx = 40 mm, ¢ v O, do = 2 mm, and n = 1.4, this
correction term is only 0.036, and hence tan ¢' can

be equated to tan ¢ with an error less than 3.7 %.

Oblique Incidence

Stein and Keane90

derived an equation describing
the refraction effect on light scattering from thin
films. It can be shown that their equation is

applicable to our system as well, although our system
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is not a single layer but a solution sandwiched
' between two glass plates. For an oblique incidence
angle a, it can be written in our notation as

sin (& + @) = nsin [20 + sin~! (n~

sin a)] (A.7)
where 20 and ¢ are measured anticlockwise from the
direction of the undiffracted beém. This equation
reduces to Eq. (A.1) for normal incidence, i.e.,

a = 0.

According to Egq. (A.7), ¢ is an increasing
function of a for a given value of 0, indicating that
the apparent S value estimated by using Eq. (A.1)
should decrease with increasing @¢. In usual cases
where a is as small as 50, the estimated S is
substantially equal to the correct value. It should
be noted that the finite thickness of the cell walls
has no consequence in any of the final expressions

Eq. (2.3), (2.5), and (A.7).
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Chapter 3

LIQUID CRYSTAL FORMATION IN AQUEOUS SOLUTION

3-1 Introduction

Schizophyllan in aqueous media exists as a

rodlike triple helix.34-86

Therefore, it may be
expected that aqueous solutions of schizophyllan form
a mesophase above a certain critical concentration.
Since schizophyllan is optically active in water, its
triple helix should have a definite sense. Thus, it
follows that the mesophase, if formed, may be
cholesteric.

Those typical optical properties exhibited by
cholesterics are as follows: Cholesterics (1) are
birefringent, (2) exhibit fingerprint patterns with
characteristic textures, and (3) have a very strong
optical rotatory power. (2) and (3) distinguish
cholesterics from nematics and smectics, and arise

from a multi-layer structure in which molecules in

each of the layers are parallel and the directors in
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successive layers differ by a constant angle.93'94

In the present study, concéntrated aqueous
solutions of schizophyllan were investigated by
microscopy, laser light diffraction, and optical
rotatory dispersion to comfirm whether the above
expectation was true. 1In this chapter, the results

obtained are described in detail and discussed.
3-2 Results
3-2-1 Microscopic Observation

Aqueous solutions of schizophyllan in drum-shaped
cells were observed between crossed polars. At low
concentrations, the solutions looked dark and were
found to be isotropic. Above a certain concentration,
however, they became birefringent and showed
complicated patterns, being bright, dark, and various
color, After the cell was kept at 30°C for several
weeks, alternate bright and dark linés spread over
the entire area of the cell.

Typical photographs.of the birefringent solutions
are shown in Figure 3.1. 1In panel (a) of Figure 3.1,
fine parallel lines run along the cell wall in its

neighbor, but in various directions in the central
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(a) (b)

(c) (d)
’, {
50 um
Figure 3.1 Aqueous solutions of schizophyllan viewed
between crossed polars. (a), (c), and (d), sample D40,

w = 0.127; (b), sample D-4, w = 0.183.



area. In some cases, focal conic patterns as shown in
panel (b) of Figure 3.1 were observed. Different
microscopic pattérns were observed when the microscope
was focused at different depths of the solution.

These observations are summarized as follows.

(1) There are wide areas where parallel lines
are seen.

(2) When the.objective is focused at a fixed
depth, the parallel lines curve and disappear at some
points.

(3) Patterns with characteristic disclinations
are observed. For example, panels (c) and (d) of
Figure 3.1 contain patterns resembling closely At or
A~ disclinations frequently observed in cholesterics
(see Appendix for disclination).93-96

In a cell thinner than 100 um, a ligquid
crystal solution showed no birefringence and was almost
dark between crossed polars; as exemplified by
Figure 3.2, where white streaks (or threads) can be
seen in the dark background. 1In most cases, these
streaks consisted of bundles of alternating bright
and dark parallel lines, i.e., fingerprint patterns.

As seen in Figure 3.2, in each streak, the parallel
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Figure 3.2 Planar texture in a parallel quartz cell
viewed between crossed polars. Sample V-1, w = 0.183;

cell thickness = 81 um.

lines run in the longitudinal direction. The streaks
parallel to one polar were almost invisible, but
those inclined by 45° from that polar were brightest.
Those normal to the brightest were darker than the
background. This dark background resembles the
uniform area, i.e., a planar texture, reported for

13,15

polypeptide liquid crystals. Indeed, this dark

area was found to have a planar texture, because this



preparation showed a very large optical rotation, as
will be mentioned below.

At relatively low concentration, the birefringent
phase first appeared as spherulites. A typical
photograph of such a spherulite is shown in Figure 3.3,
where the directions of the polars are indicated by
arrows. A Maltase cross is seen in the directions of
the polars. The spherulite has one radial disclination

line and shows a spiral pattern of bright and dark lines.

e

Figure 3.3 Large spherulite viewed between crossed

polars; sample D40, w = 0.101.



3-2-2 Spacing

The spacing S between adjacent bright (or dark)
lines was determined from photographs of various areas
and for different birefringent solutions. Soon after
the parallel lines began visible, it appeared that
their spacings would change with one place to another
and also with time. But within a week, they became
practically constant over the entire area excépt for
narrow peripheral ones. The equilibrium S values for
solutions of sample D40 are summarized in Table 3.1.

When a birefringent solution of sqhizophyllan was
illuminated by laser iight without polars, it projected
a diffraction ring (sometimes two ringS) on the
screen; such a diffraction pattern is shown in
Figure 3.4. This indicates the formation of a multi-
layer structure, which must be associated with the
parallel lines observed by microscopy. The spacing S
was determined from such diffraction patterns by the
method described in Chapter 2. The results are also
shown in Table 3.1.

Two S values at a given w from polarizing

microscopy and diffraction were in close agreement,

- 43 -



Table 3.1

Spacing S§ for Birefringent Solutions of

a Schizophyllan Sample D40 at 30 °c

s /1074 cm
w micioscope diffraction
0.139 5.2, 5.1¢
0.152 4.28 4.3,
0.165 3.7, 3.6,
0.181 2.91 2.8,
0.215 2.25 2.2,
0.274 1.34 1.41
0.302 - 1.1,
0.388 - 0.7,
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Figure 3.4 Diffraction pattern obtained for an

aqueous solution of D40 with w = 0.183. S = 3.7 um.

as can be seen from Table 3.1, substantiating the
formation of a multi-layer structure. Therefore, the
two values were averaged to obtain S as a function of
w. Figure 3.5 shows a double-logarithmic plot of S
vs. w, where the straight line indicated has a slope
-1.9, This concentration dependence of S is similar
to that reported for poly(y-benzyl L-glutamate)

(PBLG) and poly(Y-methyl L-glutamate) by Robinson et

14

al However, polypeptide-solvent systems exhibiting

- 45 -



a different concentration dependence have also been

reported.31'39

3-2-3 Optical Rotatory Dispersion

Optical rotatory dispersion (ORD) measurement was

made on the birefringent solution used for the

10
51
5 I
5 3}
~
N 2t

0.7

T « T 11
o

0.1 0.2 03 0.4
w

Figure 3.5 Concentration dependence of S for
birefringent solutions of D40 at 30°c. The straight

line, drawn to have a slope of -1.9.
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microscopic observation; the cell thickness was 81 um.
When the solution was illuminated by light normal to
the cell wall, it showed a very large optical rotation.
Figure 3.6 compares the ORD data for this solution

" (unfilled circles) with those for an isotropic solution
(filled circles). It can be seen that the two curves
are distinctly different. The specific rotation for
the birefringent solution is nearly two orders of
magnitude larger than that for the isotropic solution

at fixed wavelength.
3-3  Discussion
3-3-1 Formation of a Cholesteric Mesophase

That an aqueous solution of a triple-helical
schizophyllan forms a cholesteric mesophase above some
critical concentration was demonstrated by the
following observations;

(1) Between crossed polars, colored patterns with
alternate bright and dark lines were observed. The
spacing between the adjacent bright (or dark) lines was
of the order of a few microns and constant throughout

the solution. The patterns exhibited some disclinations
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Schizophyllan (V-1) in water
15000 |- —H150
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Figure 3.6 Comparison of ORD curves at 25°C for an

isotropic solution (sample V-1, w = 0.0233) and a

birefringent solution (sample V-1, w = 0.1434).
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resembling closely those characteristic of cholééteric
mesophases.

(2) When illuminated by laser light without
polars, a birefringent solution gave a diffraction
ring, which was associated exactly with the spacing S
observed by microscopy. The concentration dependence
of S for our system was essentially the same as that

found by Robinson et al.14

for polypeptide liquid
crystals, which are cholesteric.

(3) A birefringent solution showed a very strong
optical rotatory power. The ORD curve of the solution
differed from that of an isotropic solution.

Some cellulose derivatives become cholesteric |
either in bulk or in solution.ss"66 However, they are
not rodlike polymers. Thus, schizophyllan is the first
rodlike polysaccharide which has been found to form
a cholesteric mesophase. Recently, Maret et al.67
found a cholesteric mesophase to be formed in aqueous

solutions of xanthan, another rodlike polysaccharide.97

3-3-2 Structure of the Schizophyllan Liquid Crystal

As shown in Figure 3.2, a schizophyllaﬁ liquid

crystal solution confined in a thin cell exhibits a
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planar texture of a cholesteric mesophase. This
indicates that a pile of cholesteric layers is viewed
in the direction normal to the layers. Streaks appear
in the area where the cholesteric layers are oriented
normal to the cell wall. The planar texture appears
as a result of the restraint due to the cell walls
which forces the layers of the cholesteric mesophase
to align parallel to the cell walls. This restraint
explains why, near the wall of a drum-shaped cell,
lines running parallel to the wall were observed,

as shown in Figure 3.1 (a); The area distant from the
cell walls should be free from such restraint, thus
exhibiting complicated textures as shown in Figure 3.1
(b)-(4).

A schizophyllan birefringent solution contained
in a thin capillary showed parallel lines running in
the direction of the capillary axis. Microscopic
observation with a A plate revealed that the higher
refractive index was in the direction of these parallel
lines. Assuming that the higher refractive index of
the schizophyllan triple helix is along its axis, we
can conclude that the helix axis is tangential to the

parallel lines, i.e., it is in a layer.
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A structural model for cholesteric liquid crystals
was first proposed by Robinson to explain the
experimental results on polypeptide liguid crystals.
We use a similar structure model for the schizophyllan
liquid crystal, schematically shown in Figure 3.7,
where the schizophyllan triple helices are indicated
by dashes tangential to any of the parallel planes.

In each plane, all the helices.are oriented to a
preferred direction, the director, indicated by an
arrow. A straight line normal to the planes is
referred to as the cholesteric axis. The arrowheads
form a spiral with its axis parallel to the cholesteric
axis. Since the angle between the directors in the
planes A and B is 1800, the distance between the two
planes is one half a pitch of the spiral and equal

to S obtainable by microscopy and laser light
diffraction. As will be shown in Chapter 4, the sense
of the spiral is right-handed. The values of the
pitch are about several um (Table 3.1);

For the above structure model, the interplane
distance p and the twist angle B per molecule in the
direction of the cholesteric axis may be estimated as

follows. Since, in most cholesteric liquid crystals,
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Figure 3.7 Schematic representation of a schizophyllan
liquid crystal. Dashes, schizophyllan triple helices;

an arrow, a director.

B is of the order of ten minutes, the directors in
a local region of the size much smaller than the
cholesteric pitch may be almost parallel with each

other. Therefore, we here assume that, locally,
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schizophyllan helices are oriented parallel and packed
in a two-dimensional hexagonal array without dilution
in the direction of the helix axis, as suggested by
Robinson et al.14 for polypeptide liquid crystals.

On this assumption, p can be related to ¢ by the

egquation
= 1.9 x 10714/ ¢ (3.1)

where NA is the Avogadro constant. Since B is equal
to 180° x (p/S), it can be calculated by using the p
value from Eg. (3.1) and the experimental S value
(Table 3.1). The calculated p and 8 were in the
ranges 4.5 - 2.6 nm and 0.16 - 0.590, respectively.
These B values indicate that, locally, the average
direction of schizophyllan helices, i.e., the director,
should be almost parallel to its neareat neighbors.
When illuminated by a laser beam, a schizophyllan
liquid crystal solution exhibited a diffraction
pattern which usually contained a strong first-order
ring but seldom higher-order ones. This is at |
variance with the results repqrted for polypeptide

liquid crystals which exhibited even the eighth-order

- 53 -



ring.13 Small-angle X-ray scattering measurements on

schizophyllan liquid crystal solutions revealed no
indication of definite interchain distance. These
observations show that our liquid crystal is less
completely ordered than the polypeptide liquid
crystals; even the latter do not form a perfect two-

14,15 The small B values

dimensional hexagonal array.
estimated do not necessarily meah that all the
schizophyllan helices are parallel each other,
Rather it is suggested that their directions fluctuate

considerably about the director, giving rise to the

less ordered structure.
3-3-3 Birefringence of the Cholesteric Layer

The birefringence An of a cholesteric layer is
defined by &n = n, - n;, with n, and n; being the
refractive indices of the layer parallel and normal
to the director, respectively (Figure 3.7).

