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Chapter 1

INTRODUCT10N

1 -1 Mesomorphic Order and Liquid Crystal

Late in the nineteenth century, Reinitzer and

Lehmannl'2 found a new state of natter having properties

between liquid and solid.3 A substance in this state

is as anisotropic as a crystal but has a fluidity

comparable to liquids. For this unigue nature, it is

referred to as a liquid crystal or more properly a

mesophase.

Friedel4 was the first to recognize the liguid

crystal as an independent thermodynamic state of

matter. On the basis of optical properties, Friedel

classj-fied liquid crystals into three major types,

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

he regarded cholesteri.cs 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
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exhibit such remarkable optical properties as strong

optical rotation and selective reflection of circularly

polarized light in a narro!.r 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 anisotropic, usually long

and relatively thine €.g.1 rodlike or disklike. The

name ttliguid 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 liguid 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 j-ncreasing applications in display devices

and sensot".7-9 rt is also known that the liquid

crystal order, lyotropic and thermotropic, can be

found in a variety of biological systems.lo-12
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●
1-2 Polymer Liguid Crystals

As low molecular weight mesogens dor rigid

rodlike polymers form liguid 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

$ras performed on synthetic polypeptides by

Robinson,l3-16 who found that a solutj-on of a

polypeptide, €.g. r 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 isotropi-c phase as the B-poi-nt, and showed how

these critical concentrations varied with the molecular

weight of the sample.

This pioneering work has motivated a vast amount
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of subsequent work on po■ ymer liquid Orystals′ both        .

theoretical and exper■ mental.  Thus′  a var■ ety of

mesogenic po■ ymers have been foundl those include

rodlike particles such as certa■ n v■ruses and phages′

17-20 and such stiff― chain po■ ymers as nucleic acids′ 15

po■ypeptides′ 13-16′ 21-41 aromatic pO■ yamideL′ 42-47

ar9matic polyesters′ 48,49 main― chain heterocyc■ ic

p。■ymers′  
°′51 polyisocyanates′  2-54 and po■ ysacciarides   r

and their derivatives.55-67  Polymers with mesogenic

side Chains a■ so become liquid crystal■ ine under

appropriate conditions.68  .n addition to their

thermodynamic13′ 21′ 24-oO and optical properties′ 32-34′

57′ 64′ 66′ 67 rod■ ike polymers have ca■ led considerab■ e

■nterest because of the■ r ■nteractions w■ th magnetic

and electric fields35-39 and because of their

characteristic rheo■ogical properties.21,40′ 41′ 45′ 63′ 70    1

Mesophase― forming polymers are also of practical

interest.  A typical examp■ e is u■ tra―high modulus

fiber Kev■ ar 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 ■ess similar purposes.48′ 58

However′  in this thesis′  we confine ourselves to a

0
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I basic study on rodlike polymers forming lyotropic

liquid crystals.

1 -3 Theoretical Basis for tiquid Crystal Formation

orr".g"r72 r." the first to show that molecular

asymmetry alone is sufficient to produce a phase

transition from isotropic to anisotropic (actually
o

o nematic). He dealt with an imperfect gas of cylindrical
particles and predicted that the phase boundary

concentrations; i.€.1 the A-point 0O and B-point 08,

should vary with the axial ratio x of the particle as

0a : 3.3/xr 0" : 4.5/x (1.1 )

Essentially the same theory was developed independently
a
o by rshih"r..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

concentration. Subseguent attemptsT4'77 extended the

Onsager theory to higher concentrationi for example,

Cotter used a scaled particle theory. Cotterrs theoryT6

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

0
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Using a lattice model, F1ory78 developed a

statistical thermodynamic theory for solutions of

inpenetrable rods in a solvent. In 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 U to a

director is divided into y submolecules, each

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

Figure 1.1

Lattice model

treatment of a rod

inclining at an

angle U to the
'tAdirectorl"

●
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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 i y = .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 1. The theory predicts that,
in the absence of polymer-solvent interaction, the

phase boundary concentrations should vary with x

approximately as

0l * 8/x, 0e * 12.51x (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 j-nteraction

parameter. Figure 1.2 shows the theoreLical phase

diagram calculated for x = 100, which can be transformed

to the temperature-composition phase diagram if X is
qiven as a function of temperator".TS under good-

solvent conditions, i.e., for small or negative 1 values,

●
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0.1

xo

-0.1

0.2

q2 0.6 0.8 1。0

Figure 1.2

Theoretical phase

dj-agram calculated

by the Flory theoryTS

for the axial ratio
x = 100.

the Flory theory gives a narrow biphasic aap separating

isotropic and.anisotropic regions. When the solvent'

becomes poorer than a certain limit, the biphasic gap

suddenly widens, and the system 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 cholesterj-c liquid crystals. Robin"orrl 5

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

●
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a associate j-ntermolecularly even at high dilution.

Miller and coworkers2l '24'28 investigated PBLG

and poly (e-carbobenzoxy L-lysine) (PCBL) in
dirnethylformamide (DMF), in which these polymers

disperse molecularly at room temperature. Figure 1.3

shows their temperature-composition phase diagram for

a PBIG, which consists of an almost vertical narroht

o biphasic Aap between isotropic and cholesteric regions

120

60

Liquid Cryl試αl

0    0。 1   0。2   0。3
Φ

Figure 1.3 Temperature composition phase diagram

for the system PBLG - DMr, obtained by Miller et a1.21

Ｏ
ｏ

ヽ

ト
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and a broad biphasic region at lower temperature. This

phase diagram is very similar to the theoretical

dj-agram shown in Figure 1.2, substantiating the

validity of the Flory prediction.

The dependence of the phase boundary concentrations

0O and 0" on axial ratio x for the PBLG - DMF system

was investigated by Miller and coworker=r23t24 Krrbo

and oginor26 and Funada et a1.30 rt was found that
the experimental 0O and 0" 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 o-helix, but the latter disparity still
finds no reasonable explanation.

Recent1y, Kubo and Ogino26 obtained extensive

osmotic pressure data for the system PBLG + DMF.

At least for lower molecular weights, the osnotj.c

pressure and 0O and 0" data vrere comparable to the

prediction of the cotter theoryrT6 but the data for

higher molecular weights were not. As previous
23.24authors r-"''- they attributed the latter to the

flexibility of the o-helix. However, dilute solution

data show that the PBLG helix should be rigid and

●
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● straight except for the highest molecular weight

sample examined.T9 Furthermorer Kubo and ogino found

for any samples no discontinuous change in solvent

chemical potential to occur in crossing the biphasic

9dp. This suggests that their samples r^rere

considerably polydisperse in molecular weight.

Similar but less extensive studies on phase

behavior have been reported for other polymer-solvent
. 45-47systems.'- In many cases, the polymers used lrere

poorly soluble in ordinary solvents, making it
difficult to carry out molecular characterization.

In addition to poor solubility and, in some cases,

unknown rigidityr no imformation about polydispersj-ty

has been given on the samples in most cases. This

point is very crucial, because polydispersity should

have an appreciable effect on phase separation

behavior.S0-83 Thusr w€ 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 unsatj-sfactory experimental

●
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situations as mentioned above, it is significant to
carry out a study on another system better defined

than the previously treated ones. fn this doctral

work, we chose the system schizophyllan + waLer for
the reason gi.ven below.

Schizophyllan, a water-soluble polysaccharide

produced by a fungus schizophyllum commune, consists

of a repeating unit shown in Figure 1.4. Norisuye

et aI.84 found that in agueous solutj-on schi.zophyllan

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

length of 200 nm.85'86 solubirity of schizophyrlan

in aqueous medj-a facilitates various physical

Repeat unit of schizophyllan.

●
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a measurements. Further, samples of this polymer are

available in a wide range of molecular weight. Thus,

we considered schizophyllan to be pertinent for

investigating concentrated solutions of rodlike
polymers.

Because of its high rigidity comparable to

o collagen, which is more rigid than any other stiff-
o chain polymers known to date, schizophyllan in aqueous

solutions should form a liquid crystal at concentrations

above a certain value. Thd-s polymer is optically

active, and hence its triple helix should have a

definite seRse. Thus, its liquid crystal, if formed,

should be cholesteric. As far as lde alrare, the

mesophase formation of a rodlike polysaccharides is

a as yet not reported.
O This thesis was undertaken mainly to elucidate

optical and thermodynanic 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 ttyest' as

will be shown in Chapter 3.

C
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Chapter 2 describes the molecular characterization a

of schizophyllan samples and the experimental

procedures employed in the present study. Chapter 3

presents the experimental results leading to the

conclusion that a cholesteric liquid crystal is formed

from aqueous schizophyllan. Chapter 4 discusses

extraordinary optical rotatory dispersion of the a

schizophyllan liquid crystal; this property is common o

to cholesterics. Chapter 5 is concerned with the

excess chemical potential of water in agueous

schizophyllan. The data obtained are compared with

theoretical predictions for solutions of rodlike
polyners. Chapter 6 describes isotropic-liguid

crystal phase diagrams for agueous schizophyllan and

their comparisons with relevant theories. Chapter 7 |
describes the results from a preliminary examination 

o

of the optical properties of an lsotropic soluti-on

near the isotropic-biphasic boundary. Chapter I
summarizes the results and conclusions obtained in the

present study.

0
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● Chapter 2

EXPERIMENTAL DETAILS

2-1 Schizophyllan Samples

Sonicated schizophyllan samples supplied by Taito

Co. were purified or separated to many fractions from

agueous solutions with.methanol or acetone as the

precipitant. Eight fractions were chosen and designated

as sPG-01 , E-4, SPG-3|, IJ-1 , R23, D-4, V-1 , and D40.

Thej-r molecular weights vrere determj-ned from

sedj.mentation eguilibrium and viscosity measurements

on dilute agueous solutions at 25oc; the intrj-nsic
o
o viscosity tn I - molecular weight relationship of

Yanaki et a1.85 ,""" used. The results are summari-zed

in Table 2.1 | where l'lror Mw, and M, are the viscosity-

average, weight-average, and z-average molecular

weights, respectivelyr and A, is the second virial

coefficient. The values of *r/*, for D40, R23, and

SPG-3' are fairly close to unity, indicating that

these samples are moderately narrow in molecular weight

distribution.

●
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Tab■e 2.1

Mo■ ecu■ ar characterizatiOn oF the schizophy■lan samp■es

瀞 漸 漁 L/鴨

-01

H

鉾 3.

卜 1

‐

H

V― l

D40

0.416

0.850

0。 90。

0.970

1.73

4.0。

生31

4.70

10.5

15.0

15.6

17.0

23.0

38.0

40.0

42.0

15。 9

24.5

1.2

●
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°
`96

47.8

●

．

Samples U-1 , R23 , D-4, V-1 , and D40 vtere used for

microscopy and/or laser light diffraction, U-1 and

V-1 for optical rotatory dispersion (ORD) measurement,

D40, SPG-3r, 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 htere used for refractive

0

- 16 ,
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I index and density nreasurementsr 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

a phase separation measurement) or a calibrated glass

a 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 magnetic bar.