We estimated An of the schizophyllan liquid crystal by
the method described below. When observed between
crossed polars with a quartz wedge inserted along a
streak, the streak exhibited a retardation relative to

the background showing no birefringence. The
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retardation was judged to be negative from the colors
of the two areas. When the wedge was displaced
slightly in the direction of increasing retardation,
the streak restored the original color of the
background. The streak normal to the wedge made a
positive contribution to the retardation. From the
known geometry and birefringence of the wedge, we
estimated the change in retardation AR due to this
displacement.

If the streak represents the c:oss~sectional
view of a layer structure developing normal to the
cell walls all the way from the upper cell wall to
the bottom, AR may be related to the birefringence

n,'" - n,' of the streak and the cell thickness d by

AR = (n,' - n,")d (3.2)

where n,' and n,' are the average refractive indices
parallel and normal to the streak, respectively.
Since the cholesteric layers are aligned parallel to
the streak, n,;' can be equated to n;. The refractive
index parallel to the streak is expected to vary

periodically between n, and n; in the direction normal
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to the streak, and hence n,' can be taken as the
arithmetic mean of n, and n;, i.e., n,' = (1/2)(n, + nj).

Therefore, we have

Relatively thin preparations which might develop
a layer structure over the entire cell thickness were
examined to find appropriate streaks. A number of
measurements on such streaks at different places and
for different preparations were averaged to give
An = 0.0012 and 0.0018 for w = 0.1434 and 0.1993,
respectively. The accuracy was only moderate. In the
following chapter, these values of An will be compared

with the values obtained from ORD measurement.
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Appendix93’94

A disclination represents a singularity in a
liquid crystal, where the director orientation changes
discontinuously. The discontinuity may be located at
a point (a point disclination) or on a line (a line
disclination). In most cholesterics, certain singular
lines (disclination lines) are found. Two disclinations
in cholesterics are schematically shown in Figure 3.8,

where dots, dashes, and nails signify that the director

(a) (b) S
s e © o ¢ o L] e & o o Y ') /( L 4
. - - « . " / s 2
. ‘(/ ----- A ,(.° /( .
- ] - - - b = = - - . )/ .
'L| )L.oooooco. . - - Y . d .
.o \‘\ - = - [ aad o.-’. :-o :—.L.. r/ hd
',»--i--: - - _”__'_' ~ '.T\ L '.
o o . - - A \V ..« N N .
® e o . 4\\» .«
o. «\»

Figure 3.8 Schematic representation of typical
disclination lines. (a) line A+. (b) line A . Dots,
director axis normal to the paper; dashes, axis

parallel to the paper; nails, axis tilted.
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axis is normal, parallel, and tilted to the plane of °
paper, respectively. The disclination lines L
indicated in Figures 3.8 (a) and (b) are referred to

as At and A7, respectively.
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Chapter 4

OPTICAL ROTATORY DISPERSION OF

SCHIZOPHYLLAN LIQUID CRYSTALS

4-1 Introduction

A striking optical property of a cholesteric
mesophase is a very large optical rotation for light
propagating along its optical axis. - Such optical
rotation arises from the helical structure of the
cholesteric schematically shown in Figure 3.7.
Actually, it can be observed for a thin film of av
cholesteric with a planar texture.

13,15

Robinson first observed a large optical

rotation with polypeptide liquid crystals. He showed

that his ORD data were consistent with the theoretical

98

prediction of de Vries for cholesterics, which is

based on a layer model essentially the same as that

shown in Figure 3.7. Existing data for polymer liquid

32,57,64,66,67

crystals appear in favor of the de Vries

theory at least in a limited range of wavelength,

although there is some argument against it.34
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It was shown in Chapter 3 that aqueous solutions
of schizophyllan form a cholesteric mesophase above
a certain critical concentration. Therefore, we
expected that the optical rotation behavior
characteristic of cholesterics should be observed for
schizophyllan liquid crystals. A prerequisite for the
observation of this behavior was to obtain a liquid
crystal film with a planar texture. This was achieved
by using thin cells constructed as described in
Chapter 2, and allowed ORD measurement to be made on

a number of liquid crystal samples.
4-2 Results
4-2-1 Cholesteric Pitch

The cholesteric pitch P (2S) was measured for
liguid crystal solutions of samples V-1 and U-1 confined

in drum-shaped cells and/or thick parallel glass cells.

The results are shown in Figure 4.1, where P is
plotted against polymer weight fraction w. The data
points for V-1 (unfilled circles) and U-1 (filled
circles) are scattered around the solid line indicated.

It should be noted that P varied from 2 to 11 um in
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Figure 4.1 Plots of S vs. w for aqueous solutions of

V-1 (unfilled circles) and U-1 (filled circles).

the w range examined. These P values are used for

analyzing the ORD data given below.
4-2-2 ORD Measurement

Thin films of liquid crystal solutions were

measured for optical rotatory dispersion. It was
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found that their ORD behavior varied greatly with the
film thickness d. For films thinner than 100 um, the
optical rotation increased gradually during about one
month after the cells were filled with solutions and
then approached an equilibrium value. On the other
hand, fo: thicker films, the change in optical
rotation was irregular and less reproducible.

Figure 4.2 shows the d dependence of specific
rotation [a]x for an 18.03 wt% solution at fixed
wavelengths. Most data were taken more than one month
after the cell filling and thus pertained to the
equilibrium state. It can be seen that [G]A stays
almost constant at smaller d. The reproducibility of
data was fairly good in this d range. However, for d
greater than 130 um, it was very poor; for one thick
film, the sign as well as magnitude of [a]A weré
different depending on whether one side of the film
faced toward the light beam or the other. Optical
rotations of some thick films were much larger than
those shown in Figure 4.2.

As mentioned in Chapter 3, a liquid crystal film
thinner than 100 um gave a planar texture similar to

that shown in Figure 3.2. On the other hand, for films
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Figure 4.2 Dependence of optical rotation [@¢], on

ceil thickness d at the indicated wavelenths A,

w = 0.1803.

thicker than 100 um, they showed no planar texture
but were occupied by the multi-domain structure
which may be an assembly of microscopic cholesteric
domains aligned in various directions. At present,
we suspect that this multi-domain structure is
responsible for the anomaly found in the thick

films. The scattering of data,
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for either thinner or thicker films, may be due partly
to the experimental difficulty in handling viscous
solutions. In the discussion to follow, attention
will be focused on the normal ORD behavior of thinner
films which exhibited a planar texture.

Figure 4.3 shows the ORD curves of cholesteric
solutions of V-1 with different concentrations, where
©® is the optical rotation per unit length of the
solution. Any curve exhibits the feature of
cholesteric mentioned in the previous chapter (see
Figure 3.6). It should be noted that neither © nor
[a]A varies systematically with polymer concentration.
This is in contrast to the behavior of isotropic
solutions, in which [a]x at 580 nm decreases

monotonously from 2.0 deg cng-1 at infinite dilution

to 1.3 deg cng'1at w = 0.10.
4-3 Discussion
4-3-1 Analysis by the de Vries Theory

According to the theory of de-Vries,98 the

optical rotation for light of wavelength A (in vacuo)
propagating normal to a cholesteric layer, that is,

parallel to the cholesteric axis, is given by
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Figure 4.3 ORD curves for cholesteric solutions of

V-1 with different concentrations.
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N(An)zP
0 = (4.1)
ar2(1 - AZ/AOZ)

provided that A >> AnP. Here, AO = nP, with P the
cholesteric pitch and n the average refractive index
of the cholesteric, and An the layer birefringence
defined in Chapter 3 3-3. We follow the convention that
© is positive for right-handed cholesterics. For most
cholesterics, A << AO' and hence Eg. (4.1) is simplified
to

m(An)2p

(4.2)
422

In sum, we may use this equation under the condition

AnP << A << AO (4.3)
To test the validity of the de Vries theory, we
check two points: (1) whether the A dependence of ©
obeys Eg. (4.2) under the condition (4.3), and (2)
whether the value of © can be predicted by Eqg. (4.2)

from experimentally available data. This is actually
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what was done by Robinson with his polypeptide liquid

crystals.13’15
For the schizophyllan liguid crystals in the

concentration range for ORD measurements, the layer

birefringence An was of the order of 1073

(Chapter 3)
and the cholesteric pitch was in the range 2 - 11 um
(see Figure 4.1). Thus, our system meets the
condition (4.3).

Figure 4.4 shows plots of 0 vs. A"? for different
preparations. It can be seen that, at smaller
wavelengths, the plot for any preparation follows a
straight line passing through the origin, conforming
to Eq. (4.2). Similar plots were obtained with the
data for other preparations. Therefore, An was
estimated by Eg. (4.2) from the slope values of the
straight lines together with the P values presented
above. The results are summarized in Table 4.1; An is
positive as shown in Chapter 3.'

Figure 4.5 shows a plot of An vs. polymer volume
fraction ¢, where half-filled circles and unfilled
circles are for U-1 and V-1, respectively; filled
circles represent the data from the retardation

measurement described in Chapter 3. It can be seen
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Figure 4.4 Plots of O vs. k-z for aqueous solutions

of V-1 (w = 0.1399, 0.1803) and U-1 (w = 0.2110,0.2914).
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®
Table 4.1
Birefringence of the Schizophyllan Liquid Crystal
Determined from ORD and Retardation Data
ORD Retardation
Samples w P/um  4n x 103 An x 10°
 J
V-1 0.1399 11.2 + 0.2 1,15 + 0.04 -
[ ) .
0.1434 8.0 + 0.2 1.15 + 0.04 1.2 + 0.2
0.1500 8.9 1.2, + 0.03 -
0.1803 5.9 1.5¢ + 0.03 -
0.1993 4.1 £ 0.1 2.1, +0.05 1.8 + 0.3
U-1 0.2110 3.4 + 0.6 1.7 + 0.1 -
0.2490 3.04* 2.15 + 0.05 -
0.2914 2.04 2.7 + 0.03 -
* Determined from the solid curve indicated in Figure 4.1.
)
®
that the values of An obtained by the two independent
methods are in good agreement. In sum, the validity
of Eq. (4.2) has been confirmed by our data at least
in the specified range of wavelength,
It must be noted that, according to Eq. (4.2),
the positive optical rotation for A << AO indicates
]



the schizophyllan liquid crystal to be right-handed.
4-3-2 Birefringence of the Cholesteric Layer

Figure 4.5 shows that An increases approximately
linearly with ¢, yielding an average of 0.014 for
An/¢. This An/¢ value is smaller than 0.029 and

0.024-0.038 for polypeptide liquid crystals reported

15 99

by Robinson and DuPré and Lin, respectively, and

A
O:Mv=400000
] - («H 170000
o 3
‘;( /
g 2
: [
1+
0 ] ] | |
0 0.1 0.2

¢

Figure 4.5 Dependence of the layer birefringence An
on polymer volume fraction ¢. Unfilled circles, from
ORD data for sample V-1; filled circles, from
retardation data for V-1; half-filled circles, from

ORD data for U-1.
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3g_1) by Maret et al.®’? for xanthan

0.04 (0.025 cm
liquid crystals, deduced from either a similar analysis
or direct measurement; An was negative for the xanthan

liquid crystal.100 All these values are smaller than

101

0.07 reported for crystalline cellulose which

consists of B-1,4-linked D-glucose residues in an
almost fully extended conformation.102

The birefringence of a lyotropic liquid crystal
arises from uniaxially oriented rodlike molecules
which are intrinsically anisotropic in polarizability.
Therefore, it is reasonable to assume that An is
expressed by the product of the intrinsic birefringence
n, - nY of the molecule, the number of molecules in
unit volume, and the degree of their orientation.
The last factor may be taken into account by the order
parameter S defined by

S = (1/2)<3cosze - 1> (4.3)

where 6 is the angle between the long axis of a
molecule and the director, and <+« means the average
over all molecules. It follows from the above

assumption that An may be expressed as103
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An = (n, - n )os (4.4)

At present, no experimental information on either
n, - n, or S is available for schizophyllan liquid
crystals. A theoretical consideration on nematic

liquid crystals104

suggested that's increases from
about 0.5 to unity as ¢ tends to unity. Thus, the
value of n, - nY for the system schizophyllan + water
may be larger than 0.014 by a factor not greater than
2, yielding 0.028 as the upper limit; the most
probable value may be around 0.02.

Therefore, even when correction is made for the
molecular orientation, there still remains a large
difference in intrinsic birefringence among cellulose,
xanthan, and schizophyllan. This difference may be
due to the difference in chain conformation among
these glucans; the reason is as follows. Schizophyllan
in water exists as a friple helix consisting of

84

loosely wound B-1,3-D-glucan chains, ‘'while xanthan

consists of B8-1,4-D-glucan chains as cellulose and
has a more extended helical conformation than the.

97,105,106

schizophyllan helix. In the crystalline
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state, the virtual bond cdnnecting the oxygen atoms
attached to the 1 and 4 carbon atoms is in the
direction of the maximum polarizability of the glucose

residue and inclined from the crystalline c axis by

107 108

66°, 30.9°, and 18.4°, for schizophyllan,
102

xanthan,
and cellulose, respectively.

Thus, the main chain glucose residues in
schizophyllan should make a small negative contribution
to n, - nY. The side chain glucose residue of this
polymer, about 1/3 as héavy as the main repeating unit,
cannot make a contribution larger than 0.082/4. The
sum of the two contributions is expected to yield

the small n n, value observed.

a ” Ty

For xanthan, the contribution per main chain
glucose residue is estimated to be about 0;05. The
contribution from ionizable pendent groups, about
twice the main chain weight, may be large enough to
offset this main chain contribution, yielding a
negative ny - n, as observed. Thus, we see in these
two polysaccharides that the movable pendent groups

play the same important role as the main chain in

- n L]

determining n, y
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4-3-3 Optical Rotatory Dispersion

As remarked in connection with Figure 4.4, Eq.
(4.2) does not hold'accurately over aﬁ extended range
in wavelength. Indeed, for any case examined, the
plot of @ vs. A-z was curved upward at shorter
wavelength, as exemplified in Figure 4.4. A similar
deviation from the de Vries equation can be noted in

polypeptide data,13’15’32

although the deviation is
not very apparent because of the data being limited
to relatively large wavelength.

It is usual to express ORD data for helical

polymers by an equation of the Moffitt-Yang type,

which reads

2
anlo

2 2
AT - AO

[(!]A = (4.4)

where ao, bO' and AO are numerical constants. This
equation reduces to a simple Drude equation for b0 = 0.
Here the dispersion factor and residue molecular
weight are omitted for simplicity.

It can be shown that our data for schizophyllan

solutions obey Eq. (4.4), irrespective of concentration.
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Figure 4.6 shows typical data for an isotropic solution
and a choleéteric film. The former data obey the
Moffitt-Yang equation, whereas the latter obey the
Drude equation (bO = 0). Patel and DuPré34 have
remarked the same kind of difference between isotropic
and cholesteric solutions. Thus, the fact that ORD

curves of liquid crystal solutions are of the type

200
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Figure 4.6 Moffitt-Yang plots for an isotropic

]
"

solution (w 0.0233, AO 163 nm) and a cholesteric

1}
[t}

solution (w 0.1434, A 170 nm).

0
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expressed by a simple Drude equation cannot be due to
the chiral nature of individual macromolecules but the
characteristic of liquid crystals. No theoretical
interpretation of this fact has as yet been given.

For a thin film of V-1 with w = 0.1434, the

optical rotation remained substantially constant

1.5}
T
E
% 1.0
v
g
~N
[ ]
0.51-
oL | ] » I_ L
o 10 20 30 40
T/°C
Figure 4.7 Dependence of 0 on temperature T at the

indicated wavelengths A. Sample, V-1; w = 0,1434,
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between 15 and 35°C, but increased adruptly at about
9°C, as illustrated in Figure 4.7. It was found that
the change in 0 was accompanied by a change in S.

DSC measurement on another preparation revealed an
anomalous change in the same temperature region.

No exact correlation of these changes has been

established.

- 77 -



chapter 5

THERMODYNAMIC PROPERTIES OF

CONCENTRATED SCHIZOPHYLLAN SOLUTIONS

5-1 Introduction

A solution of a rodlike polymer forms an
anisotropic phase at high concentration, and separates
into equilibrium isotropic and anisotropic phases at
a certain intermediate concentration. Such phase
behavior as well as the thermodynamic properties of
these phases can in principle be predicted if relevant
expressions are available for the chemical potentials
of the components involved. The theories so far
developed along this line of thought indicated that
an asymmetric shape of the polymer is of primary
importance for the formation of an anisotropic
phase.72-78 However, it has been predicted78 that
intermolecular interactions also play an important
role in the phase behavior. Thus, knowledge of the

chemical potentials is essential for testing

theoretically predicted phase relationships. As far as
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we are aware, attempts to approach such knowledge have

26,27

been made only by Kubo and Ogino, who studied

the system poly(y-benzyl L-glutamate) +
dimethylformamide. They obtained thermodynamic data

that could be compared favorably with the prediction

76

of Cotter's theory. Applicability of this theory

to other systems is yet to be seen.

For the reason given below, aqueous schizophyllan,

84,85

in which this rodlike polysaccaride forms a

cholesteric mesophase at high concentrations, cannot
be regarded as an athermal solution of hard rods in a
non-interacting medium. The average value of the

second virial coefficient for agueous schizophyllan

at 25°C is 1.25 x 10~ mol cm> 9_2.84'85 Analysis of

this value by Zimm's theory of rodlike polymers109

gives 1.2 nm for the diameter of the schizophyllan
triple helix. This is smaller than 1.67 nm calculated

from the partial specific volume of schizophyllan

3

in water at infinite dilution (0.619 cm g"1) and

the molecular weight per unit length ML of 2140 nm_1,

and also smaller than the hydrodynamic diameter 2.2 -

2.6 nm reported by Norisuye and coworkers.84'85

These disparities suggest that concentrated
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aqueous schizophyllan is non-athermal and its
thermodynamic properties cannot be described only in
terms of the geometry of the schizophyllan helix.
Therefore, we attempted a direct evaluation of the
thermodynamic properties of aqueous schizophyllan.
Thus, light scattering and sedimentation equilibrium
measurements were made on isotropic solutions and
sedimentation measurement was madé on biphasic
mixtures, and the data were analyzed by the methods of

Scholte.”o'111

This chapter describes the experimental
results and their comparison with theoretical

predictions.

5-2 Treatment of Light Scattering and Sedimentation

Equilibrium Data

Consider a solution consisting of a polymer and
a single solvent; the polymer may or may not be
monodisperse in molecular weight. In a light scattering
measurement, vertically polarized light is incident on
the solution, and the intensity of scattered light is
measured as a function of the scattering angle 9 to
obtain the reduced excess scattering intensity RS'

The quantity Z defined by

LS
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LS R (5.1)

can be related to the thermodynamic properties of the

solution. Here, R0 is the value of Re extrapolated to

the zero scattering angle, M0 the molecular weight of

112

the solvent, v the specific volume of the solution,

and K the optical constant defined by

4723 n/3 w) 2n?

K =
4
Na %

(5.2)

with NA the Avogadro constant, on/dw the specific
refractive index increment on the weight fraction
basis, and AO the wavelength of incident light in vacuo.

For a monodisperse solute, is equal to the partial

ZLS
derivative [BAuO/Sw] of the solvent éhemical potential
Auowithrespect to w at fixed temperature and
pressure.”o’111

For aqueous schizophyllan, the values of 3n/3w and
v as functions of w can be obtained using the

established relations (Eg. (2.6) -~ (2.8)). Thus,

with the known values of N, and A

A 0 light scattering
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measurement allows ZL to be evaluated for isotropic

S
solutions of schizophyllan. In so doing, M0 was taken
to be 2210 for the reason given in the following
section.

Next, consider the same polymer solution at
sedimentation equilibrium in an ultracentrifuge cell.
A sedimentation equilibrium measurement gives the
refractive index gradient dn/dr in the solution as a
function of the distance r from the center of rotation.
(essentially the same as Z._.) is

A qguantity ZSED

obtained from dn/dr by

LS

Mow(r)rwz(av/BW)(anlaw)

Zsgp = v(dn/dr) (5.3)

where w is the angular velocity, w(r) the polymer
weight fraction at r, and 3v/3w the partial derivative
of v with respect to w. When the rotor speed is low
and the solution column is short, the concentration
gradient developed in the cell is almost constant
throughout the entire solution, and w(r) at the
midpoint of the solution is very close to the weight
fraction in the original solution, which is hereafter

denoted by w. Thus, the sedimentation equilibrium
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method allows ZSED to be determined for a known w.
A similar analysis may be made for phase-separated
solutions as well if w(r) at the phase boundary can

be determined.

Actually, sedimentation equilibrium measurements
on isotropic solutions of schizophyllan were carried
out under the conditions specified above, and the
data were analyzed by Eg. (5.3) along with the data for
oan/dw, v, and 9v/0ow presented in Chapter 2. Similar
measurements were also made on biphasic mixtures,
using solution columns somewhat longer than those for
the isotropic solutions.

In what follows, we express z, (x = LS, SED) in

terms of the polymer volume fraction ¢ defined by
¢ = va/[va + (1 - w)vo] (5.4)

where vp is the partial specific volume of the polymer

at infinite dilution and Vo the specific volume of

the pure solvent; Vo = 0.619 cm> g_1,84 and v, = 1.0029

0
cm3 g'1. Thus, we use [3Au0/3¢]x defined by

[3Au0/8¢]x = zx(aw/a¢) (x = LS, SED) (5.5)
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5-3 Results
5-3-1 Light Scattering Data

Figure 5.1 shows the scattering angle 6 dependence
of n2/Re for light of wavelength 546 nm at different
polymer concentrations, where n is the refractive index
of the solution. It can be seen that the data points
at each concentration are fitted closely by a straight
line, allowing an accurate estimation of the ordinate
intercept nz/R0 to be made. The resulting values of

0

described in the previous section. The data at 436 nm

R, were used to calculate [8Au0/8¢]LS by the procedure

showed substantially the same trend as those at 546 nm
and analyzed in the same way. The numerical data of

[8Au0/3¢]LS for sample R23 are summarized in Table 5.1,
The values of [3Au0/8¢]LS at 546 and 436 nm agree with

each other, except for w = 0.1281.

From the slope S0 of the straight line in Figure

5.1 we calculated the guantity <Sz>app defined by

2 2

<8%> = 3cA

2_2
app 0 MchSO/(16n n“) (5.6)

where ¢ is the mass concentration of the polymer and
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Figure 5.1 Plots of n2/Re for light of wavelength
546 nm vs. sin2(6/2) for isotropic solutions of

sample R23 at 25°c.



°®
Table 5.1
Light Scattering Data for Aqueous Solutions of Sample R23 at 25 °c
546 nm . 436 hm
v e Ry <sHUZ tatug/a0n g -tamyaby, iRy B2 amg/ann -tatsuo/;mm
m J mo1™! 3 mor™! mn J w1t J mor ™!
0,0590 0.0373 2190 34 193 207 900 36 200 209
[} 0.0868 0.0554 2670 25 362 370 1075 26 365 373
® 0.1269 0,0823 2510 34 531 539 1010 38 532 540
0.1281 0.083t 2800 29 . 597 605 1080 32 575 583
0,1316 0.0855 2840 33 627 . 635 1120 26 616 624
. . 2
K, is equal to K with 9n/9w replaced by 9n/dc. <S >app
reduces to the mean-square radius of gyration of the
® polymer, <SZ>Z at infinite dilution. It can be seen
[ J
S1/2
in Table 5.1 that the values of <S /p are close to
1/2 .
33 nm, which is the <S > / value interpolated at the
2 1/2 . . .
sample's M from the <S M- relationship of
W
. . 86 .
Kashiwagi et al. This agreement guarantees the
accuracy of measured RO' Indeed, our experience showed
2 .
that larger <SS >app were obtained for larger RO'
suggesting that optical purification was incomplete
in such cases.
®



5-3-2 Sedimentation Equilibrium Data for Isotropic

Solutions

Sedimentation equilibrium measuréments on
isotropic solutions of sample R23, D40, and SPG-3'
were performed using relatively short solution columns
and low rotor speeds, so that centrifugal fractionation
might be minimized. The results obtained at different
rotor speeds agreed with each other within experimental

error. The results are given in Table 5.2 through 5.4.