In most cases, the polymer weight f raction It ltas

determined gravimetrically. The polymer mass

concentration c (g cm 3) was calculated from w and the

specific volume v (cm3 g-1 ) of aqueous schizophyllan
a
o solutions at 25oc. The polymer volume fractj-on 0 was

calculated from w by

0=wvn/[wvn+(1 -w)vol (2.1 |

●

where vn is the partial specific volume of schizophyllan

in water at infinite dilution (0.619 .*3 9-1)84 and

r0 is the specific volume of water at 25oc.

- 17
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●
2-3

2-3-1

Microscopy and Laser Light Diffraction

Experimental Procedures

Polarizing light microscopic observatj.ons htere

performed on a Union Mec-3 microscope equipped with a

thermostatting cell holder.

Laser Iight 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 celI was movable

along the direction of laser beam and its position

could be determined as accurately as t 0.002 cn.

Diffraction patterns projected on a screen were

measured by another traveling microscope.

Drum-shaped glass cells (diameter = 10 mmt

thickness = 1 or 2 mm) with a thin inlet tube were

used for both microscopy and laser light diffraction.

A cell was filled with an appropriate volume of the

solution and sealed at the inlet tube. Magnification

!,ras deLermined by photographing a microscope scale.

2-3-2 Analysis of Diffraction Data

Let a solution consist of a system of diffraction
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1. He-Ne laser
2. slit
3. cell holder
4. drum-shaped cell

Figure 2.1 Arrangement

laser light diffraction

5. stage of a traveling
mr-croscope

6. traveling microscope
7. screen

of parts in the apparatus for
measurements.

●
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e

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 2e in the solution by the Bragg

equation

2ssin g = tro/n

- 19
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●

where lO is the wavelength of light
refractive index of the solution.l3
Appendix, S is related to the angle

direction of incident light and that
light in air by

■n vacuo and n the

As shown ■n

φ between the

of diffracted

●

S = λOcos O /sin φ (2。 3)

with

cos e = cos[(1/2)sin~1(n~lsin o )] (2.4)

The angle 0 can be determined from the distance x

between the screen and the outer cell wall and the

radius y of the ring using the relation (Figure 2.41

tan φ = (y2 ~ yl)/(x2 ~ Xl) (2。 5)

where y, and y, are the y values at different ceII
positions, *1 and xr, respectively. The correction

factor cos 0 given in Eq. (2.41 is not very different

from unity nor sensitive to n. Therefore, in actual

application to agueous schizophyllan solutions, n vras
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●
assumed to be 1.35.

2-4 Optical Rotatory Dispersion

Optical rotatory dispersion measurement was made

on a JASCO Model ORD/UV-S spectropolarimeter in the

range of wavelength between 210 and 600 nm. Glass

cells ldere used down to 300 Drnr whereas guartz ones

were used down to 21 0 nm. Quartz cells 1 and 20 mn

thick erere 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 vrere sealed with a guj-ck adhesive. About

one hour later, the film was pulled out, leaving a

thin cavity to be used as the solution 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 ce1ls

constructed in these ways, empty or filled with water,

showed negligible optical rotation, and the thickness

of each ce1l was determined to within an accuracy of
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t 2 Um. The cells \rrere filled with solutions under r
reduced pressure and sealed at their ends with an

adhesive.

2-5 Refractive Index and Density

Refractive indices n for light of wavelengths 435

and 546 nm were measured on aqueous schizophyllan at
o

polymer concentrations up to 1 5 wtt at 25oC. o
A Bausch & tonb 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 determine the n vs. w
a

relationship accurately. Therefore, an equation for o

n was determined in such a rday that it gives an

initial slope consistent with the literature specific

refractive index increment at infinite d.ilution84 and

a reasonable n value at w = 1, i.e., for the pure
A7po1ymer."' The resulting equations are

n = 1.3339 + 0.1 416w + 0.1 23w2 - 0,03124w3 (546 nm) (2.61

0
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I n=1.3397 +0.1446w+0.115w2 -0.02430w3 (435 nm) (2.71

Densities of aqueous schizophyllan at different

1.37

1.36

25 'C
436 nm

546 nm
1.35

o o.o5 0.10 0.15
w

Figure 2.2 Concentration dependence of refractuve

indices n of schizophyllan solutions for 436 and 546

nm at 25oc; solid lines, calculated from Eq. (2.61

and (2.71i w, the weight fraction of the polymer.

E
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polymer concentrations at 25oc were measured on a a

Lipkin-Davison type pycnometer of 5 cm3 capacity up

to 9.5 wtt of the polymer. The data for the specific
volume v of the isotropic solutions vrere fitted by

the equation (Figure 2.31

)v = 1.003 0.384w + 0.03w - (2.8) 
a

This was determ■ ned by the same meth6d as used in

25。c

0105 o.10

Figure 2.3 Concentration dependence of the specific
volume v of schizophyllan solutions at 25oCi solid
Iine, calculated from Eq- (2.8).
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o 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
o of scattered light were measured for vertically
o polarized incj-dent light of 546 and 436 nm wavelengths

at scattering angles 0 between 30 and 1 5Oo.

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 9Oo

scattering intensities measured with and without it

on schizophyllan solutions or a polystyrene-xylene

a solution.
o

In most cases, the intensity fgrur of scattered

Iight for vertically polarized incident light was

measured with no analyzet. The reduced scattering

intensity R0 (= R'rU.r) was calculated from f gru., by

Ro = otr rurrt2 (2。 9)

●
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The calibration constant U for the photogoniometer was

determined with benzene at 2soc, with the Rayleigh

ratioS8 assumed to be 46.5 x 1O-5 "*-1 
at 436 nm and

16.1 x 10-5 .rn-l at 546 nm, and the depolarizatj-on

determined by Yurs method.89

2-6-2 Optical Purification

Optical purification included 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 rf,ere directly subjected to centrifugation.
The cells used were about 1.8 cm in dianeter, and the

minimum volume of the filling solution was about

3 "*3.
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 Fm, and

freeze-dried. Its concentrated solution was passed
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● through the same filter into a light scatterj-ng cellt

and centrifuged at about 3000 times the gravity for

15 - 20 min, using Sorvall RC2-B centri-fuge.

2-6-3 Optical Anisotropy

Optical anisotropy vras estimated from the ratio

of tg'r'v to r9'rvrr, where r90rH., i" the scattering

intensity for vertically polarized 1i9ht measured

with an analyzer set in the horizontal direction and

I9'rvrr, that measured with an analyzer set in the

vertical direction.

The optical anisotropy of agueous schizophyllan

increased with increasing concentration, reaching

0.015 at rr = 0.1316. When estimated by the method

applied to dilute solutions, errors in the

determination of RO due to optical anisotropy vrere

less than 4 8. However, the data for RO were not

corrected for this effect.

2-6-4 Concentration Determination

The concentrated solutj-on used for light

scattering measurements was diluted with water and

subjected to a refractive index.increment measurement
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●

at 25oe by using a modified Schulz-Cantow differential .
refractometer. The polymer mass concentration was

determined from the excess refractive indices for

546 and 436 nm using the spec5.fic refractive index

increments: 0.1416 "*3 
g-1 for 546 nm and 0.1446.*3 g-1

for 436 ,r*.84 The polyner weight fraction of the

original solution was calculated from the average of 
o

the determinations at the two wavelengths. o

2-7 Centrifugation

2-7-1 Sedimentation Equilibrium Measurenent on

Isotropic Solutions

Sedimentation equilibrium measurements on

isotropic schizophyllan solutions were made at 25oC,

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 eguilibrium 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 ceII, and

the cell assembly was kept at 3OoC at least for two

days to effect phase separation. The cell assembly

was then loaded onto a J-rotor heated at 30oC and

centrifuged at a rotor speed between 2000 and 5600 rpm.

The phase separation was moni.tored 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 25oC.

Then, the tube was left standing for several days in

the air bath without sti-rring at the same temperature.

Finally, the tube was centrifuged at a rotor speed of

2500 or 3000 rpm at 25oC for 35 - 45 h, with occasional

intermissions, by using a Hitachi 65P-7 automatic

preparative ultracenLrifuge with a RPS 27-2 rotor.
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The volume of each separated phase was determined o

frorn the length of the phase, and then each phase was

diluted with water to determine its w and Mo. The

method described in the previous section was used for
the determination of !il.
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Appendix

Light traveling through a solution is diffracted

when the Bragg condition Eg, (2.2) is satisfied.l3

Since both the incident and diffracted beams are

refracted at interfaces between layers 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 0 from experimentally obtainable data.

Stein and Kean"90 d..r"loped a method for correcting

light scattering from thin films for a similar

refraction effect. Their nethod was applied to our

system by noticing that our system is not a single

layer like a film but consists of three layersl i.e.1
two glass walls and a cholesteric solution.

Correction for Refraction

Consider a cell consisting of two parallel glass

walls, each with a thickness e and a refractive index

nt (Figure 2.41. Let a light beam be incident into

the cell perpendicularly to its walls. The incident

beam is diffracted at poi-nt M in the solution to the

●
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二

Glass Solutlon screen

Figure 2.4 Propagation of light in a solution

sandwiched between glass walls, each having thickness

e and refractive index nr.

direction making an angle 2g with its direction. It

then refracted at the solution-g1ass and glass-air

interfaces and reaches point R on the screenl which

is placed normal to the incidenL beam at point P.

The distance between P and the outer cell wall PO is

denoted by x. Denoting the incidence and refractj-on

angles at the glass-air interface by S and 0r

respectivelyr w€ find
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sin 2e = n-1sin 0 (A.1 )

Substitution of this eguation into Eq. (2.2) gives

Eq. (2.31 .

The angle 0 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 φ = (1/x)(y - 6) (Ae2)

with

6 = dtan 20 + etan 0 (A.3)

a
o- where d is the distance between point M and the inner

cell wall P"* at the exit end. Thus, 0 can be

evaluated if y1 6r 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 = xi and

y = y: (i = 1 r21, tan 0 for either of these cel1' 't-

●
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positions is given by Eq. (A.21, in which x and y are .
replaced by xi and yr, respectively. Eliminating

from the resulting two equations under the assumption

that d is the same for both cell positions (see below

for this assumption), we obtain Eg. (2.5). This

eguation may be preferred to Eq. (A.2), because the

o
distances (yZ - yt ) and (xZ - *t ) may be deteimined

more accurately than the absolute values of y, x, and 
a

6.

Uncertaintv due to the Finite CeI1 Thickness

Since the cell has a finite thicknes" d0, 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

aring, making the estimation of y inaccurate. Let y"r, a

"nd 
yex be the y values for the beams diffracted

from the two extreme positionsl i.e.1 the entrance

P.r, and exit P"* of the cell (Figure 2.41, respectively.