Table 5.2

Sedimentation Equilibrium Data for

Concentrated Isotropic Solutions of Sample R23 at 25 °c

Rotar Speed dn/dr '[BAUO/%]SED -[aAuo/amm

w ¢
rom 1073 ! J mo1”! J mo1”!
0.0590 0.0373 4400 8.69 210 219
0.0868 (.0554 8.44 331 339
0.1281 0.0831 8.09 527 535




Table 5.3

Sedimentation Equilibrium Data for

Concentrated Isotropic Solutions of Sample D40 at 25 %¢

Rotor Speed dn/ar -[3Au0/3¢] -[8Apo/301m

v ¢ rom 1023 @' Jmat J mo1™!
0.0196 0.0122 2980 3.88 69.8 74.4
0.0321 0.0200 4.13 108 113'
0.0494 0.0311 2980 4.28 165 169

3370 5.42 163 167

0.0618 0.039 2980 4.11 216 220

0.0712 0.0452 4.14 251 255

0.0794 0.0505 - 4.07 286 290

0.0905 0.0579 . 4.10 327 33
Table 5.4

Sedimentation Equilibrium Data for
Concentrated Isotropic Solutions of sample SPG-3' at 25 °cC

Rotar Speed  dn/dr  ~[3Mug/3lgy, -{3Bug/36),

v ¢ m 1073 ! J mo1™? J mol™!
0.0246 0.0153 3370 3.43 129 143
0.0249 0.0155 3.65 122 136
0.0503 0.0316 4.2 218 231
0.0700 0.0444 4.29 303 36
0.0745 0.0473 4.36 38 331
0.0981 0.0629 4.19 445 458
0.1082 0.0697 4.07 509 522
0.1285 0.0834 3.82 654 667
0.01539 0.1009 3.80 801 813




5-3-3 Chemical Potential of the Solvent ®

According to Flory and Abe,80

the chemical
potential of the solvent in an isotropic solution of

polydisperse rods is expressed as
Bug = RT(In (1 - ) + (1 - 1/x )0+ x621  (5.7)

where X, is the number-average axial ratio and x is the
interaction parameter which may depend on ¢; x = 0 for
an athermal solution. Except for some trivial terms,
this expression and those for the solute chemical
potentials are the same as their counterparts for
isotropic solutions of flexible polymers. Therefore,

110,111

we use Scholte's methods for flexible polymers

to obtain the solvent chemical potential from light

scattering and sedimentation equilibrium data.

His method utilizes the relation:

[3Au0/3¢]Mn = [3Au0/3¢]x - RTM,(1/M_ - 1/Mw)(d¢/dW)

(x = LS, SED) (5.8)

where the subscript Mn indicates differentiation to be
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performed at fixed Mn. This relation shows that both
light scattering and sedimentation equilibrium
measurements should give the same information, i.e.,
2rs = %sEp*

In our analysis, Mw/Mn was assumed to be 1.25 for

all the samples.113

The schizophyllan triple helix
was approximated by a uniform cylinder of diameter 4,

and the axial ratio X, was calculated from Mn by

X, = anp/(NAﬂd3/4) (5.9)

Here, as mentioned in the Introduction, d was taken to

be 1.67 nm to be consistent with the helix geometry.84'85
The molecular weight Mo’of the solvent was calculated
from the relation MO=(NA1rd3/4)/v0 to be 2210. The
values obtained for [3Au0/3¢]Mn are summarized in
Table 5.2 through 5.4. As seen in these tables, the
polydispersity correction expressed by the second term
on the right-hand side of Egq. (5.8) is not very
appreciable even at small ¢ and becomes rapidly
negligible with increasing ¢.

Figure 5.2 shows the values of [aAUO/3¢]Mn for

sample R23 as a function of ¢. The light scattering

- 90 -



600

—[bApo/bq:]Mn / Jmol-1

Figure 5.2 Plot of -[8Au0/3¢]Mn vs. ¢ for isotropic
solutions of sample R23 at 25°c. Unfilled circles,
sedimentation equilibrium data; filled circles, light
scattering data. Solid curve B, calculated from the
Flory-Abe theory (Eq. (5.7)) with Eq. (5.15) and X, =
54.7; solid curve A, with Eg. (5.14) and X, = 54.7.
Dot-dash curves 1 and 2, calculated for x = 54.7 from
the Onsager and Cotter theories, respectively; dashed

curves 3 and 4, for x = 29.3 (see the text)
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(filled circles) and sedimentation equilibrium
(unfilled circles) data are consistent with each other
though not exactly. The discfepancy is somewhat more
conspicuous at higher concentrations, but the reason
is not clear. Figure 5.3 and 5.4 show plots of

[8Au0/8¢]Mn vs. ¢ for samples D40 and SPG-3'.
5-4 Discussion
5-4-1 - Interaction Parameter

As mentioned in the Introduction, aqueous
schizophyllan may be characterized by a non-vanishing
interaction parameter X(¢) in the framework of the
Flory theory. For simplicity, we assume that X(¢) is

expressed by a polynomial in ¢ as
X(0) = Xn + X, 0 + X,0% 4 x,03 (5.10)
-0 1 2 3 *
where the Xi (i = 0-3) depend on temperature. As is

well known, XO is related to the sedimentation second

virial coefficient A2 of the solution by

2
A, = (Vp /MOVO)(1/2 - XO) (5.11)
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Figure 5.3 Dependence of —[3Au0/3¢]Mn on ¢ for sample
D40 at 25°C. Solid curve A, calculated by Eg. (5.7)
with Egq. (5.12) and X, = 107; dot-dash curves 1 and 2,
calculated for x = 107 from the Onsager and Cotter
theories; dashed curves 3 and 4, for x = 59.4 (see the

text).
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Figure 5.4 Dependence of —[aAuO/8¢]Mn on ¢ for sample
spG-3' at 25°C. Solid curve A, calculated by Eq. (5.7)
with Egq. (5.13) and X, = 35.5; dot-dash curves 1 and 2,
calculated for x = 35.5 from the Onsager and Cotter

theories; dashed curves 3 and 4, for x = 19.2 (see the

text).

- 94 -



Substitution of Eg. (5.10) into Eg. (5.7) followed
by differentiation with respect to ¢ gives an explicit
expression in ¢ for [3Au0/8¢]Mn. Fitting experimental
data for [8Au0/3¢]Mn to this expression allows the X4
coefficients to be evaluated. This was done for three
sets of sedimentation equilibrium data, and the

following results were obtained:

X(6) = -0.101 - 9.45¢ + 73.46° - 37465  (D40)  (5.12)
X(0) = -0.055 - 11.41¢ + 66.96> - 228¢> (SPG-3')(5.13)
X(6) = -0.021 - 9.036 + 42.76° - 55¢° (R23)  (5.14)

where XO in each equation has been determined from
available experimental data for A2 by Eq. (5.11).
A similar analysis was performed on the light scattering

data for R23, yielding
X(0) = -0.021 - 9,166 + 3862 - 75.96°  (R23)  (5.15)
Figure 5.5 shows X(¢) plotted against ¢. For

any sample, X(¢) is negative and decreases monotonously
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with increasing ¢.

For sample R23, the values of X (¢)

obtained from the two different methods are in good

agreement.

Differences in X (¢) among the three

samples are not appreciable, wherever comparison can

be made.

5.4 represent [8Au0/6¢]Mn

The thick curves A in Figure 5.2 through

calculated with the ¥ (¢)

-1.0

1 1 1 1 1 1 1 1

Figure 5.5

at 25°C.

equilibrium data; dot-dash curve,

data.

0.02 0.04 0.06

P

Plots of x vs.

Solid curves, determined from sedimentation
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given by Eq. (5.12) - (5.14). They fit the
experimental data closely. It can be concluded from
these findings that the system schizophyllan + water
is not athermal in the framework of the Flory-Abe

theory.
5-4-2 Comparison with Other Theories

The theory of Onsager72 is concerned with an
imperfect gas of cylindrical particles, and should
be valid for long cylinders in dilute solution. 1Its
validity at higher concentration is skeptical, because
of the use of a free energy expression linear in ¢.
Note that no such limitation exists in the Flory

78,80

theory. Various attempts have been made to extend

the Onsager theory to higher concentration.74_77’114

Recently, Cotter77 has modified the Onsager theory

115

using the scaled particle theory and Lasher's

calculation for the phase boundary_concentrations.75

We here confine ourselves to the Onsager theory

with no intermolecular interaction and the Cotter
theory77 in analyzing experimental data.
According to these theories, the excess chemical

potential Auo of the solvent is expréssed in terms of

the axial ratio x, the volume fraction ¢, and the
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molar volume Vp of the polymer as follows:

RTM v :
Au = - —V—f(x, ¢) (5.16)
P .

Different £(x, ¢) are used by different authors. The
theories of Onsager and Cotter give the same expression
for the second virial coefficient:

2
3x" + 6x - 1 2
(S BT v,V (5.17)

A2 =

It can be shown on the basis of the Onsager theory
that for a polydisperse solute, the light scattering
and sedimentation equilibrium second virial coefficients
are related.to Mw’ whereas the osmotic one to Mn'
However, there is no significant polydispersity effect

on A, for moderately narrow distribution samples of high

2
molecular weight, because A2 is essentially independent
of molecular weight except for low molecular weight.

In addition, there is no method for evaluating the

polydispersity effect on Auo at higher concentration.

Thus, it appears to be a reasonable first approximation

to use thée same type of aVerage for Vp and x in

Eg. (5.16) to compﬁté theoretical values of Auo.
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First, we used anp for Vp and X given by Eq. (5.9)
for x. In Figure 5.2 through 5.4 our schizophyllan data
are compared with the predictions of the two theories
under consideration; the theoretical éurves indicated by
the det-dash limes (curves 1 and 2) are terminated at
the respective A-points. The linear dependence predicted
by the Onsager theory is not in agreement with the
experimental data. On the other hand, the values
calculated by the Cotter theory are rather close to the
experimental data for sample SPG-3'. The theoretical
values tend to deviate progfessively upward from the data
as the molecular weight is increased.

Secondly, we used vap for Vp and X, calculated by
Eg. (5.9) with M, instead of M for x. We found deviations
of the theoretical values from the’experimental data for
[3Au0/3¢]X (k = LS, SED) similar to those noted above.

Kubo and Ogin026’27

showed their osmotic pressure
data for the system poly(y-benzyl L-glutamate) +
dimethylformamide to agree with the prediction of the
Cotter theory, when x was calculated from A2 by Eg. (5.17)
with Vp = anp. The dashed curves (3 and 4) in Figure
5.2 - 5.4 represent the theoretical values calculated
with x obtained in the same way. In contrast with the
Kubo and Oginolcase, no satisfactory agreement between

theory and experiment is seen.
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We compared [aAu0/8¢]X (x = LS, SED) data with
the theoretical values calculated with x obtained from

A, by Eq. (5.17) with Vp = anp to find no satisfactory

agreement between theory and experiment.
Finally, we used anp for Vp and X, for x in
f(x, ¢), which was calculated by X, = Mw/(MLd) with

d = 2.6 nm, hydrodynamic diameter of the schizophyllan

84,85

triple helix. The values of [3Ap0/8¢]

Mn computed

77 with x thus obtained are shown in

by the Cotter theory
Figure 5.6. The agreemént between theory and experiment
is excellent. However, it must be noted that the
experimental ¢A for D40 is 1.7 times as large as the
theoretical ¢A. This discrepancy cannot be attributed
to chain flexibility, against the argument of Kubo and

26,27

Ogino, since the triple helix in this range of

84,85 Thus, the

molecular weight is completely rigid.
above agreement between calculated and experimental
values of [aAuo/Bd)]Mn does not necessarily support

the validity of the Cotter theory. A similar

- 100 -



discrepancy in the phase boundary concentration is
also seen in the analysis of Kubo and Ogino. 1In
conclusion, neither Onsager theory nor Cotter theory

can explain our data quantitatively.

1000

800

600

400

~[dAp, /0 IMp / J Mol

200

Figure 5.6 Dependence of —[aAuo/8¢] on ¢ for

Mn
isotropic solutions of samples D40 and SPG-3' at 25°cC.
Solid curves, calculéted from the modified Cotter

theory with x = 85.4 for D40 and x = 28.5 for SPG-3'.
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5-4-3 Chemical Potential in the Biphasic Region

When centrifuged at a rotor speed above 2000 rpm,
an aqueous solution of sample D40 in the biphasic
region separated into two layers, isotropic and
cholesteric phases. Observation by a schlieren optical
system revealed that the isotropic phase appeared on
top of the cholesteric phase with a wide meniscus
between the two phases. The volume ratio of the two
phases changed very gradually with time, suggesting
that it would take quite long to attain the true
equilibrium state. It was always possible to observe
a schlieren pattern in the isotropic phase, and dn/dr
was extrapolated to the meniscus between the two phases,
L

Figure 5.7 shows rwz/(dn/dr) at r plotted
against wzt at different overall concentrations ¢°,
where t is the time from the start of a centrifugation.
It can be seen that within a relatively short period
of time rwz/(dn/dr) reaches an equilibrium value
which does not depend appreciably on ¢O. From these
equilibrium values of rwz/(dn/dr), [8Au0/8¢]SED at ro
were calculated on the assumption that w(rm) equals

the A-point concentration at 3OOC, i.e., w(rm) = 0.097.