Thenr w€ have

tan 0 = (y.r, - d'tan 20 etan{l/x
= (y.* etan r! )/x (A.4)

●
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t which gives

Y"r, - Ye* = dotan 2e (A。 5)

1f ysn is used instead of the "correct" value Y.* it

the second of Eg. (A.4), an apparent 0 valuer 0t, is

o obtainedr which is related to 0 by

a

tan 0' = t1 + (d'/x)tan 20/tan Oltan 0 (A.6)

The correction term d'tan 2e | (xtan rl ) increases as

either x or 0 or both decrease; note that tan 20/tan 0

increases from zero to 1 /n as 0 decreases from n /2 to

zeto. However, even for a set of parameters such as

a x = 40 mm, 0 tu 0r dO = 2 mmr ;trrd D = 1.4t this
a correction term is only 0.036, and hence tan 0' can

be equated to tan 0 with an error less than 3.7 8.

Oblique Incidence

stein and Kean"90 d"rived an eguation describing

the refraction effect on light scattering from thin

films. It can be shown that their equation is

applicable to our system as weII, although our system

●
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is not a single layer but a solution sandwiched r
between two glass plates. For an oblique incidence

angle o, it can be written in our notation as

sin (O + a) = nsin [20 + sin-1 (n-1sin s)] (A.?)

where 20 and 0 are measured anticlockwise from the
o

direction of the undiffracted beam. This equation .
reduces to Eg. (A.1) for normal incidence, i.e.1

c = 0.

According to Eq. (A.7)r 0 is an increasing

function of o for a given value of 0, indicating that

the apparent S value estimated by using Eq. (A.1 )

should decrease with increasing o. In usual cases

where c is as small as 50, the estimated S is

substantially equal to the correct value. It should 
t

be noted that the finite thickness of the cell walls

has no consequence in any of the final expressions

Eg. (2.31 t (2.51 t and (A.7 ) .

●

36



●

●

●

　

●

Chapter 3

LIQUID CRYSTAL FORMAT■ ON IN AQUEOUS SOLUTION

3-1 Introduction

Schizophyllan in agueous media exj-sts as a

rodlike triple helix.84-86 Therefore, it may be

expected that agueous 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

choles'teric.

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 povrer. (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, concentrated agueous

solutions of schizophyllan were investigated by

microscopy, laser light diffraction, and optical
rotatory dispersion to comfirm whether the above

expectation was true. In this chapter, the results
obtained are described in detail and discussed.

●

　

０3-2

3-2-1

Results

Microscopic Observation

Agueous solutlons 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 ceII was kept at 30oC for several

weeks, alternate bright and dark lines spread over

the entire area of the cell.
Typical photographs of the birefringent solutions

are shown in Figure 3.1. In panel (a) of Figure 3.1,

fine paralle1 lines run along the cell walI in its

neighbor, but in various dj-rections in the central

●
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(a) (b)

(c) (d)

Figure 3.1 Aqueous solutions of schizophyllan viewed

between crossed polars. (a), (c), and (d), sample D40,

w = 0.127i (b), sample D-4, v,r = 0.183.
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area. In some cases, focal conic patterns as shown in a

panel (b) of Figure 3.1 rdere observed. Different

microscopic patterns rilere observed when the microscope

vras focused at different depths of the solution.
These observations are summarized as follows

(1 ) There are wide areas where parallel lines

oare seen.

(2'l $lhen 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 l+ or

),- disclinations frequently observed in cholesterics
(see Appendix for disclination).93-96

o
In a ce1I thinner than 100 1lR, a liquid o

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. In most cases, these

streaks consi.sted of bundles of alternating bright
and dark parallel lines, i.e., fingerprint patterns.

As seen in Fi-gure 3.2, in each streakr the parallel

●
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Figure 3.2 Planar texture in a paraltel quartz cell

viewed between crossed polars. Sample V-1r w = 0.183;

ceIl thickness = 81 um.

lines run in the longitudinal direction. The streaks

parallel to one polar $/ere almost invisible, but

those inclined by 45o from that polar vrere brightest.

Those normal to the brightest were darker than the

background. This dark background resembles the

uniform area, i.e.1 a planar texture, reported for

polypeptide liguid crystals.l3'15 rndeed, this dark

area vras found to have a planar texture, because this

●
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●preparatj-on showed a very large optical rotationr dS

wiIl be mentioned below.

At relatively low concentration, the birefringent
phase first appeared as spherulites. A typlcal
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.

t
I

50um I

Figure 3.3 Large spherulite viewed between crossed

polars; sample D40, w = 0.10'1 .
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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 except for
narrow peripheral ones. The eguilibrium S values for
solutions of sample D40 are summarized in Table 3.1.

when a birefringent sorution of schizophylran was

illuminated by laser 1i9ht without porars, it projected
a diffraction ring (sometimes two rings) on the
screeni 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 gi-ven w from polarizing
microscopy and diffraction were in close agreement,

●
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Table 3.1

Spacing S for Birefri.ngent Solutions of
a Schizophyllan Sanple D40 at 30 oC

s / 1o-4 crn

●

m■croscope diffraction

0。 139

0。 152

0。 165

0。 181

0.215

0.274

0.302

0.388

5.26

4.28

3。 74

2.91

2,25

1.34

5.16

4。 31

3.64

2.86

2。 21

1.41

1・ 17

0.79
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Figure 3.4 Diffraction pattern obtained for an

agueous solution of D40 with w = 0.183. S = 3.7 Uttl.

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

!rr. Fj.gure 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

aI.14 Ho*".r.r, polypeptide-solvent systems exhibiting

●
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a different concentration dependence have also been I
?1 -?9reported.u''u'

3-2-3 Optical Rotatory Dispersion

Optical rotatory dispersion (ORD) measurement was

made on the birefringent solution used for the
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Figure 3.5 Concentration dependence of S for

birefringent solutions of D40 at 30oc. The straight

Iine, drawn to have a slope of -1.g.
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' microscopic observation; the ceII thickness was 81 1rttr.

When the solution was illuminated by light normal to

the ceII waII, it showed. a very large optical rotation.

Figure 3.6 compares the ORD data for this solution
(unfilled circles) with those for an isotropic solutj-on

(filled circles). It can be seen that the two curves

o are distinctly different. The specific rotation for
o 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 l"lesophase

That an aqueous solution of a triple-helical
a
o 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 mj-crons and constant throughout

the solution. The patterns exhibited some disclinations
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Figure 3.6 Comparison of ORD

isotropic solution (sample V-1

birefringent solution (sample

curves at 25° C for

′ w = 0。 0233)and a

V-1′ w=0。 1434).
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resembling closely those characteristic of cholesteric

mesophases.

(21 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 "I.14 for polypeptide liquid
crystals, which are cholesteric.

(3) A birefringenL solutj-on showed a very strong

optical rotatory povrer. The ORD curve of the solution
differed from that of an isotropic solution.

Some cellulose derivatives become cholesteric

either in bulk or in solution.55-66 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 aI.67

found a cholesteric mesophase to be formed in aqueous

solutions of xanthan, another rodlike polysaccharj-de.97

3-3-2 Structure of the Schizophyllan Liguid Crystal

●

●

As shown in Figure 3.2,

crystal solution confined in

schizophyllan liquid

thin cell exhibits a

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 orient,ed

normal to the cell wall. The planar texture appears

as a result of the restraint due to the celI walls

which forces the layers of the cholesteric mesophase

to align parallel to the cell walls. This restraint

explains whyr near the walt of a drum-shaped cell,

lines running parallel to the wall rrere 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)-(d).

A schizophyllan birefringent solution contained

in a thin capillary showed parallel lines running in

the direction of the capillary axis. Microscopic

observation with 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 axisr w@

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 liquid crystals.
We use a similar structure model for the schizophyllan

liguid 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 mj-croscopy 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 (Tab1e 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

fo1lows. Since, in most cholesteric liquid crystals,

●
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cholesteric axis、

1/2 pltch

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. Thereforer w€ 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 axisr ds suggested by

Robinson et al.14 for polypeptide liguid crystals.
On this assumption, p can be related to 0 by the

equation

●

　

●
p  =::l寺

∫[2 = 1・
9 X 10 14/φ (3。 1)

０

・

where No is the Avogadro constant. Since B is equal

to 1800 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 B hrere in the

ranges 4.5 2.6 nm and 0.15 - 0.590, respectively.

These B values indicate that, Iocally, the average

direction of schizophyllan helicesl i.€.; 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 reported for polypeptide

liquid crystals which exhibited even the eighth-order

●
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1?ring.'" Small-angle X-ray scattering measurements on

schizophyllan liquid crystal solutj-ons 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-

dimensional hexagonar array.14'15 The small B values

estimated do not necessarily mean 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
a

defined by An = nt - n1 t wiL}:- n, and n1- being the a

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 guartz wedge inserted along a

streak, the streak exhibited a retardation relatj-ve 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, Fre

estimated the change in retardation AR due to this
displacement.

If the streak represents the cross-sectional
view of a layer structure developing normal to the

cell wal1s all the way from the upper ceII wall to
the bottom, AR may be related to the birefringence
nil' D-L' of the streak and the cell thickness d by

AR = (nllt - n_1r)d (3。 2)

●

・

●

where nrr' and qr are the average refractive indices
parallel and normal to the streak, respectively.
Since the cholesteric layers are aligned parallel to
the streakr rllt can be equated to n1. The refractive
index parallel to the streak j_s expected to vary
periodically between nz and n1 in the direction normal
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to the streak, and hence n7r can be taken as the

arithmetic mean of n, and n1r j-.e., nilt = (ll2llnu + n1).

Therefore, we have

AR = dAn/ Z (3.3)

Relatively thin preparations which might develop o

a layer structure over the entire cell thickness hrere o

examined to find appropriate streaks. A number of

measurements on such streaks at different places and

for different preparations !'rere averaged to give

An = 0.0012 and 0.0018 for vr = 0.1434 and 0.1993,

respectively. The accuracy r^ras only moderate. In the

following chapter, these values of An will be compared

with the values obtained from ORD measurement. 
z
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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. Tvro disclinations

in cholesterics are schematically shown in Figure 3.8,

where dots, dadhes, and naj.ls signify that the director

(b)(a) ．
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Figure 3.8 Schematic representation of typical
disclination lines. (a) line l+. (b) line l-. Dots,

director axis normal to the paper; dashes, axis

parallel to the paper; nails, axis tilted.
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axis is normal, parallelr and tilted to the plane of .
paper, respectively. The disclination lj-nes L

indicated in Figures 3.8 (a) and (b) are referred to

as 
^+ 

and l-, 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.

Actua11y, it can be observed for a thin film of a

cholesteric with a planar texture.

Robinson13t15 first observed a large optical
rotation with polypeptide liquid crystals. He showed

that his ORD data were consistent with the theoretical
prediction of de vries9S for cholesterics, which is

based on a layer model essentially the same as that
shown i-n Figure 3.7. Existing data for polymer liquid

32,57 .64,66,67crystals 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 o

of schizophyllan form a cholesteric mesophase above

a certain critical concentration. Thereforer w€

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 o

crystal film with a planar texture. This was achieved o

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 ) rrras measured for :
Iiquid 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 cj-rcles) and U-1 (filted

circles) are scattered around the solid line indicated.

It should be noted that P varied from 2 to 1 1 um in

●
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Figure 4.1 Plots of

V-l (unfilled circles)

w

S vs. w for agueous solutions

and U-1 (fil1ed circles).
Of

●

・

the w range examined.

analyzing the ORD data

These P values are used for
given below.

●

4-2-2 ORD Measurement

Thin films of liquid crystal solutions vrere

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 Urrlr 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, for thicker films, the change in optical
rotation was irregular and less reproducible.

Figure 4.2 shows the d dependence of specific
rotation tal^ for an 18.03 wtt solution at fixed

wavelengths. Most data were taken more than one month

after the cell filling and thus pertained to the

equilibrium state. ft can be seen that tcl^ stays

almost constant at smaller d. The reproducibility of

data was fairly good in this d range. However, for d

greater than 130 prllr it was very poor; for one thick
film, the sign as well as magnitude of tcJ^ !.rere

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 1 00 Um gave a planar texture similar to

that shown i-n Fi-gure 3.2. On the other hand, for films
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Figure 4。 2   Dependence of optical rotation [α ]λ on

cell thickness d at the indicated wavelenths λ′

w=0。 1803.

thicker than 100 lrrlr 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,

●

Mv=4.0× 103(v_1)
W=0“ 1803
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for either thinner or thicker filmsr may be due partly o

to the experimental difficulty in handling viscous

solutions. In the discussion to foIIow, 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 o

0 is the optical rotation per unit length of the o

solution. Any curve exhibits the feature of

cholesteric mentioned in the previous chapter (see

Figure 3.6). It should be noted that neither O nor

Ia]., varies systematically with polymer concentration.
A

This is in contrast to the behavior of isotropic

solutions, in which [al^ at 580 nm decreases

monotonously from 2.0 d"g .*2g-1 at infinite dilution
a

to 1.3 deg 
"*2g-1at w = 0.10. o

4-3 Discussion

4-3-1 Analysis by the de Vries Theory

According to the theory of de vriesrg8 the

optical rotation for light of wavelength l ( 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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W2

(1)0.1399

(2〕 0.1434
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4\2 (.t x2 / xo2 |

provided that I

cholesteric pitch and n the average refractive index o

O
of the cholesteric, and An the layer birefringence

defined in Chapter 3 3-3. We follow the convention that

0 is positive for right-handed cholesterics. For most

cholesterics, I << tr', and hence Eq. (4.1 ) is simplified
to

n(ln)2p
O = 

- 

14.21
4)\'

fn sum, we may use this equation under the condition

AnP

n(ln)2p
O= (4.1)

(4。 3)

To test the validity of the de Vries theoryr w€

check two points: (1) whether the I dependence of 0

obeys Eq. (4.2) under the condition (4.3), and (21

whether the value of O can be predicted by Eq. (4.21

from experimentally available data. This is actually 
a

●
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what was done by Robinson with his polypeptide liquid

crystals.l3'15
Por the schizophyllan liguid crystals in the

concentration range for ORD measurements, the layer

birefringence An was of the order of 1O-3 (Chapter 3)

and the cholesteric pitch was in the range 2 1 1 um

(see Figure 4.1). Thusl our system meets the

condition (4.3).

Figure 4.4 shows plots of 0 vs. \-2 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. {4.21 . Similar plots $rere obtained with the

data for other preparations. Therefore, An was

estimated by Eq. (4.2) from the slope values of the

straight lines together with the P values presented

above. The results are summarized in Tab1e 4.1 ? An is
positive as shown in Chapter 3.

Figure 4.5 shows a plot of An vs. polymer volume

fraction 0, where half-fi1led circles and unfilled
circles are for U-1 and V-1, respectively; filled
circles represent the data from the retardation

measurement described in ChapLer 3. ft can be seen

●
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Figure 4。 4   Plots of O vse λ
~2 for aqueous solutions

of V… 1 (w = 061399′  0。 1803)and U-1 (w = 0。 2110′ 0.2914).
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Table 4.1

Biref,ringence of the Schizophyllan Llquid Crystal

Deternri.ned fron ORD and Retardation Data

Retaldation

P/vn An x 103 An x 103

●

　

●

0。 1399

0。 1434

0.1500

0.1803

0.1993

0.2110

0.2490

0。2914

11.2 + 0.2

8。 0 + 0.2

3.9

5。 9

4.1+0。 1

3.4 + 0.6

3.03'

2.06

le16 1 0・ °4

1・ 15 1 0° 04

1.22 1 0° 03

1.56 1 °・°3

2.10 1 0・05

1.7● 0。 1

2.19 1 0・05

2_76 1 °・ °3

1.2+ 0.2

1.8+ 0.3

U-1

●

●

* 
Deterroined fron the solid curve indicated in Figrure 4-1.

that the values of An obtained by the two independent

methods are in good agreement. In sumr the validity

of Eq. (4.21 has been confirmed by our data at least

in the specified range of wavelength.

It must be noted that, according to Eg. (4.21 |

the positive optical rotation for .I

●
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the schizophyllan liquid crystal to be right-handed. o

4-3-2 Birefringence of the Cholesteric Layer

Figure 4.5 shows that An increases approximately

Iinearly with 0, yielding an average of 0.014 for
An/O. This an/O value is smaller than 0.029 and

0.024-0.038 for polypeptide liguid crystals reported
lR , oo 

- 
'by Robinson'" and DuPr6 and Linr" respectivelyr drtd o

o:Mv=400000
08   170000

0

0・ l      
φ    9・ 1

Figure 4.5 Dependence of the layer birefrj-ngence An

on polymer volume fraction 0. Unfilled circles, frorn

ORD data for sample V-1; filled circles, from

retardation data for V-1; half-filIed circles, from

ORD data for U-1.
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o 0.04 (0.025 
"*tn-t ) by Maret et a1.67 for xanthan

liquid crystals, deduced from either a similar analysis

or direct measurement; An vras negative for the xanthan

liguid crystal-100 A11 these values are smaller than

0.07 reported for crystalline ce1lrr1o""101 which

consists of 3-1 r4-linked D-glucose residues in an

o almost fully extended conformation.lO2

a The birefrj-ngence 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- - n of the molecule, the number of molecules in0\
unit volume, and the degree of their orientation.

, The last factor may be taken into account by the ordera
o- parameter S defined by

s = (1 /2)<3cos20 1 > (4.3)

where 0 is the angle between the long axis of a

molecule and the director, and (.. D means the average

over all molecules. It follows from the above

assumption that An may be expressed as1 03

●
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An = (na - \)0s (4。 4)

At present, no experimental information on either

Dc - \ or S is available for schizophyllan liquid

crystals. A theoretical consideration on nematic

Iiquid "rystals104 suggested that. S increases from

about 0.5 to unity as 0 tends to unity. Thus, the

value of nc ― nγ
 for the system schizophy■

lan + 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 correctj-on 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 triple helix consisting of

loosely wound B-1 r3-D-glucan chain=r84 while xanthan

consists of B-1 ,4-D-glucan chains as cel-Iulose and

has a more extended helical conformation than the.

schizophyrran helix .97'105t1 06 rn the crystarrine
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state, the virtual bond connectj-ng 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

660, 30.90, and 1g.40, for schizophyllan rl0T xanthanrl0S

and cellulose rl02 respectivelyo

Thus, the main chain glucose residues in

schizophyllan should make a smal1 negative contribution

to no - ny. The side chain glucose residue of this
polymer, about 1 /3 as heavy as the main repeating unit,

cannot make a contribution larger than A.A82/4. The

sum of the two contributions is expected to yield

the small Do n, value observed.

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 maj-n chain contribution, yielding a

negative nu - ny as observed. Thusr w€ see in these

two polysaccharides that the movable pendent groups

play the same important role as the main chain in

determining no - ry.
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4-3-3    0ptica■  Rotatory Dispersion

As remarked in connection with Figure 4.4, Eq.

(4.2) does not hold accurately over an extended range

in wavelength. Indeed, for any case examined, the

plot of O vs. ),-2 was curved upward at shorter

wavelength, as exemplified in Figure 4.4. A similar

deviation from the de Vries equation can be noted in '
porypeptide data ,13'15'32 although the deviation is o

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

,2.4
tctr=*.# (4-o :" l.o lo' ( l' - \o'l"

where a'r b0, and trO are numerical constants. This

equation reduces to a simple Drude equation for bO = 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. (4.41, irrespective of concentration.

●
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● Figure 4.6 shows typical data for an isotropic solution

and a cholesteric film. The former data obey the

Moffitt-Yang eguation, whereas the latter obey the

Drude equation (bO = 0). Patel and oupr634 have

remarked the same kind of difference between isotropic

and cholesteric solutions. Thus, the fact that ORD

curves of liguid crystal solutions are of the type●
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Figure 4.6

solution (w

solution (w

Moffitt―Yang plots for an

= 0.0233′  λ6 = 163 nm)and

= 0。 1434′  λO = 170 nm).

isotropic

a cholesteric
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●
expressed by a simple Drude equation cannot be due to
the chiral nature of individual macromolecules but the

characteristic of liguid crystals. No theoretical

interpretation of this fact has as yet been given.

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

optical rotation remained substantially constant

500mm
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Figure 4.7 Dependence of

indicated wavelengths ),.

T/oC

0 on temperature T at the

SamplerV-1iw=0.1434.
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o between 15 and 35oc, but increased adruptly at about

9oc, as illustrated in Figure 4.7. It was found that

the change in 0 $ras 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.o

a
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chapter 5

THERMODYNAMIC PROPERTIES OF

CONCENTRATED SCHIZOPHYLLAN SOLUT10NS

5-1 Introduction
o

o A solution of a rodlike polymer forms an

anisotropic phase at high concentration, and separates

inLo equilibrium isotropic and anisotropic phases at

a certain intermediate concentration. Such phase

behavj-or as weII as the thermodynamj-c properties of

these phases can in principle be predicted if relevant

expressions are available for the chemj-cal potentials

o of the components involved. The theories so far
o

developed along this line of thought indicated that

an asymmetric shape of the polymer is of primary

importance for the formation of an anisotropi-c
. 72-78 ?Rphase.'- However, it has been predicted'" 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

o
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●we are aware, attempts to approach such knowledge have

been made only by Kubo and ogino126'27 who studied

the system poly (y-benzyl L-glutamate) +

dimethylformamide. They obtained thermodynamic data

that could be compared favorably with the prediction

of Cotter's theory.76 Applicability of this theory

to other systems is yet to be seen.