The numerical results obtained are summarized in
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Figure 5.7 Plots of rw?/(dn/dr) vs. w?t for the
isotropic phase in biphasic ﬁixture with different
overall concentration ¢°. Unfilled circles, $° =
0.0678, the rotor speed = 2980 rpm; filled circles,

¢° = 0.0719, 1980 rpm; half-filled circles, ¢° = 0.0805,
2200rpm.

Table 5.5. Note that they satisfy the requirement
that [BAUO/8¢]SED should be independent of the rotor
speed.

It was possible to observe schlieren patterns of
the cholesteric phase for two solutions of higher

concentrations. Values of [3Au0/3¢]SED at the meniscus
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Table 5.5

Sedimentation Equilibrium bata for

Biphasic Solutions of Sdmple D40 at 30 %

Rotor Isotropic phase Cholesteric phase
2 2
. Speed w rm/(dn/dr) ’[aA"o/BOlSED_ o rm/(dn/dr) -laAu°/3¢ISED
v ¢ rpm 108 rad® om? sec? I mol”! 10® rad® om? sec™? J mo]."i

0.1001  0.0644 2200 1.79‘ 372 - -
0.1055 0.0678 2980 1.789 mn _ - -

5560 1.81 2 . 376 - -
0.1115  0.0719 1980 1.810 376 - -

2980 1.84 3 382 - -

5560 1. 790 371 - -
0.1192 0.077% 2200 - - 0.920 262
0.1242 0.0805 2200 1. 680 349 0. 860 245

in the cholesteric phase were determined by assuming
that w(rm) in the cholesteric phase was equal to the
B-point concentration, 0.129 (Chapter 6). The
numerical results are also given in Table 5.5.

Figure 5.8 shows [8Au0/8¢]SED at the meniscus
plotted against ¢°, where the arrows A and B indicate
the A- and B-points, respectively. It can be seen

that, in either phase, [8Au0/3¢] is almost constant;

SED
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[8Au0/8¢]SED = =375 J mol~! in the isotropic phase
and -250 J mol_1 in the cholesteric phase. If it is
assumed that the chemical potential of the solvent
does not depend appreciably on temperature, these data
may be compared with those for isotropic solutions at

o

25°C. Figure 5.3 shows that the latter can be smoothly

extrapolated to the meniscus value (vertical segment).

© 500}
E
-
N 400}
-0 O O

E o
'8 300f
3 A *—e
o 200} j,
L4
| | i | {

0.06 0.07 0.08

(po

Figure 5.8 Plots of —[8Au0/8¢]SED vs. ¢° for biphasic
mixtures at 30°C. Unfilled circles, isotropic phase;

filled circles, cholesteric phase.
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Integration of [3Au0/3¢]Mn by ¢ along with the
meniscus value and Eq. (5.12) provides AUO as a
function of ¢; the result is shown in Figure 5.9. The
thin curve represents the Flory theory with the non-
vanishing X given by Egq. (5.12). The agreement between
theory and experiment is only qualitative for both AUO

and the phase boundary concentrations.

0.015

D40

Flory
0.010

—Auo/RT

0.005

Figure 5.9 Excess chemical potential Auo of the
solvent as a function of ¢ for sample D40. Thick solid

curve, experiment; thin curve, the Flory theory.78
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Chapter 6

ISOTROPIC-LIQUID CRYSTAL PHASE EQUILIBRIUM

6-1 Introduction

As described in Chapter 3, an aqueous solution of
schizophyllan forms a cholesteric mesophase above a
certain concentration. - There is an intermediate range
of concentration, where isotropic and cholesteric
phases coexist at equilibrium. In tﬁis chapter, we
take up this phase equilibrium in detail. 1In order to
obtain the temperature-concentration phase diagram,
two new methods were applied to the present system:
one using the concentration dependence of the
cholesteric pitch as a function of temperature and
polymer concentration, and the other,.a sedimentation
analysis of solutions consisting of the isotropic and
cholesteric phases at equilibrium. The former method
was effective for determining the B-point, which

otherwise, was not easy to be determined accurately.14'21

Recently, Itou116 obtained similar phase
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equilibrium data for samples with different molecular
weights by using these same methods. All the results,
combined with the thermodynamic data described in
chapter 5, are used to test theoretical predictions for

rodlike polymers.
6-2 Results
6-2-1 Cholesteric Pitch

Aqueous solutions of schizophyllan sample D40
filled in drum-shaped cells were kept at 30°¢ for
several weeks and examined by polarizing microscopy
and laser light diffraction, first at 30°c. Rough
estimate on the basis of microscopic observation showed
that the solutions were isotropic below w = 0.0975,
biphasic between 0.0975 and 0.127, and liquid
crystalline above 0.127.

The biphasic solutions looked considerably
turbid. When one of such solutions with w not too
close to the boundary values was left standing at a
fixed temperature, e.qg., 30°C, it separated into two
layers. Figure 6.1 shows a photomicrograph of the
boundary between the two layers in such a biphasic

mixture. The lower layer is filled with fingerprint
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100 um
Figure 6.1 Photomicrograph of a two-phase solution
of sample D40 with w = 0.101 at 30°C. Unless
specified, w denotes the overall concentration of a

solution.

patterns and the upper one contains many spherulites
or small domains of fingerprint patterns buried in a
dark area of the isotropic phase. It should be
remarked that complete separation into the two phases
never occurred on standing but was possible only by
centrifugation as will be illustrated below.

When illuminated by laser light without polars,
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the lower layer showed a diffraction ring. The S

value for this layer was determined from the
diffraction pattern according to the procedure
described in Chapter 2. For both layers, S was also
obtained directly from their photomicrographs. It was
found that S was substantially the same in both

layers. Therefore, for the biphasic solutions, S was
determined mainly from the photographs. For liquid
crystal solutions, both the microscopic and diffraction
measurements were made to determine S.

Figure 6.2 shows a plot of S vs. w for D40 at
30°C, where half-filled and unfilled circles represent
the data for the biphasic and cholesteric solutions,
respectively; the latter data are reproduced from Figure
3.5. It can be seen that in either of the two
concentration regions, the data points follow a smooth
line but that the entire S vs. w relationship is
" represented by a smooth curve with a break point.

Solutions containing a liquid crystal phase had
viscosities higher than 5 kg n's™1 at 30°C. Thus it
seemed ihat, when the temperature was changed suddenly,
it would take some time before the liquid crystal

phase adjusted itself to a new equilibrium state.
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Figure 6.2 Plot of S vs. w for sample D40 in water
at 30°c. Unfilled circles, the cholesteric region;

half-filled circles, the biphasic region.

This time effect was examined by measuring S as a
function of the time elapsed after the temperature

change. Figure 6.3 illustrates typical results with
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w = 0.165, where the arrows indicate the changes in
temperature. From these and similar results at other
concentrations, we conclude that the values of S after
three days may be regarded as the equilibrium values.

Similar measurement of S was made at different

W =0.165
Sr- 40— 60°C
4k o/O—oo-
I i [ 1 1 30___,400C
o
: 3.L 1 L L 1 i 1
(7)) ~ 30 —-20°C
4;—
0-0—5— 00—
3r i I 1 1 1 i 1 1 L L 1 L
4? 30— 5°C
3_ NG .
2 | N G SR SNUNS SN N NN DU NN SN N
0 10 20
Time/d

Figure 6.3 Variation in S with the time elapsed

after the temperature jump for sample D40, w = 0.165.
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concentrations and temperatures. The results are
summarized in Table 6.1, where the data above dashed
lines are for biphasic solutions and those below the
lines are for cholesteric solutions.

In some cases at higher temperature, S appeared
to be too small for the condition examined, suggesting
that the solution was concentrated probably due to
evapolation of water from the inlet tube sealed. Then
the inlet tube of the cell containing such a solution
was sealed off again and S was redetermined at 30°%.
The S values thus redetermined are given in parentheses
in Table 6.1. The concentrations of the solutions
were recalcuiated from these S values by using the S
vs. w relationship established with other data at
30°C and the solutions were subjected to further
measurement.

After being examined at a series of different
temperatures, each solution was examined again at
30°C, and it was found that S was the same within +3 %
before and after the heating cycle. Thus, we conclude
that S is a unique function of temperature T and w
for a given schizophyllan sample. Figure 6.4 shows

plots of S vs. w with the data at 5 and 60°C. It can be
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Table 6.1
Spacing S as a Function of

Polymer Weight Fraction w and Temperature T

t /%%

w 5 20 30 40 60 80
0.098 7.1 7.7540.2 - - - -
0.100 6.5g 7.8,40.2 - - - -
0.101 - - 7.1,40.7 - - -
0.106 6.4, 7.2,420.2 7.4, 7.2, - -
0.112 6.2, 6.8, 6.9,+0.3 7.0, 6.84+0.3 -
0.120 5.7, 60404 6.9,30.3 6.9, 6.9,#0.3  6.7,40.3
0.127  4.8,10.2 6.4, 6.75+0.1 6.8, 6.6,20.2 -
0.13¢°  4.620.2 - (5.80.1) 6.040.1 6.54+0.1 6.4,
0.137" - - (5.4,) - o 6.0,
0.139 - 5.2 5.2, - - -
0.140" - - (5.25) - - 6.4540.6
0.152 - - 4.3, - 4.9, 5.7440-1
0.165 2.8, 3.6, 3.6 3.9440.1 4.2, -
0.181  2.5,40.1 2.8440.1 2.8, 3.1, - -
0.182" - - (2.95) - - 4.0,+0.2
0.215 1.8, 2.1,40.1 2.2, 2.3,40.1 2.5, -
0.224" - - (2.0,) - - 2.6,
0.243" - - (1.7,) - 2.0, -
0.251" - - (1.65) 1.7, - 2.3,
0.274 1.2, 1.5, (1.35) - - -
0.302 - - 1.1, - 1.3, 1.5,
0.388 - 0.7 0.7 0.9, 0.9 1.0

Concentrations determined from the § values at 30 °C as described

in the text.
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Figure 6.4 Plots of S vs. w for sample D40 at 5 and

60°cC.

shown that the data at other temperatures as well as
at these temperatures have essentially the same
feature as that at 30°C illustrated in Figure 6.2.
Figure 6.5 shows the temperature dependence of S
at the indicated concentrations. It can be seen that

S is almost constant except 5°c for the biphasic
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solutions, but, for the liquid crystal solutions, it
increases almost linearly with raising temperature.
Thus, irrespective of concentration, the schizophyllan
liquid crystal has a positive temperatufe coefficient,

i.e., ds/dar > 0.

T/°C

Figure 6.5 Temperature dependence of S for aqueous
solutions of sample D40 with indicated concentrations.
Unfilled circles, the cholesteric region; half-filled

circles, the biphasic region.

- 116 -



O

Effects of temperature on cholesteric pitch have
been studied extensively for polypeptide liquid

crystals.zs':ﬂ_33

The results from such studies show
that the sign of dS/AT is related to the handedness of
the liquid crystal. That is, it is positive for a
cholesteric structure of the positive sense, and

vice versa. As shown in Chapter 4, the schizophyllan
liquid crystal is right-handed, i.e., its sense is

positive. Therefore, the positive dS/dT found above

may be related to this right-handed structure.
6-2-2 Phase Diagram

The data for the concentration dependence of S
presented above show the following features.

(1) S is substantially constant in the biphasic
region.

(2) S decreases monotonously with increasing
concentration in the cholesteric region.

(3) The entire S vs. w curve has a clearly
defined break point.

The feature (1) may be anticipated if a biphasic
solution is to separate into two phases of fixed

concentrations irrespective of the total concentration.
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On the other hand, the feature (2) results from the
fact that S is essentially determined by the
concentration in the cholesteric phase. Thus, the
feature (3) naturally follows from thé features (1) and
(2), and hence the break point of the S vs. w curve

can be identified as the boundary between the biphasic
and’cholesteric regions, i.e., the B-point, w

BQ

Table 6.2

B-point Concentrations w Determined from

B
the S-w Relationship at Various Temperatures

T Wy

%c

5 0.123 + 0.001
20 0.127 + 0.001
30 0.129 + 0.001
40  0.132 + 0.001
60 0.141 + 0.001

80 0.150 0.001

i+
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Figure 6.6 Temperature-concentration phase diagram
for the system sample D40 + water. Horizontal
segments, uncertainties associated with the graphical
determination; filled circles, the isotropic region;

unfilled circles, the biphasic region.

The values of Wg determined in this way at
different temperatures are summarized in Table 6.2.
The phase boundary curve extending from 5 and 80°¢c
obtained from these results is shown in Figure 6.6,

where horizontal segments indicate the uncertainty

associated with the graphical determination. It was
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found that the cholesteric liquid crystal region
extends at least up to 38.8 wt%.

The boundary between the isotfopic and biphasic
regions, i.e., the A—point, was determined as follows.
First, a solution with an overall concentration w as
prepared or stored for a long time period at a
specified temperature 'T was examined by a polafizing
microscope so as to prove it to be isotropic. This
set of w and T gives one data point in the isotropic
region and is indicated by a filled circles ih Figufe
6.6. Next, a slightly more concentrated solution was
examined at the same temperature to prove it to be
birefringent. This set gives another data point for
the same temperature in the biphasic region and is
represented by an unfilled circle. The phase
boundary at T can thus be located between these two
data points. The numerical results are summarized in
Table 6.3.

The existence of a temperature;induced isotropic-~
cholesteric phase transition was found as follows.

The solution with w = 0.0975 was biphasic at 30°c.
When the temperature was raised, it became progressively

isotropic. It was observed that some regions of the
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Table 6.3

A-point Concentrations Wa and Temperatures TA

Determined from Microscopic Observations

w TA _E_ Wa
°c ¢
0.097, 30 - 55 - 0.095, - 0.097,
0.100 50 - 55 20 0.095, - 0.097,
0.106 M -75 30 0.095, - 0.097,
0.114 78 - 80 60 0.100 - 0.106

solution resisted more strongly higher temperature
than others, and the final traces of the cholesteric
phase remained up to a temperature as high as 55°¢C.
When cooled, the solution still remained isotropic
at 40°C but was found distinctly biphasic again at
30°C. Thus the phase boundary temperature should be
around 40°C but no precise determination could be made.
Similar experiments were conducted with other
solutions. These results are also summarized in Table

6.3 and included in Figure 6.6. It can be seen that

- 121 -



the higher the overall concentration, the smaller the
gap between the unfilled and filled circles for the
same w. In spite of the large temperature gaps at the
lower concentrations, the A-point curve can be
determined with reasonable accuracy, since it is

almost vertical.
6-2-3 Centrifugal Analysis of Phase Separation

As remarked in the subsection 6-2-1, no biphasic
mixture separated completely into the two phases on
standing. However, when centrifuged on a Beckman-
Spinco Model E Ultracentrifuge, such a mixture
separated into two distinct layers. The isotropic
phase appeared on top of the cholesteric phase with a
relatively wide meniscus between them. The volume ¢
of the isotropic phase relative to the total solution
volume was estimated from the height of this phase
relative to the total solution height.

To examine the effect of centrifugal field on the
phase separation, experiments were made at different
rotor speeds and duration t of centrifugation.

Figure 6.7 shows plots of ¢ vs. wzt for four solutions,

where w is the angular velocity. It can be seen that
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Figure 6.7 Dependence of the volume ¢ of the

isotropic phase relative to the total solution volume

on wzt for biphasic solutions with indicated

concentrations at 30°cC. Sample, DA40.

® stays almost constant for w2t lower than 9 x 109‘radzs_

changes gradually above that, and finally approaches
another constant value.

This change in ¢ may be explained as follows.’
Before the centrifugation, the mixture was kept at
30°C to attain a microscopic phase separation.

Therefore, the system separated into the respective
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phases at the initial stage of centrifugation.
However, prolonged centrifugation tended to transform
the system into another equilibrium state. This
transformation may be a very slow process, because it
should be accompanied by a redistribution of the

components between the two phases. Therefore, we regard

2 9 2_-1

the ¢ values at w s~ — as not

t smaller than 9 x 10° rad
being disturbed by the centrifugal field. At this low
centrifugal field, the redistribution of the polymer
species in either phase was negligible. The undisturbed
¢ values thus obtained are given in Table 6.4.

If it is assumed that the phase separation takes
place according to the lever rule as in a binary

solution, ® should be linearly related to the overall

concentration ¢ of the polymer by
®,= (cg - c)/(cq - cy) (6.1)

where cA and cB stand for the mass concentrations

corresponding to the A-point and B-point, respectively.

Recently, Flory and Frost81'82

investigated
theoretically biphasic equilibria in athermal solutions

of polydisperse rodlike polymers. It can be shown
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Table 6.4

Data of Sedimentation Equilibrium Measurements

for D40 Solutions at 30 °C

a b
c cpy & cp
w =3 o 3
g cm g cm
- - 1 0.101, + 0.001
0.1001 0.1037 0.937 + 0.037 -
0.1055 0.1096 0.755 -
0.1115 ‘ 0.1161 0.500 -
0.1167 0.1217 0.300 -
0.1192 0.1245 0.20o -
0.1242 0.1299 0.085 -
- - 0 0.1305 + 0.001

2 Concentrations calculated from w by the equation
¢ = w/vi v = 1.003 - 0.384w + 0.03w>

b =N and cp were obtained by extrapolating the line

in Figure 6.8 to-® = 0 and 1, respectively.
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that their numerical results, when recast iﬁ the form
of Eq. (6.1), predict ¢ decreasing approximately
linearly with ¢ for a polymer solute with the Poisson
distribution in size. Polymers having the most
probable distribution do not obey Egq. (6.1). In the
case of the Gaussian distribution, Eq. (6.1) holds
provided that the breadth of the distribution is not

large.83:118

Thus, we may use this equation to
analyze experimental phase separation data provided
that the samples are not too broad in molecular weight
distribution. Indeed, Conio et al. applied Eq. (6.1)
to their phase separation data for poly (benzamide)
solution.119
Figure 6.8 shows the above ¢ data for D40 at 30°c.
plotted against ¢, according to Egqg. (6.1). The data
points indicated by unfilled circles are scattered
around the solid line, which may be extrapolated to
¢ =0 and 1 to give ¢ = 0.131 g em™3 and c, = 0.101
g cm—3, respectively. fThese values are compared
favorably with the phase boundary concentrations found
on the phase diagram in Figure 6.6 (indicated by arrows

A and B). Thus, the lever rule holds at least

approximately for the schizophyllan - water system,
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C/ gcm-?

Figure 6.8 ® plotted against the overall mass
concentration ¢ for sample D40. Unfilled circles, data

at 30°C; filled circles, at 25°cC.

although the sample isruﬁ:monodisperse.

| According to the procedure described in Chapter 2,
phase separation was studied alternatively by
centrifuging a biphasic mixture in a calibrated tube
at 25°C and analyzing each of the separated phases
for the volume and the average concentration and
molecular weight of the polymer contained. The

results obtained are summarized in Table 6.5. Here
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and in what follows, the quantities with a prime and
a double prime refer to the isotropic and cholesteric
phases, respectively, and those without prime to the
original mixture.

Figure 6.9 illustrates how the quantities examined
vary with é. For either phase, the viscosity-average
molecular weight differs from that of the original

sample, increasing almost linearly with ¢. This

Table 6.5

Data of Phase Separation Measurements for Biphasic Solutions of D40 at 25 °c

Isotropic phase Cholesteric phase
w ¢ w' [nl' MV' W" [ﬂ]" MV" !'4 "/M ]
- - -1 v
10adg! 10t g mor! 1wla’y! 10t gml v
- - 0.097" 4.6, 5 0.04" 4.1, 1 0.04" - - - -
0.03, 0.09, +0.03  0.097 4.58 4.13 - - - -
0.108, 0.62, 0.099, 4.23 3.9, 0.121 5.22 4.5, 11
0.116, 0.30, 0.102 1.83 C o, 0.121 4.84 4.2, 1.9,
.0.128, 0.03, - - - 0.128, 1.67 1., -
- ) - - - 0.128" 4.68" a1k -

* Values extrapolated to ¢ = 0 or ¢ = 1
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indicates that molecular weight fractionation takes

place on the phase separation., All these findings

r.a .
&= 45+- Mv
o
° ?
T 401 Mv /Mv'=1.15
S My’
3st
013t
\\\ wl'
012} O o
g .\\\
\\\
0.11} S W
0.10} ) S
w
0.09 s
0 05 1

Figure 6.9 Phase separation data for sample D40 at
25%%, Quantities with a prime, the isotropic phase;
quantities with a double prime, the cholesteric phase;

quantities without prime, the whole mixture,
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are consistent with the theoretical predictions for
athermal solutions of polydisperse rodlike

81-83,118

polymers. Similar fractionation effects have

been reported for other polymer-solvent systems.47'52'119
The filled circles in Figure 6.8 represent the

data for w at 25°C converted to c. Excellent agreement

between the two sets of data is consistent with the

almost vertical phase boundary curve shown in

Figure 6.6.
6-3 Discussion
6-3-1 Phase Diagram

The phase diagram in.Figure 6.6 is characterized
by a narrow almost vertical biphasic region separating
the isotropic region from the cholesteric region.

The phase boundary curves tend to bend toward higher
concentration at higher temperature. This phase
diagram resembles those reported by Miller and
coworkers?1r24:28 for poly(y-benzyl L-glutamate)
(PBLG) in dimethylformamide (DMF), except that it has

no broad biphasic region at the bottom. A similar

bent in the phase boundary curves has also been found
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(ni/100 cm3g_1

for the polypeptide solutions, and is explained in
terms of the fact that the polypeptide helix becomes
more flexible as the temperature is raised.21'24
Figure 6.10 shows the temperature dependence of
intrinsic viscosity of schizophyllan D40 in water,
which suggests that the molecular dimension of
schizophyllan decreases with increasing temperature.
Therefore, we ascribe the bent phase boundary curves

in Figure 6.6 to this increasing flexibility at higher

temperature, as in the case of the polypeptide

solutions.
5.0}
. P
4.0 410 =
— ot
.—3\
H0.9 —~
=
0.8 S
| | | | -1 | | 1 ’
0 20 40 60 80
T/°C

Figure 6.10 Temperature dependence of intrinsic

viscosity for sample D40 in water.
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Recently, Yanaki et al.120

reported the formation
of a cholestekic liquid ecrystal in aqueous solutions
of scleroglucan, a triple-helical polysaccharide
consisting of the same repeating unit as that of
schizophyllan. Irrespective of concentration, an
agqueous solution of scleroglucan became turbid when it

was cooled below about 5°C.121

Taking literally, this
indicates that the phase diagram of aqueous scleroglucan ¢
has a broad immiscible region at lower temperature,
probably biphasic one. According to the Flory

theory,78 such a biphasic region appears when the
solubility of the polymer diminishes so that the
interaction parameter becomes definitely positive (see

Figure 1.2). Therefore, we consider at present that

the difference in phase behavior between the two

glucans is explained by the fact that scleroglucan is
somewhat less soluble in agueous media than

schizophyllan.122

6-3-2 Theories of Rodlike Polymers by Flory and

Onsager

Various theories71-78’123 have been proposed to

describe the isotropic-anisotropic phase equilibrium
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for a solution of :odlike polymers. Here we consider
thé theory of Onsager72 for straight cylinders and the
lattice theory of Fldry.78

Onséger was the first to show that molécular
asymmetry alone is sufficient to produce a phase
transition from isotropic to anisotropic. He treated
a solution of rodlike polymers as an imperfect gas

and predicted that the phase boundary concentrations

should vary with the axial ratio x of the polymer as

¢A = 3.3/x%, ¢B = 4.5/x (6.2)
where ¢A and ¢B are the A- and B-point concentrations,
respectively, expressed in terms of the volume
fraction of the polymer.

Flory developed a statistical thermodynamic theory
of a solution of impenetrable rods by using a lattice
model. According_to.his theory, the excess chemical
potential Au, of the solvent and that of the solute Ay,
are described by the volume fraction ¢, x, and the
polymer-solvent interaction parameter X. For the

isotropic phase
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Bug'/RT = In (1 - ') + (1 = 1/x)6" + X0'2  (6.3)

Au1'/RT = 1n ($'/x) + (x - 1)$' - 1n x2 + Xx(1 - ¢’)2

(6.4)

and for the anisotropic phase

Auo"/RT =1ln (1 ~ ¢") +"(y - 1)/x + 2]y + x¢"2
(6.5)

Au1"/RT = 1ln (¢"/x) = (y - 1)¢" + 2 - 1n y2

2

+Xx(1 - o") (6.6)

where y is the disorientation index related to ¢" and

X as

o" = [x/(x - y)1[1 - exp (-2/y)] (6.7)
As mentioned in Chapter 1, y varies from x (random
order) to unity (perfect order).

The phase boundary concentrations ¢A and ¢B for

the solution of hard rods with x can be calculated by
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solving the simultaneous equations

Bug'(6') = Aug"(8"),  Augt(8') = Auy"(e")

(6.8)

123 77

Flory and Ronca and Cotter

have modified
the Flory and Onsager theories, respectively. 1In
either of the modified theories, the phase diagram is
essentially the same as that of the original one but

has a slightly narrower biphasic gap, i.e., smaller

¢B/¢A, than that of the original one.