For the reason given below, agueous schizophyllan,

in which this rodlike polysacc.rideS4'85 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 aqueous schizophyllan

at 25oc is 1.25 x 1o-4 mol .*3 9-2.84'85 Anarysis of

this value by Zimm's theory of rodlike polym"t"109

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

in water at infinite dilution (0.619 .*3 g-1) and

the molecular weight per unit length 1,1" of 2140 Drn-1 ,

and also smaller than the hydrodynamic diameter 2.2 -
2.6 nm reported by Norisuye and coworkers.E4'85

These disparities suggest that concentrated
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o agueous 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 scatterj-ng and sedimentation eguilibrium

measurements were made on isotropic solutions and
o

o sedimentation measurement was made on biphasi-c

mixtures, and the data were analyzed by the methods of

scholte.110t111 This chapter describes the experimental

results and their comparison with theoretical
predictions.

5-2 Treatment of Light Scattering and Sedimentation

Eguilibrium Data

a
a Consider a solution consisti-ng of a polymer and

a single solvent; the polymer may or may not be

monodisperse in molecular weight. In a tight scattering

measurement, vertically polarj-zed light is incident on

the solution, and the intensity of scattered light is
measured as a function of the scattering angle 0 to
obtain the reduced excess scattering intensity RO.

The quantity 2", defined by

o
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ZLS
●RTKMOwv

了
~ RO    (5J)

can be related to the thermodynamic properties of the

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

the zero scattering angle, MO the molecular weight of

the solvent:12 v the specific volume of the solution, a

and K the optical constant defined by a

't )-)
K _ 4n'(D n/a y-l'n' (5.21

*o tron

with No the Avogadro constant, 0n/aw the specific

refractive index increment on the weight fraction

basis, and trO the wavelength of incident light in vacuo.

For a monodisperse solute , ZLS is equal to the partial :
derivative t0ApO/Ewl of the solvent chemical potential

AUo with respect to w at fixed temperature and

pressure.llo'111

For agueous schizophyllan, the values of 0n/3w and

v as functj-ons of w can be obtained using the

established relations (Eq. (2.61 - (2.8)). Thus,

with the known values of NO and tr., Iight scattering

●
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●
measurement allows 2", to be evaluated for isotropic

solutions of schizophyllan. In so doing, MO was taken

to be 2210 for the reason given i-n the following
section.

Next, consider the same polymer solution at
sedimentation equilibrium in an ultracentrifuge cell.
A sedimentation eguilibrium measurement gives the

refractive index gradient dn/dr in the solution as a

function of the distance r from the center of rotation.
A quantity ,SeO (essentlally the same as Zf,S) is

obtained from dn/dr by

zsED =

)
Mor( r) rur- ( Av / Aw) ( an/aw)

"(on/qry
(5.3)

where o is the angular velocityr w(r) the polymer

weight fraction at r, and Ov/aw the partial derivative
of v with respect to w. When the rotor speed is low

and the solutj-on column is short, the concentration

gradient developed in the cel1 is almost constant

throughout the entire solution, and w(r) at the

midpoint of the solutj-on is very close to the weight

fraction in the original solution, whj-ch is hereafter

denoted by w. Thus, the sedimentation equilibrium

●
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method allows ZS'O to be determined for a known w. a

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 condj"tions specifj-ed above, and the o
data srere analyzed by Eq. (5.3) along with the data for o

3n/0wr v, and 0v/Ew presented in Chapter 2. Similar

measurements vrere also made on biphasic mixtures,

using solution columns somewhat longer than those for
the isotropic solutions.

In what followsr w€ express Z* (x = LS1 SED) in
terms of the polymer volume fraction g defined by

O = wvn/lwvn + (t - r)rO] (5.4) :

where vn is the partial specifi-c volume of the polymer

at infinite dilution and vO the specific volume of

the pure solventi tp = 0.619 "*3 g'1 ,84 and vO = 1.OO2g

.*3 g-1. Thus, we use t0Apo/301* defined by

[3AuO7a0lx = z*(0w/00) (x = LS, SED) (5.5)

●
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5-3

5-3-1

<s2 >app

the mass

Results

Light Scattering Data

●

　

●

Figure 5.1 shows the scattering angle 0 dependence
)of n',/RU 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 n'/R' to be made. The resulting values of

RO were used to calculate tEAuO/aOlLS by the procedure

described in the previous section. The data at 436 nm

showed substantially the same trend as those at 546 nm

and analyzed in the same way. The numerical data of

10AUO/aOlLS for sample R23 are summarized in Table 5.1.

The values of t0Au'/a0lts at 545 and 435 nm agree with

each other, except for w = 0.1281.

From the slope SO of the straight line in Figure

5.1 we calculated the guantity <S2>^*- clefined by- app

= 3cl,ozu"r.so/ ('t 6r2n2 |

●

●

●

(5.6)

concentration of the polymer and\^rnefe C 1S
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Figure 5.1 Plots of ,r2/Ro for light of wavelength

546 nm vs. sir,2 (g/21 for ilotropic solutions of

sample R23 at 25oc.

sin2(o/2)
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Table 5.1

Llght Scatterlng Data for Agueous Solutlons of sarnple R23 at 25 oc

546 nm 436 ●m

n2/R。 くS21“ .0如。/8013■ 3Δ●
0′
00L n2/ROぐ21“

.8△,。ノ3111s■ 0“
0ノ
001h

J mol~l   j mi~1 nn   J nd‐ 1   'md~1

●

　

●

0.0590  0.0373

0.0868  0。 0554

0。 1269  0.o823

0。 1201  0.0831

0。 1316  0.0855

2190

2670

2510

2800

204o

34

25

34

29

33

193

362

531

597

627

207

370

539

605

635

200

365

532

575

616

209

373

540

583

624

900     36

1075     26

1010     38

1080     32

1120     26

●

●

Kc is equa■ to K with an/Э w replaced by an/Э c。  くS2>app

reduces to the mean―square radius of gyrattton of the

polymer′  くS:>z  t infin.te di■utione  lt can be seen

in Table 5.l that the values of くS2>ょ

`: are close to

33 nm′  whttci is the くS2>1/2 value ■nterp。 laled at the

sample's Mw  rom the <S2>1/2 _ itt relatiOnship of

Kashiwagi et al. 6  This agreement guarantees the

accuracy of measured RO.  Indeed′  our exper■ ence showed

that larger くS7>app Wele obtained for ■arger RO′

suggesting that Optical pur■ fication was ■ncomp■ete

■n such cases.

●
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5-3-2 Sedimentation Equilibrium Data for Isotropic .
Solutions

Sedimentation equilibrium measurements on

isotropic solutions of sample R23, D40, and SPG-31

were performed using relatively short solution columns

and low rotor speedsr so that centrifugal fractionation
might be minimized. The results obtained at different o

rotor speeds agreed with each other within experimental '
error. The results are given in Table 5.2 through 5.4.

Eable 5.2

Sedimentation Eguilibriurn Data for
Concentrated Isotropi.c Solutions of Sample R23 at 25 oC

●

●

W    φ

0。 0590  0。 0373       4400         8.69        210             219

Rotor申  ぬ/dr .Э△口
0/Э

φ]詢 {a“ 0/Э
φlm

`F=:     10~3 an「
1    

」II江
~l       J nD■ ~1

0.0868  0。 0554

0。 1281  0。 0831

8.44        331             339

8.09        527             535

●
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Table 5.3

Sedim€ntatlon Egulltbrlun Data for
Concentrated Isotroplc Sotutlons of Sanple D{O at 25 oC

…
Sped

洋 陽 輌刹

●
　
　
●

0.0196  0.0122

0.0321  0.0200

0.0494  0.0311

0.0618  0.0391

0.0712  0.0452

0.0794  0.0505

0.0905  0.0579

2980

2980

3370

2980

3.88

4.13

4.28

5.42

4.11

4.14

4.07

4.10

69.8

108

165

163

216

251

286

327

74.4

113

169

167

220

255

290

331

●

●

Tab■e s.4

Sedinentation Equlllbrinln Data for

Concentrated ェ30trOpic so■ utiOns of samp■ e SPC-3' at 25° c

…
ロ ―[Э

“
。/3olふ

」 暉■
~1滞 鍮

0.0246  0.0153

0.0249  o.o155

0.0503  0.0316

0.0700  o.o444

0.0745  0.0473

0.0981  o.o629

0.1082  0.0697

0.1285  0.0834

0.01539 o.lo09

3370 3.43

3.65

4.21

4.29

4.36

4。 19

4.07

3.82

3.80

129

122

218

303

318

445

509

654

801

143

136

231

316

331

458

522

667

813

●
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●5-3-3 Chemical Potential of the Solヤ ent

According to Flory and Aber80 the chemical

potential of the solvent in an isotropic solution of

polydisperse rods is expressed as

6u0 = RTIln (t O) + (t - 1/xrr)O+ xOz] (5.7)

where *r, is the number-average axial ratio and 1 is the

interaction parameter which may depend on 0i 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,

we use scholters method"l10t111 for flexible polymers

to obtain the solvent chemical potential from light

scatterj-ng and sedimentation equilibrium data.

His method utilizes the relation:

taAuo/aolMn = [EAuO/a0]x - RTMO(1/ttr, 1/Msr)(do/dw)

(x = LS, SED)

●

　

●

●

●

(5。 8)

where the subscript Mn indicates differentiation to be

- 89 -
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performed at fixed Mn. This relation shows that both
O

light scattering and sedj-mentation equilibrium

measurements should give the same information, i.e. r

Zr,s = Zseo'

●

　

●

In our analysis,

alr the samples. l 1 3

r^ras approximated by a

and the axial ratio x

(5.9)

●

●

●

Mw/Mn \das assumed to be 1 .25 for
The schizophyllan triple helix
uniform cylinder of diameter d,

n rr/as calculated from Mn by

Xn = Mnu'./ (NAnd3/4 )

Herer ds mentioned in the fntroduction, d was taken to
be 1.57 nm to be consistent with the helix geometry.S4'85

The molecular weight MO of the solvent was calcuLated
?from the relation MO=(NAfid"ldl/vO to be 2210. The

values obtained for IALUO/E0]Un are summarized in
Tab1e 5.2 through 5.4. As seen in these tables, the

polydispersity correction expressed by the second term

on the right-hand side of Eq. (5.8) is not very

appreciable even at small 0 and becomes rapidly
negligible with increasi-ng 0.

Figure 5.2 shows the values of 1OAuO/EOlr. for
sample R23 as a function of 0. The light scattering

90
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Figure 5。 2   P■ 6t of ―[Э △口
0/Э

φ]Mn vso φ for isotropic

solutions of samp■e R23 at 25°Co  Unfilled c■ rcles,

sedimentation equilibrium dataF filled circles′  lttght

scatter■ ng datao  So■ id curve B′  calculated from the

Flory― Abe theory (Eq. (5。 7))wilh Eq. (5。 15)and xn =

54.7, solid curve A′  with Eq。  (5.14)and xn = 54。 7。

Dot―dash curves l and 2′ calculated for x = 54。 7 from

the Onsager and Cotter theor■ es′ respectively, dashed

curves 3 and 4′  for x = 29。 3 (see the text)
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o (filIed circles) and sedimentation equilibriurn

(unfilled circles) data are consistent with each other

though not exactly. The discrepancy is somewhat more

conspicuous at higher concentrations, but the reason

is not clear. Figure 5.3 and 5.4 show plots of

TEAUO/OO1r' vs. 0 for samples D40 and SPG-3'.

5-4 Discussion

5-4-1 Interaction Parameter

As mentioned in the Introduction, agueous

schizophyllan may be characterized by a non-vanishing

interaction parameter X(0) in.the framework of the

Flory theory. For simplicity, $re assume that X(0) is

expressed by a polynomial in 0 as

X(O) = Xo + XrO * XzS2 + *rOt (5.10)

where the Xi (i = 0-3) depend on temperature. As is

well known, X0 is related to the sedimentation second

virial coefficient A, of the solution by

A2 = (rn /*OroI11 /2 Xo)

●

●

●
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Figure 5.3 Dependence of -tAAU'/E0l*r. on 0 for sample

D4O at 25oC. Solid curve A, calculated by Eq. (5.7)

with Eg. (5.12) and xr, = 107i dot-dash curves 1 and 2l

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 -tEAuO/a0lMn on O for sample

SPG-3| at 25oC. Solid curve A, calculated by Eq. (5.7)

with Eq. ( 5.1 3 ) and xr, = 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 ) .
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Substitution of Eg. (5.10) into Eg. (5.7) followed
by differentiation with respect to 0 gives an expricit
expression in 0 for taAu 0/ 00lun. Fitting experimental

data for 1 OAUO/E$ltt. to this expression allows the X,
coefficients to be evaluated. This was done for three
sets of sedimentation equilibrium data, and the

following results were obtained:

X(O) = -0.101 - 9.450 + 73.4A2 37403 (D4o) ( s.121

x(o) = -0.055 11.410 + 66.962 22803 (spc-3')(5.13)

X(O) = -0.021 - 9.030 + 42.702 - 5503 (R23) (5.14)

where XO in each equation has been determined from

available experimental data for A, by Eq. (5.11 ).
A similar analysis was performed on the light scattering
data for R23, yielding

x(o) = -0.021 - 9.160 + 3so2 75.903 (R23)  (5。 15)

Figure 5.5 shows X(0) plotted against g. For

any sample, X (0 ) is negati-ve and decreases monotonously

●
　
　
●

●

●
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erith increasing 0 . For sample R23, the values of X (0 )

obtained from the two different methods are in good

agreement. Differences in X(0) among the three

samples are not appreciable, wherever comparison can

be made. The thick curves A in Figure 5.2 through

5.4 represent tOAUO/E$J"r, calculated with the X(0)

●

　

●

0

D40 R23

i[D

SPG-3'

〆

-0.5

●

●

-1.0
0      0.02     o.o4     0.06     0.08     0.10

Φ

Figure 5.5 Plots of X vs. 0 for aqueous schizophyllan

at 25oC. Solid curves, determined from sedimentation

equilibrium data; dot-dash curve, from light scattering
data.
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0
gi-ven by Eg. (5.121 - ( 5.1 4 ) . They f it 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 onsag"t7z is concerned with an

imperfect gas of cylindrical particles, and should

be valid for long cylinders in dilute solution. Its

validity at higher concentrati.on is skeptical, because

of the use of a free energy expression linear in 0.

Note that no such limitation exists in the Flory

theory.78'80 Various attempts have been made to extend

the onsager theory to higher concentration.T4'77 '114

Recently, CotterTT has modified the onsager theory

usi-ng the scaled particle theoryl15 and Lasher's

calculation for the phase boundary concentration=.75

We here confine ourselves to the Onsager theory

with no intermolecular interaction and the Cotter

theoryTT in analyzing experimental data.

According to these theories, the excess chemical

potentiat nUO of the solvent is expressed in terms of

the axial ratio x, the volume fraction 6, and the

●
　
　
●

●

●
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a molar volume Vn of the polymer as follows:

“
0〒

―
り 1(為

"  
ぃ Jω

p

Different f(x, 0) are used by different authors. The

a theories of Onsager and Cotter give the same expression

o for the second virial coefficient:

け (  HЪ 2″p' 田 η

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

a are related to Mr, whereas the osmotic one to M
O 

"Wt -- -n'

However, there is no significant polydispersity ef.fect

on A, for moderately narrow distribution samples of high

molecular weight, becaus" 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 the same type of average for Vn and x in
Eq. (5.16) to compute theoretical values of AUO.

o
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Firstr w€ used 
"rrp 

for Vn and xrr 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 curves indicated by

the det-dash lines (curves I 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 progressively upward from the data

as the molecular weight is increased.

Secondlyr w€ used t rp for Vn and x, calculated by

Eq. (5.9) with It{* instead of M' for x. We found deviations

of the theoretical values from the( experimental data for

laAUOTa$lx (x = 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 A, by Eq. (5.17)

with V- = M_v^. The dashed curves (3 and 4) in Figurep nP
5.2 - 5.4 represent the theoretical values calculated

with x obtained in the same way. In contrast with the

Kubo and Ogino casei rlo satisfactory agreement between

theory and experirnent is seen.

●
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. We compared [alp.7a$]x (x = LS, SED) data with

the theoretical values calculated with x obtained, from

A, by Eq- (5-r7) with up = *rtp to find no satisfactory

agfreement between theory and experiment.

Finallyr w€ used trrp for Vn and x, for x in
f(X′ φ)′ which was calculated by xw=M/(MLd)With

d = 2.6 nfr, hydrodynamic diameter of the schizophyllan

triple helix.84'85 The values of taAp./a0l* computed

by the Cotter theoryT7 with x thus obtained are shown in

Figure 5.6. The agreement between theory and experiment

is excellent. However, it must be noted that the

experimental 0o for D40 is 1.7 times as large as the

theoretical 0A. This discrepancy cannot be attributed
to chain flexibility, against the argument of Kubo and

26,27Ogino,-"'-' since the triple helix in this range of

molecular wei-ght is completely rigid.84'85 Thus, the

above agreement between calculated and experimental

values of 1OAuO/a0lMn does not necessarily support

the validity of the Cotter theory. A similar

●

●

●
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discrepancy in the phase boundary concentration is o

also seen in the analysis of Kubo and Ogino. In

conclusion, neither Onsager theory nor Cotter theory

can explain our data quantitatively.

1000

SPC-3'

o

o
o

O  D40

200

o o.o5 0.10
o

Figure 5.6 Dependence of -[EAUOIE0]Mn on 0 for

isotropic solutions of samples D40 and SPG-3' at 25oC.

Solid curves, calculated 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 centrj-fuged at a rotor speed above 2000 rpflr

an agueous soluti-on 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 qulte long to attain the true

equilibrium state. It was always possible to observe

a schlieren pattern in the isotropic phase, and dn/dr

sras extrapolated to the meniscus between the two phases,

fm'

Pigure 5.7 shows r$2/(dn/dr) at r* plotted
.)

against ,rl't at different overall concentrations 0o,

where t is the time from the start of a centrifugation.
It can be seen that within a relatj-vely short period

,of time r,$'/ (dn/dr) reaches an eguilibrium value

which does not depend appreciably on Oo. From these

equi librium vat-ues of ru2 1 (dn/ dr) , I DA vO/ E0 ] seo at r*
were calculated on the assumption that w(r*) equals

the A-point concentration at 30oC, i.e., w(rm) = 0.097.

The numerical results obtained are summarized in

●

●

●
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ur2t / lo01ad28-t

Figure 5.7 Plots of r.izl (dn/dr) vs. ,2t for the

isotropic phase in biphasic mixture with different

overall concentration 0o. unfilled circles, 0o =

0.0678, the rotor speed = 2980 rpm; filled circles,

0o = o.o71g, 1980 rpm; half-filled circles, Oo : o.o8o5,

2200rpm.

Table 5.5. Note that they satisfy the reguirement

that IEAuO/E0lr"O 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 10AuO/a0lSuo at the meniscus

●
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● table 5.5

Sedlmentatlon Equlllbrlun Data for

Blphaelc Solutlong of Srlnple DlO at 30 Oc

Isotrcolc dtase Cholesterlc otsge

興̈一卿
´Ｗ

,\fra"la.l -laauo/aotr- ro2r./(&r/drl -10Δ ll。 ′001sED

1。
8 rad2 al12 sec~2 j nd-1 'lo8 rad2 tro2 ".o-2 o rml-i

●
　
　
●

0。 1001   0.0644

0.1055   0.0670

0。 1115  0.0719

0。 1192   0.0771

0。 1242   0.0805

2200

2980

5560

1980

2980

5560

2200

2200

1.791

1.789

1.812

1.81。

1,843

1.79。

1.680

372

371

376

376

382

371

0。 92。

0。 860

０
●

●

in the cholesteric phase were determined by assuming

that w(rm) in the cholesteric phase $ras equal to the

B-point concentration, 0.129 (Chapter 6). The

numerical results are also given in Tab1e 5.5.

Figure 5.8 shows t0AuO700lr"o at the meniscus

plotted against 0o, $rhere the arrows A and B indicate

the A- and B-points, respectively. ft can be seen

that, in either phase, [3AU0/a0]SED is almost constanti

- 104 -



t EAuo/aOlsED = -375 J mor-1 in the isotropic phase o

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

25oC. Figure 5.3 shows that the latter can be smoothly

extrapolated to the meniscus value (vertical segment). a

A
o 

'a B

0.00 o。07       0。08

qo

Figure 5.8 Plots of -tOAuO /AAISED vs. Oo for biphasic

mixtures at 3Ooc. Unfilled circles, i-sotropic phase;

filled circles, cholesteric phase.