6-3-3 Comparison between Theory and Experiment

71-78,123 for

All the above-mentioned theories
a solution of rodlike polymers predict that the
anisotropy in shape of the polymer molecule is
primarily responsible for the formation of a liquid
crystal phase. Therefore, first we assume that our
schizophyllan + water system is athermal and consider
the Onsager theory72 for straight cylinders and the
Flory theory78 for an athermal system, i.e., x = 0,

neglecting possible difference between nematics and

cholesterics.
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The experimental phase boundary concentrations
given in terms of the weight fraction were converted
to the volume fraction by using Eq. (2.1). The
schizophyllan triple helix was approximated by a
straight cylinder with a diameter 4 = 1.67 nm and x

was calculated from
_ 3
X = vap/(NAwd /4) (6.9)

Figure 6.11 shows a comparison between the
theories and experiments using the data for aqueous
schizophyllan at 25°%. Here, the filled circles
represent the boundary concentrations ¢A between the
isotropic and biphasic regions, i.e., A-point
concentrations and unfilled circles represent those ¢B
between the biphasic and cholesteric regions, B-point
concentrations. The data points at x = 133 were
obtainéd in this study and other data points were

obtained by Itou116

using the methods described in the
previous section. The two pairs of solid curves
represent the theoretical predictions for ¢A and ¢B'

The curves for the Onsager theory were calculated

from Egq. (6.2) and those for the Flory theory were
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Figure 6.11 Plots of phase bdundary concentrations
vs. axial ratio x. Unfilled circles, the boundary
between the biphasic and cholesteric regions; filled
circles, the boundary between the isotropic and
biphasic regions; data at x = 133, present study;

116

other data, from Itou. Theoretical predictions:

solid curves, the Flory theory78 and Onsager_theory;72
dashed curves, the Flory with non-vanishing x (see

the text).
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calculated from Eg. (6.8) with Eq. (6.3)-(6.7) and
X = 0. '

It can be seen in Figure 6.11 that the data
points for the two highest molecular weight samples
are close to the Flory curves. However those for the
other samples are significantly below these curves.

On the other hand, when compared with the Onsager
theory, the data points for the lowest molecular
weight sample are close to the theoretical curves but
those for other samples deviate upwards. As mentioned
in Chapter 1, the phase diagram data for PBLG in DMF
show a similar downward deviation from the Flory
prediction at low molecular weight.

The insert in Figure 6.11 shows that the observed
ratio ¢B/¢A is smaller than the Flory value except
that of the sample with x = 93. Itou showed that this
sample was the broadest in molecular weight
distribution. Thus, the larger value of ¢B/<bA for
this sample may be attributed to the broad
distribution.

In the following we shall discuss possible causes
of the discrepancy between theory and experiment

mainly from an experimental point of view.
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(1) Polydispersity. The theories cited above are
concerned with monodisperse polymers, but the
schizophyllan samples studied are polydisperse. The
recent theories for polydisperse polymers predict a
- remarkable polydispersity effect on the phase

80-83,118

diagram. As shown in Figure 6.9 and Table 6.5,

this prediction is gualitatively materialized in the
experimental data. However, it has been shqwnll6’117
that most of the samples studied are reasonably
well-fractionated as judged from the observed Mz/Mw
and MV"/MV' close to unity except for the sample with
x = 93. Therefore we conclude that the discrepancy
is too large to be attributed only to samples'
polydispersity.

(2) Flexibility. According to Norisuye's analysis
of dilute solution data, the schizophyllan triple
helix is represented by a wormlike cylinder with a

84-86 The

persistence length as large as 200 nm.
average number of Kuhn statistical segments per
molecule, L/2g is about one half for the highest
molecular weight sample, where L is the contour

length of the triple helix. Thus, the triple helix is

almost completely rigid and straight in the molecular
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weight range studied here.

(3) Axial ratio and volume fraction. In the
present analysis, the schizophyllan helix is
approximated by a smooth hard-core cylinder with the
volume equal to that calculated with vy = 0.619 cm® g_1
and M; = 2140 nm-1; X, ¢A' and ¢B have been calculated
on this assumption. It is also possible to take the

hydrodynamic diameter23’24

for 4 in Eq. (6.9) to
evaluate x. However it was impossible to adjust the
values of ML and vp within allowable ranges which
would give rise to good agreement between theory and
experiment over the entire molecular weight range.

(4) Athermal approximation. In the above
discussion, we assumed that the schizophyllan solutions
are athermal. As remarked in Chapter 5, aqueous
schizophyllan is not strictly athermal. It is
non-athermal in that the interaction parameter x is
finite and depends on ¢. Therefore, we modify the
Flory theory by replacing x in Eqg. (6.3) and (6.5)
with x(¢') and x(¢"), respectively, and X in Eg. (6.4)

and (6.6) with xp(¢') and xp(¢"), respectively.
In Figure 5.5, we can see that X(¢) for sample

SPG~-3' at large ¢ is approximated by
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x(¢') = -0.26 - 4.7 ¢' (6.10)

Therefore, xp(¢') for this sample is obtained from

Eg. (6.10) as
Xp(¢') = -2.61 - 4.,7¢' (6.11)

For simplicity, we assume that these equations are
valid irrespective of axial ratio and in the
cholesteric region as well.

The dashed curves in Figure 6.11 represent the
values of ¢A and ¢B calculated on this assumption;
the_difference in x(¢") and Xp(¢’) among SPG-3',
D40, and R23 was found to have negligible influence
on the calculated phase diagram. It is indicated
that the biphasic ‘gap is narrower than that for the
athermal case but the x dependence is essentially
unchanged. Thus, consideration of non-vanishing
interaction parameter does not solve the discrepancy.

In sum, the qualitative features of the

theoretical predictions are substantiated in the present
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experimental data. However, the schizophyllan data
cannot be described quantitatively by the existing

theories.
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Chapter 7

OPTICAL PROPERTIES OF ISOTROPIC SOLUTION

NEAR THE A-POINT

7-1 Introduction

As mentioned in Chapter 5, when a schizophyllan
solution of the concentration just below the
isotropic-biphasic boundary concentration, i.e., the

A-point concentration w, was cooled below the phase

A

boundary temperature T it became birefringent and

A’
separated a cholesteric phase. It is interesting to
ask how does the cholesteric phase evolve from the
isotropic solution.

Recently, Patel and DuPJ;é34 performed optical
rotatory dispersion measurements on poly(y-benzyl
glutamate) solutions of concentrations just below Wa
and observed a remarkable enhancément of optical
rotatory power when'the temperature was made close to

T They attributed this enhancement to the short-

A.
range ordering of the polypeptide helices, and called

it a "pretransitional phenomenon." We therefore
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thought it worthwhile to clarify whether the cholesteric
phase evolved directly from the isotropic phase or
there was an intermediate stage where some embryonic
anisotropic domains appeared before phase separation;
the latter may be identified with the "pretransitional
phenomenon" of Patel and DuPré. As an experimental
approach to this problem, we performed light scattering
and ORD measurements on aqueous solutions of sample

R23 near the A-point. These techniques were chosen
because ORD is sensitive to chiral ordering as
demonstrated by Patel and DuPré and light scattering

may be sensitive to the presence of large objects,
7-2 Experimental

An aqueous solution of R23 of w slightly lower
than 0.13 was prepared. This concentration was chosen
because Wa for R23 at 25°C was estimated to be 0.130
from the phase diagram shown in Figure 6.11. The
solution was stirred by a magnetic bér in an air bath
thermostatted at 25°C for three days and purified by |
filtration followed by centrifugation. The filtration

was performed under warm air by using the filtration

device heated above 25°C. The filtered solution was
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centrifuged in a light scattering cell at 25%. 1t
became ciear except for the bottom part which appeared
white and glittering.

An aliquot of the clear solution was transferred
into an ORD cell 1 mm thick. A few drops of liquid
paraffin was placed over the solution to prevent the
evaporation of water. The cell was sealed by a ground
stopper and kept at 25°C for later ORD measurement
and microscopic observation. This solution is
designated as solution ORD.

The solution remaining in the light scattering
cell, referred to as solution LS, was used for light
scattering measurement. Only a small bottom portion
of the solution was glittering and well away from the
light path. After completion of a series of
measurements, a small volume of the clear solution,
referred to as solution MIC, was taken up in a
drum-shaped cell for‘microscopic observation, and the
rest was used for concentration determination after
dilution, yielding w = 0.1316. Figure 7.1 illustrates
the actual experimental steps, where each arrow

indicates how the temperature was changed at each step.
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Solution Preparation

+

Optical Purification

¥
| }
Solution LS Solution ORD|.
¥ ¥
LS Measurement at ORD Measurement at
25 + 22+ 20 > 18 > 17 > 25.4 + 21.0 + 18.0 + 16.1
> 16 > 15+ 14 > 13+ 12 > 18.3 + 14.7 > 25.4 > 15.6
> 10 > 25+ 16 °C > 25.4 > 14.0 > 25.4 °C
L ,
" }
pilution Solution MI
} '
‘Concentration k@czoscopic Observation
Determination
w = 0.1316

Figure 7.1 Experimental Steps
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7-3 Results and Discussion
7~3-1 Microscopic Observation

After being confirmed to be completely isotropic,
solutions ORD and MIC were kept at 18°C for 18 h and
observed under a polarizing microscope. Spherulites
were found to evolve gradually in both solutions.

The solutions became clear again after being kept at
25°C for about two days. Then, solution MIC was cooled
down to 18°C and after one h started evolving a trace
amount of spherulites. The spherulites grew both in
number and in size as time went on, but no macroscopic
phase separation took place at this stage. We conclude
from these observations that the A-point temperature

for this solution can be located between 18 and 25°C.
7-3-2 Light Scattering Measurement

Solution LS was first kept at 28°C for about 10
min and the scattered intensity for incident light
of the wavelengths 546 and 436 nm was measured. After
this measurement, the solution was left standing in
the xylene bath at the same temperature for one h to

repeat the measurement again at 546 nm. Then, the
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solution was transferred to an air bath thermostatted
at 25°C, while the temperature of the xylene bath was
adjusted to the next measuring temperature, e.g., 25°¢.
Similar series of measurements were repeated at
different temperatures down to 12% following the steps
illustrated in Figure 7.1. For adjusting the bath
temperature below 17°C, the solution was left at room
temperature. Scattering intensity data are represented
in terms of n2/Re, where Rg is the reduced excess
scattering intensity at the scattering angle © and n
the refractive index of the solution.

It was found that Rg remained almost unchanged
within one h after the jump to any temperature between
12 and 28°c. Figure 7.2 shows the temperature
dependence of the steady-state n2/Re at 546 nm as a
function of 6. No significant change in n2/Re is seen
at © higher than 60°. The values below 60° are constant
at temperatures higher than a certain critical
temperature TO but decrease gradually with decreasing
temperature below TO. It can be shown that TO increases
with lowering scattering angle, approaching about 20°¢
at 30°.

The T_ of 20°C at 30° is within the A-point range
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detected by microscopic observation; Thus, the
decrease in n2/Re with decreasing temperature at low
scattering angles may be attributed to the appearance
of large scattering objects, probably to fhe growth
of the spherulites first evolved at about 20%. It

must be noted, however, that the solution appeared

546nm
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L e.o..c OO OO o o-150°
2800 ' : o K
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28004~
= O L) O o__son
§ 2800~ © °
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Figure 7.2 Temperature dependence of nZ/Re at 546 nm

as a function of the indicated scattering angle 6.
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clear even at 12°C at least for one h. This, along
with the fact that the light scattering intensity at
larger scattering angles remained almost unchanged,
indicates that the amount of spherulites evolved was
probably small.

Ry was measured as a function of the time t elapsed
after the temperature jump to 16°C. There was no
significant change in the 30° intensity and optical

anisotropy RHV/RVV (= ) untill t of 200

Ryo,uv/Ro0,vv
min. However, the solution became whitely glittering

by 1150 min, with significant increases in R and

30
RHV/RVV' A similar experiment was performed at 10°C,
with the result shown in Figure 7.3. It can be seen
that nz/R30 decreases linearly with t, while the
decrease is very gradual at other angles. The optical
anisotropy increases steadily with time. This differs
from the behavior observed between 12 and 28°C where
the optical anisotropy was almost constant. At t > 500
min, the entife solution looked whitely glittering.

The arrowheads in Figure 7.2 indicate that at iOOC,

the n2/Re values at 500 min are significantly lower

than the 1 h values for lower scattering angles.

After the measurements at 1OOC, the solution was
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Figure 7.3 Variation in n /Re at 546 nm and RHV/RVV
at 436 nm with the time t elapsed after the temperature

jump to 10%%c.

kept at 25°¢ for 11 days untill it became clear again.

Light scattering measurement was made on this solution

at 25°C. The scattering intensity agreed with those

at the same temperature obtained before the temperature

change., This indicates that the formation and
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collapse of the liquid crystal phase are slow but

reversible.
7-3-3 Optical Rotatory Dispersion.