●

●

０

０

０

０

０

０

０

０

５

４

３

２

７
Ｏ̈
Ｅ
「
＼
ｎ
昴
目０
０
＼
。ュ
０
日
…

- 105

●



●
Integrationof IOAUO/001r' by 0 along with the

rneniscus value and Eg. (5.121 provides AU' ." "
function of 0; the result is shown in Figure 5.9. The

thin curve represents the Flory theory with the non-

vanishing N given by Eq. (S.121. The agreement between

theory and experiment is only qualitative for both AUO

and the phase boundary concentrations.
●
　
　
●

0.015

D40

Flory

0.010

0.005

o o.o5 0.10
o

Figure 5.9 Excess chemical potential Au' of the

solvent as a function of O for sample D4O. Thick solid

curve, experi-ment; thin curve, the Flory theory.78

卜
Ｅ
＼
。
ュ
●
‥

●

●

●

105



●

●

6-1

Chapter 6

ISOTROPIC― LIQUID CRYSTAL PHASE EQUttLIBRIUM

Introduction

As described in Chapter 3r ED agueous 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 eguilibrium. In this chapterr w€

take up this phase eguilibrium in detail. In order to

obtain the temperature-concentration phase diagram,

two new methods vrere applied to the present system:

one using the concentration dependence of the

cholesteric pitch as a function of temperature and

polymer concentrationr and the otherr.? 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.l4'21

Recently, rtouli6 obtained similar phase

●

　

●

●

●

●
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●
equilibrium data for samples with different molecular

weights by using these same methods. AIl the results,

combined with the thermodynamic data descrj-bed in

chapter 5, are used to test theoretical predictions for

rodlike polymers.

6-2

6・ 2-1

Results

Cholesteric Pitch
●

　

●

Agueous solutions of schizophyllan sample D40

filled in drum-shaped cells were kept at 30oC for

several weeks and examined by polarizing microscopy

and laser light diffraction, first at 3OoC. Rough

estimate on the basis of mj-croscopic observation showed

that the solutions \dere 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.g., 3OoC, 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 fiIled with fingerprint

●

●
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●

●

H
100 um

Figure 6.1 Photomicrograph of a two-phase solution

of sample D40 with w = 0.101 at 3ooc. 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,o

- 109 -



the lower layer showed a diffracti.on 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 biphasj.c solutions, S was

determined mainly from the photographs. For liguid

crystal solutions, both the microscopic and diffraction

measurements rilere made to determine S.

Figure 6.2 shows a plot of S vs. w for D40 at

3ooc, 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

Iine 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

vi.scosities higher than 5 kg t-1 
"-1 

at 30oc. Thus it

seemed that, when the temperature was changed suddenly'

it would take some time before the liquid crystal

phase adjusted itself to a new equi-librium state'

●
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0.1 0。2    Q3 0.4

Figure 6.2 Plot of S vs. w for sample D40 in water

at 30oC. 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, srhere the arrows indicate the changes in

temperature. From these and similar results at other

concentrationsr w€ conclude that the values of S after

three days may be regarded as the equilibrium values.

Similar measurement of S was made at different

″ =0.165

40-60° C

-40° C

30-20° C

10

rime/d

●

　

●

Ｅ
ｏ
Ｖ
９
ヽ
り

●

●

Figure 6.3 Variation in S

after the temperature jump

with the time

for sample D40,

elapsed

w=0。 165.

3

4

3
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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

Iines are for cholesteric solutions.

In some cases at higher temperature, S appeared

to be too sma1l 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 containj-ng such a solution
vras sealed off again and S was redetermined at 30oC.

The S values thus redetermined are given in parentheses

in Table 6.1. The concentrations of the solutions

lvere recalculated from these S values by using the S

vs. w relationship established with other data at
30oC and the solutions erere subjected to further
measurement.

After being examined at a series of different
temperatures, each solution was examined again at

30oC, and it was found that S was the same within +3 t
before and after the heating cycIe. Thusr w€ 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 60oC. It can be

●
　
　
●

●

●

●
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Table 6.1

Spacing s as a Function of

Polymer We19ht Fraction w and Temperature T

●

80

T/°C

30

0。 098

0.100

0.101

0。 106

0.112

0。 120

7.7510・ 2

7.8219・ 2

7.24」°2

6.80

6.0910・ 4

6.44

7.1110・ 7

7.44

6.941°・ 3

6.941°・ 3

6.751°・ 1

7.24

7.04

6.91

6.80

7.16

6.58

6.40

6.22

5.72

o.127    4.8。 10.2

0.134    4.6110.2
,

0。 137        -

0.139        -

0.140        -

0.152       -

0.165       2.82

0.181  2.52p.1

0.182       -

0.215      1.80

0。 224        -
★

0.243      -

0.251        -

★
0.274       1,22

0.302         -

0.388         -

●
　
　
●

6.38p.3    -

6.941°・ 3     6.731°・ 3

5。 25

3.62

2.881°・ 1

2.1710° 1

1.50

0.79

(5.831° °1)

(5.42)

5.21

(5。 23)

4.30

3.69

2.89

(2.99)

2.23

(2.0。 )

(1.71)

(1.63)

(1.36)

1・ 17

0。 79

6.051°・ 1

3.99p.1

3.10

2.3410・ 1

1.71

0.91

6.6210・ 2

6.5910.1 6,43

6.01

6.4310・ 6

5。 7010.1

4.041°・ 2

2.64

2.33

,1:54

1.09

1・
92

4.24

2.57

2.01

1.33

0。 99

●

●

*
Concentrations determined from the S

in the text.
values at 30 oC as described
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Figure 6.4 Plots of S vs. w for sample D40 at 5 and

i 6ooc.

shown that the data at other temperatures as well as

at these temperatures have essentially the same

feature as that at 30oc 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 5oC for the biphasic

●
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●

solutions, but, for the liquid crystal solutions, it I
increases almost linearly with raising temperature.

Thus, irrespective of concentration, the schizophyllan

liquid crystal has a positi-ve temperature coefficient,
i.e., ds/dT > 0.

w=0。112

020t06080
T/"C

Pigure 6.5 Temperature dependence of S for aqueous

solutions of sample D40 with indicated concentrations.

Unfilled circles, the cholesteric region; half-fitled
circles, the biphasic region.
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Effects of temperature on cholesteric pitch have

been studied extensively for polypeptide liguid
28'31-33 The resurts from such studies showcryscaas. 'r'ne resulEs rrom sucn

that the sign of dS/dT 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 4t 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 Di-agram

The data for the concentration dependence of S

presented above show the following features.

( 1 ) S is substantially constant in the biphasic
a
o regrj-on.

(2't 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 (21 results frorn the

fact that S is essentially determj-ned by the

concentration in the cholesteric phase. Thus, the

feature (3) naturally follows from the features (1) and

(21, and hence the break point of the S vs. !v curve

can be identified as the boundary between the biphasic

and cholesteric regi.ons, i.e.; the B-point, rB.

Table 6.2

B-point Concentrations w" Determined from

the S-w Relatlonship at Various Temperatures

0.123 + 0。 001

0.127 + 0。 001

0.129 + 0,001

0。 132 + 0.001

0.141 + 0。 001

0`150 + 0。 001

●
　
　
●
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Oc

●

●

20
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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 w" determined in this way at

different temperatures are summarized in Table 6.2.

The phase boundary curve extending from 5 and 80oc

obtained from these results is shown in Figure 6.6,

where horizontal segments indicate the uncertainty

assocj-ated with the graphical determination. It was

l,tr=4.78rO5

●
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found that the cholesteric liquid crystal region

extends at least up to 38.8 wtt.

The boundary between the isotropic and biphasic

regions, i.e.1 the A-point, was determined as follows.

First, a solution with an overall concentratj.on w as

prepared or stored for a long time period at a

specified temperature T rdas examined by a polarizing

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 in Figure

6.6. Next, a slightly more concentrated solution was

examined at the same temperature to prove it to be

birefrj-ngent. 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 5.3.

The existence of a temperature-induced isotropic-
cholesteric phase transj.tj-on was found as follows.
The solution with w = 0.0975 was biphasic at 30oC.

When the temperature was raised, it became progressively

isotropic. It was observed that some regJ-ons of the

●

●

　

●

●

●
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● Table 6.3

A-point Concentrations wA and Temperatures To

Deternined from Microscopic Observations

TA

Oc

30 - 55

50 - 55

71 - 75

78 - 80

5

20

30

60

0。 0950

0.095。

0.0950

0.100

Ｔ

一
。

Ｃ

●
　
　
●

0.0975

0.100

0。 106

0.114

0.0975

o.0975

0.0975

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 55oC.

When cooled, the solution sti1I remained isotropic
at 40oC but was found distinctly biphasic again at

30oC. Thus the phase boundary temperature should be

around 40oc but no precise determination could be made.

Similar experiments were conducted with other

soluti-ons. These results are also summarized in Table

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

●
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●
the higher the overall concentration, the smaller the

gap between the unfilled and filled circles for the

same vt. In spite of the large temperature gaps at the

lower concentrations, the A-point curve can be

determined with reasonable accurdcyr since it is

aLnost vertical.

6-2-3 Centrifugal Analysis of Phase Separation

As remarked in the subsection 6-2-1 r ro biphasic

mixture separated conpletely 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 0

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 0 vs . ,2t for four solutions,

where o is the angular velocity. It can be seen that

●

　

●

●

●

- 122

●



●

●

Φ ll o 0.1115 
o

0。 1242

b-n 50

,2t / 109 rad2s-1

Figure 6.7 Dependence of the volume 0 of the

isotropic phase relative to the total solution volume
)

on t!'t for biphasic solutj.ons with indicated

concentrations at 30oc. Sample, D4O.

O stays almost constant for o2t lower than 9 x 1 09 r.d2"-1
changes gradually above that, and finally approaches

another constant value.

This change in Q may be explained as follows.

Before the centrifugation, the mixture lras kept at
30oC to attain a microscopic phase separation.

Therefore, the system separated into the respective

●
　
　
●

●

●
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phases at the initial stage of centrifugation. (t

llowever, 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

the Q values at ul2t smaller than 9 x 109 rud2=-I as not a

being disturbed by the centrifugal field. At this low .
centrifugal fie1d, the redistribution of the polymer

species in either phase was negligible. The undisturbed

0 values thus obtained are griven in Table 6.4.

If it is assumed that the phase separation takes

place according to the lever rule as in a binar:y

solution, 0 should be linearly related to the overall
concentration c of the polymer by 

:

0=(cs-c)/(c"-.a) (6.1)

where cO and c" stand for the mass concentrations

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

Recently, Flory and FrostSl '82 investi-gated

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 oc

-3!t cm

CA & CBb

g cm 3

a
C

●
　
　
●

●

●

0.1001

0.1055

0.1115

0。 1167

0.1192

0.1242

0。 1037

0・ 1° 96

0.1161

0.1217

0.1245

0.1299

1

0.937 1 0.037

0。 755

0.500

0・ ,00

0,200

0.085

0

°・ 1° 12 = °・ 0° 1

0.1305 1 0・ 0° 1

a Concentrations calculated fron rr by the equation

c = wlvi v = 1.003 - 0.384w + 0.03w2

b-- cA and cB were obtained by extrapolating the line
in Fj.gure 5.8 to A = 0 and 1, respectively.