The optical rotation per unit length of the
solution, O(t) (deg cm—1), was obtained as a function
of the wavelength A of light in vacuo at the
temperatures indicated in Figure 7.1. It was found
that O(t) at 25.6, 21.0, and 18.0°C stayed almost
constant within one h, although a small number of
spherulites were found at 18%c.

At temperatures below 16.1°C, however, 0(t)
changed rapidly with time. Figure 7.4 shows the change
in O(t) with t, where the arrows indicate the
respective temperature jumps. On the jump from 18.3
to 14.7°C, O(t) first increases rapidly and appears to
approach a constant value. This remarkable increase
in O(t) is in contrast with the small change in light
scattering intensity at 16°C mentioned above. Thus,
we see that the formation and initial growth of the
cholesteric phase affect only slightly the light
scattering intensity but have a significant effect on

the optical rotation.
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Figure 7.4 Variation in optical rotation ©(t) with
the time t eiapsed after the indicated temperature
jumps. Filled circles, data at 250 nm; half-filled
circles, at 300 nm; unfilled circles, at 500 nm.

Solid curves, calculated by Eg. (7.1).

When the temperature was raised from 14.7 to
25.4°C, O(t) first decreased rapidly and gradually
reached a constant value which agreed with the value

obtained at 25.6°C before the temperature change.
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Similar results were obtained on different jumps.
This relatively slow relaxation process cannot
be described by a single relaxation time. Indeed, it
can be shown that the data in Figure 7.4 and similar
ones for other conditions are represented by the
following equation with two relaxation times, L and Tyt
|e(t) - o(=)| = |o(0) - e(m)l[a1exp(—t/11)

+ azexp(-t/Tz)] (7.1)

where a, +a, = 1. The solid curves in Figure 7.4
represent the O(t) values calculated by this equation

with appropriate values of T4 and Toi both a, and a

1 2
were nearly equal to 0.5. It was found that both T,
and T, were independent of the starting temperature T1.
They are primarily determined by the final temperature

T2' as illustrated in Figure 7.5. Both T, and 1., are

2
seen to make sharp changes below 16°C, the temperature
somewhat lower than Tp- These results indicate that
there are two relaxation processes for the construction
and destruction of the cholesteric phase.

We may suggest the following mechanism. When the

temperature is raised, first the cholesteric structure
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Figure 7.5 Temperature T2 dependence of relaxation

times T1 (unfilled circles) and T2 (filled circles).

relaxes microscopically in response to the new
temperature; the entire system still keeps the original
macroscopic structure at the initial stage. This may

be a fast process corresponding to Ty because it

involves no macroscopic rearrangement of the constituents.
Then the system undergoes phase separation followed by

macroscopic rearrangement of the separated phases to a
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new equilibrium state. This slow process may be
characterized by T,- A similar argument may be made
when the temperature is lowered. |

The experimental data so far presented indicate

that aqueous schizophyllan at a temperature slightly
below TA is biphasic microscopically but that it is not
in the equilibrium state but in a transient state
someway between the isotropic state and completely
phase separated state. This conclusion is at variance
with the finding of Patel and DuPré on polypeptide
solutions where they recognized some intermediate
state; but our results indicate clearly the importance
of the time effect, no description of which is seen

in their paper. The two-state assumption may be
compatible with ORD data shown in Figure 7.6, which
are the values taken under the steady state condition
at fixed temperatures where no further change in ORD
curve was observed, i.e., O(=).

It was found that there was no temperature change
above 21°C; thus, the curve for 21°C is characteristic
of the isotropic phase (see Figure 3.6). As the
temperature is lowered, however, the optical rotation
increases and the shape of the curve tends to resemble

that of the cholesteric phase (see Figure 3.6). As
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Figure 7.6 ORD curves at the indicated temperatures.

Solid curves, calculated by Egq. (7.2) with the A and B

values shown in Table 7.1; dashed line, calculated

by Eq. (7.5) with A . = 2.38 x 102 deg cm

(see the text).

- 157 -



Table 7.1 Py

Values of the Numerical Constants A and B
in an Equation of the Moffitt-Yang Type (Egq. (7.2))

for an Aqueous Solution of Sample R23

T2 A B
% 1072 deg em 1072 deg cm
25.6 0.464 3.7, °
21.0 0.44, 3.64 °
18.0 0.44, 3.7,
16.1 0.79, 3.3,
15.6 1.31 2.1,
14.7 1.45 1.8,
14.0 1.9 1.5

noted in Chapter 4, all these ORD curves can be

represented by an equation of the Moffitt-Yang type:

2

2
0 ‘

0 = a/00% - 2% + B/OGZ - a2 (7.2)
where Ao is a numerical constant. The values of the
numerical constants A and B estimated are summarized
in Table 7.1.

In conformity with the biphasic state mentioned

above, we assume that © consists of two contributions,
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GI and eLC' from the isotropic and cholesteric phases,

respectively, and that © is given by
where ¢ is the volume of the isotropic phase relative

to that of the entire mixture. From the discussion

given in Chapter 4, GI and eLC may be expressed as

_ 2 2 2 2,2
Or = A/ (AT = Xp%) + By/(AT - Xp°) (7.4)
2 2
Comparison of Eq. (7.2)-(7.5) leads to
A= QAI + (1 - ¢)ALC | (7.6)
B = B ' (7.7)

The value of B was estimated to be -3.73 x 10”19

deg cm3 from the data for 21°C. With this B value,

I
¢ was calculated from B using Eg. (7.7). It was found

that 1 - ¢ was relatively large, for example, 1 - ¢ =
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Figure 7.7 Plot of A vs. the volume ¢ of the

isotropic phase relative to the total solution volume.

0.58 at 14OC; the accuracy is only moderate because of
the scatter of data points at lower wavelength.

Figure 7.7 shows a plot of A vs. $ according to
Eq. (7.6). Extrapolation to 1 - ¢ = 1 gives 2.38 x 1072

deg cm for A In Figure 7.6, the dashed line

LC’
represents OLC calculated with this ALC value and the
solid curves represent those calculated by Eq. (7.3)
with the parameter values obtained. However, it is
difficult to claim a high accuracy of the derived

parameters, because the biphasic assumption for treating

© may be of questionable validity at lower ¢ range.
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It can be seen that the optical rotation of the
"cholesteric phase" at large wavelength is only five
times as large as that of the isotropic phase. This
appears to be in contradiction with the great difference
in optical rotation between the isotropic phase and
the cholesteric phase in planar texture, which amounts
to a factor as large as 100 (see Chapter 4). Aside from
the above inaccuracy, this is primarily due to the fact
that the "cholesteric phase" discussed here is dispersed
as spherulites in the isotropic phase, or vice versa,
and refraction and reflection of light at the phase

boundary might reduce the optical rotation.
At the same time, however, we-may. not rule

out the possibility that the "cholesteric phase" is
not so perfectly ordered as the macroscopic one; in
other words, it is still in an embryonic state with
loose local ordering. More detailed information about
this "cholesteric phase", e.g., its size, number,
stability, etc., may be necessary to clarify what's

happening on molecular level.
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Chapter 8

SUMMARY AND CONCLUSIONS

This thesis has dealt with the formation of a
liguid crystal in aqueous solutions of a rodlike
polysaccharide schizophyllan, optical properties of
the liquid crystal formed, and thermodynamic properties
of concentrated schizophyllan solutions. The main

results and conclusions obtained are as follows.

Formation of a Liguid Crystal

Aqueous solutions of schizophyllan were
investigated by polarizing microscopy, laser light
diffraction, and optical rotatory dispersion. The
solutions were birefringent above a certain
concentration, indicating that a liquid crystal was
formed. It was concluded that this liquid crystal
is cholesteric on the basis of the following
observations.

(1) Examined between crossed polars, a liquid

crystal solution showed fingerprint patterns with
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textures characteristic of cholesteric mesophases.

(2) When confined in a thin cell, a liquid
crystal solution formed a planar texture and showed
a very large optical rotation.

The cholesteric pitch was of order of several
uym, varying approximately with w-1'9. The liquid
crystal was optically negative, characterized by a
layer birefringence between 0.0012 and 0.0018.

The results of laser diffraction and small angle
X-ray scattering measurements showed that schizophyllan

liquid crystals were less completely ordered than

polypeptide liquid crystals.

Optical Properties

ORD measurement was made on thin films of liquid
crystal solutions of schizophyllan. There was a
remarkable difference in ORD curve between the isotropic
and cholesteric phases; the specific rotation differed
by a factor as large as 100 between the two. The ORD
data at longer wavelength were consistent with the
prediction by the de Vries theory for cholesterics,
yielding the layer birefringence in agreement with

those derived from retardation measurements.
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The intrinsic birefringence of schizophyllan
estimated from the layer birefringence was different
from that of xanthan, and much smaller than that of
crystalline cellulose. This difference was attributed
to the difference in main-chain and side-chain
conformations among these glucans.

Over a wider range in wavelength, the ORD data
obtained for liquid crystal solutions were represented
accurately by an equation of the Drude type,
irrespective of the polymer molecular weight and
concentration. It was concluded that such ORD behavior
was not simply due to the chirality of the individual

helices but characteristic of the liquid crystal.

Thermodynamic Properties

Light scattering and sedimentation equilibrium
measurements were made on isotropic solutions of
schizophyllan to obtain the partial derivative
[aAuo/3¢]Mn of the excess chemical potential Au, of
the solvent with fespect to polymer volume fraction ¢.

The results were analyzed by the theory of Flory

80

and Abe for rodlike polymers, yielding a non-

vanishing interaction parameter X, which was negative
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and decreased with increasing ¢. No appreciable
dependence of X on molecular weight was found. The

results were compared with the theories of Onsager72

and Cotter77

for rodlike polymers. Both theories

failed to explain the data quantitatively.
Sedimentation measurement was also made on

biphasic mixtures consisting of isotropic and

cholesteric éhases at equilibrium to eValuate

[3AU0/3¢]Mn at the boundary between the two phases.
Integration of [3Au0/3¢]Mn using these data and

X obtained provided Auo as a function of ¢. The

result was compared with the Flory theory78 for rodlike

polymers with a non-vanishing y. Tﬁe agreement between

theory and experiment was only qualitative for both

Auo and phase boundary concentrations.

Liquid Crystal - Isotropic Phase Equilibrium

The concentration dependence of the pitch P of
the schizophyllan liquid crystal was investigated in
biphasic and liquid crystal concentration regions

o
at temperatures T between 5 and 80 C. It was found
that P was a unique function of T and the weight

fraction w of the polymer for a given sample.
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The T - w phase diagram in the T range 5 - 80°c
and in the w range 0 - 0.388 was determined for sample
D40 by two new methods, which utilize the w dependence
of P as a function of T and a sedimentation analysis
of biphasic solutions, respectively. The phase
diagram determined is characterized by a narrow,
almost vertical biphasic region separating the
isotropic phase from the cholesteric phase.

The molecular weight dependence of the phase
boundary concentrations, the present data combined
with Itou's data, was not in good agreement with
theoretical predictions for athermal solutions of
rodlike polymers. The discrepancy between experiment
and theory cannot be accounted for by the
polydispersity in molecular weight, flexibility of the
triple helix, and the uncertainties associated with
the axial ratio and volume fraction of the polymer.

An attempt to correct the Flory theory fdr the
non-athermality of the system failed to solve the
discrepancy. The need for a further theoretical

study is indicated.
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Optical Properties near the A-point

When a solution of the concentration slightly
higher than the A-point value was cooled in crossing
the biphasic boundary, both optical rotation and
intensity of scattered light began to increase at
certain critical temperatures. This increase, more
sensitively reflected on optical rotation than on
light scattering, was due to the appearance of large
anisotropic bodies, presumably spherulites of a
cholesteric phase, whose number and size grew slowly.
Although no macroscopic phase separation was found
under the conditions tested, this differs from the
pretransitional phenomenon discussed by Patel and

DuPré in regard to polypeptide solutions, but

involves a process eventually leading to a macroscopic

phase separation.

Future Prospect

The cholesteric mesophase of aqueous schizophyllan
shows an extraordinary optical rotation and a
cholesteric pitch of a few microns. Both change
abruptly with temperature at about 8°C, indicating

a structural transition to occur in microscopic

- 167 -



as well as macroscopic scales. Since this transition
accompanies a negative heat of transition, a
calorimetric study of this transition is inviting.

The present study of phase equilibrium is
concerned with systems containing essentially
monodisperse polymers. A ternary system of two
monodisperse polymers in a single solvent is of
interest because of its characteristic phase behavior,
as observed recently by Itou and Teramoto.124’125

The phase equilibrium data discussed here are
concerned with schizophyllan samples of rodlike shape.
It may be inviting to see what happens to the phase
behavior of somewhat flexible polymers. Both
theoretical and experimental studies on this problem

are still on a premature stage.lZG'l28
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