●
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that their numerical results, when recast in the form

of Eg. (6.1), predict 0 decreasing approximately

linearly with c for a polymer solute with the Poisson

distribution in size. Polymers having the most

probable distribution do not obey Eq. (6.1 ). In the

case of the Gaussian distribution, Eg. (6.1 ) holds

provided that the breadth of the distribution is not

1arge.83 ' 
1 18 Thus r vr€ 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 .11 9

Figure 6.8 shows the above 0 data for D40 at 3OoC.

plotted agai-nst c, according to Eq. (6.1). The data

points indicated by unfilled circles are scattered

around the solid line, which may be extrapolated to

O = 0 and 1 to give c" = 0.131 g cm-3 and co = 0.101

-?g cm ", respectively. fhese values are compared

favorably with the phase boundary concentrations found

on the phase diagram in Figure 6.6 (indicated by arows

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

approximately for the schizophyllan - water system,

●

●
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●

●

C/9cm-s

Figure 5.8 0 plotted against the overall mass

concentration c for sample D40. Unfilled circles, data

at 30oc; filled circles, at 25oc.

although the sample is not monodisperse.

According to the procedure described in Chapter 2,

phase separation vras studied alternatively by

centrifuging a biphasic mixture in a calibrated tube

at 25oC 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 guantities with a prime and o

a double pri-me refer to the isotropic and cholesteric
phases, respectively, and those without prime to the

original mixture.

F'igure 6.g illustrates how the quantities examined

vary with 0. For either phase, the viscosity-average

molecular weight differs from that of the original o

sample, increasing almost linearly with 0. This o

Table 6.5

Data of Phase separatl.on tleasurementE for Blphaslc solutlons of D40 at 25 oc

I6otropic phaae Cholesterlc phase

r o @Urrs/u,
102 m3 g-1 104 g not-l to4 *3 ;1 to{ 9 ,rol-t "v "'v

●

●o.o9?* l.Go * o.o4* ,l.tn + o.o{*

0.098? 0.0960 + 0.03 0.097J 1.sA {.13

0.1084 0.621 0.0994 4.23 3.92 0.121 5.22 t.Sz l.ls

0.1163 0.300 0.102 3.83 3.?o 0.121 {.Sl 1.2g l.re

.0.128s 0.030 _ 0.1285 1.67 1.1t

_ o _ o.r2l* 4.68* r.rr*

Values extrapolated to 0 = 0 or 0 = l
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a indicates that molecular weight fractionatj-on takes

place on the phase separation. A11 these findings

Mv"'/Mv'=7.75

o.13

t o.12

0.11

o.10

0.09 o.5 I

#

Figure 6.9 Phase separation data for sample D40 at
25oc. Quantities with a prime, the isotropic phase;

quantities with a double prime, the cholesterj-c phase;

guantities without prime, the whole mixture.
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are consistent with the theoretical predictions for I

athermal solutions of polydisperse rodlike
po1ymers.Sl-83t118 similar fractionation effects have

been reported for other polymer-solvent systemr.4T '52'119
The filled circles in Figure 6.8 represent the

data for w at 25oC converted to c. Excellent agreement

between the two sets of data is consistent with the o

almost vertical phase boundary curve shown in o

Figure 6.6.

6-3 Discussion

6-3-1 Phase Diagram

The phase diagram in Figure 6.6 is characterized

by a narrovr 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

coworker t21 '24 '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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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.
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Figure 6.1 0

viscosity for

T/rc

Temperature dependence of intrinsic

sample D40 in water.
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Recentlyr Yanaki et al.120 reported the formation a

of a cholesteric liquid crystal in aqueous solutions

of scleroglucanl a triple-helical polysaccharide

consisting of the same repeating unit as that of
schizophyllan. Irrespective of concentrationr drr

aqueous solution of scleroglucan became turbid when it

was cooled below about uo".121 Taking literally, this o
indicates that the phase di.agram of agueous scleroglucan a

has a broad immiscible region at lower temperature,

probably biphasic one. According to the Flory
?Qtheoryr'" such a biphasic region appears when the

solubility of the polymer diminishes so that the

interaction parameter becomes definitely positive (see

Figure 1.2r. Therefore, we consider at present that
the difference in phase behavior between the two 

.
glucans is explained by the fact that scleroglucan is o

somewhat less soluble in aqueous medj-a than

schizoph yrran.122

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

Onsager

various theoriesTl-78tL23 have been proposed to

describe the isotropic-anisotropic phase equilibrium
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for a solution of rodlike polvmers. Here we consider':
'7)the theory of Onsager'- for straight cylinders and the

. '7Alattice theory of Flory.'"

Onsager was the first to show that molecular

asymmetry alone is sufficient to produce a phase

transitiqn from isotropic to anisotropic. He treated

a solutj-on of rodllke polymers as an imperfect gas

and predicted that the phase boundary concentrations

should vary with the axial ratlo x of the polymer as

oA = 3'3/x, oB = 4'5/x (6.2)

●

●

where 0o and 0" 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 AU1

are descrj-bed by the volume fraction 0, x, and the

polymer-solvent interaction parameter X. For the

isotropic phase

●
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AUO'/Rt = In (1 - 0') + (1 1/x)0'

Aur'/Rt = rn (0'lx) + (x 1)O' In *2

+ xO'2 (G.3)

Xx(1 6'12

(6.4)

and for the anisotropic phase
●

　

●

6u0'/nT = ln (1 - O") + 0"(y 1l lx + Zly + XO"2

(6.5)

Aur "/nr = In (0"/x) = (y
+ Xx(1 - b"l2

-1)0"+2-hy2
(6.6)

where y is the disorientation
xas

index related to 0t' and

φ" = [X/(X ― y)][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 0O and 0B for
the solution of hard rods with x can be calculated by

●

●
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solving the simultaneous eguations

Auo'(0t) = 6u0'(0"), Aut'(0') = aur"{0")
(6.8)

Flory and RoncaL23 and Cott"t77 have modified

the Flory and Onsager theories, respectively. In

either of the modified theories, the phase diagram is

essentially the same as that of the original one but

has a slightly narrowerbiphasic gapr i.e., smaller

0B/0A, than that of the original one.

Comparison between Theory and Experiment6 -3-3

●

●

Alr the above-menti-oned theoriesTl -78' L23 fot

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

schizophytlan + water system is athermal and consider

the onsager theotyT2 for straight cylinders and the

Flory theoryT8 for an athermal system, i.e., 1 = 0,

neglecting possible difference between nematics and

cholesterics.

●
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●The experimental phase boundary concentrations

given in terms of the weight fraction \^rere converted

to the volume fraction by using Eg. (2.11. The

schizophyllan triple helix was approximated by a

straight cylinder with a diameter d = 1.67 nm and x

vras calculated from

●

　

●x = 
"rrp/{mona3/a)

(6。 9)

Figure 6.11 shows a comparison between the

theories and experiments using the data for aqueous

schizophyllan at 25oC. Here, the filled circles

represent the boundary concentrations 0o between the

isotropic and biphasic regions, i.e., A-point

concentrations and unfj-lled circles represent those 0,

between the biphasic and cholesteric regions, B-point

concentrations. The data poJ-nts at x = 133 were

obtained in this study and other data points were

obtained by ltoull6 using the methods described in the

previous section. The two pairs of solid curves

represent the theoretical predictions for 0o and 0B.

The curves for the Onsager theory vrere calculated

from Eg. (6.2) and those for the Flory theory vrere

●

●
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calculated from Eq. (6.8) with Eq. (6.31-(6.71 and 
o

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
O

theory, the data points for the lowest molecular 
a

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 0"/0o is smaller than the Flory value except

that of the sample with x = 93. Itou showed that this :

sanple was the broadest in molecular weight

distribution. Thus, the larger value of 0e/0^ 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

diagram.S0-83'118 As shown in Figure 6.9 and Tabre 6.5,

this prediction is gualitatively materialized in the

sxperimental data. However, it has been rho*rr1l6 'LL7

that most of the samples studied are reasonably

well-fractionated as judged from the observed Mz/t'tlw

and Mvrr/Mu' 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

persistence length as large as 2oo nm.84-86 The

average number of Kuhn statistical segments per

molecu1e, L/2q 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
3 -1volume equal to that calculated with rp = 0.619 cm" g

and M" = 2140 ,r*-1 I *, 0o, and 0" have been calculated

on this assumption. It is also possible to take the

hydrodynamic diameterz3'24 for d in Eq. (6.9) to

evaluate x. However it was impossible to adjust the

values of M" and vn 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, \,re assumed that the schizophyllan solutions

are athermal. As remarked in Chapter 5t aqueous

schizophyllan is not strictly athermal. It is

non-athermal in that the interaction parameter X is

finite and depends on 0. Thereforer we modify the

Flory theory by replacing X in Eq. (6.3) and (6.5)

with X(0') and l(0"), respectively, and 1 in Eg. (6.4)

and (6.5) with Xp(O') and Xn($"), respectively.
In Figure 5.5, vre can see that X ( O ) for sample

SPG-3 t at large 0 is approximated by

●

●
　
　
●

●

●
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x(01)= -0。 26 - 4。 7φ・ (6。 10)

(6。 11)

Therelore′  Xp(φ・)fOr thiS Samp■e is 6btained from

・ Eq.(6.10)as

X3(φ・)~2.61-4。 71・

●
　
　
●

For simplicity, vre 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 0O and 0" calculated on this assumption;

the difference j-n X(0') and Xp(O') among SPG-3r,

D40, and R23 was found to have negligible influence
a; 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.

rn 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 SOLUT工 ON

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.€. I the

A-point concentration wA rdas cooled below the phase

boundary temperature TA, it became birefringent and

separated a cholesteric phase. It is interesting to

ask how does the cholesteric phase evolve from the

isotropic solution.

Recently, PateI and DuP1634 p"rformed optical
rotatory dispersion measurements on poly (y-benzyl

glutamate) solutions of concentrations just below wO

and observed a remarkable enhancement of optical

rotatory power when the temperature hras made close to

TA. They attributed this enhancement to the short-

range ordering of the polypeptide helices, and called

it a t'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 DuPr6. As an experimental

approach to this problemr w€ performed light scattering

and ORD measurements on agueous solutions of sample

R23 near the A-point. These techniques were chosen

because ORD is sensitive to chiral ordering as

demonstrated by Patel and DuPr6 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 wo for R23 at 25oC was estimated to be 0.130

from the phase diagram shown in Figure 6.11. The

solution was stirred by a magnetic bar in an air bath

thermostatted at 25oc for three days and purified by

filtration followed by centrifugation. The filtration

was performed under vrarm air by using the filtration

device heated above 25oc. The filtered solution was

●
　
　
●
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o centrifuged in a light scattering cell at 25oC. ft
became clear except for the bottom part which appeared

white and glittering.

An aliquot of the clear solutj-on 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 25oC 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, vras used for light
scattering measurement. Only a small bottom portion

of the solution was glittering and well alray 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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7-3

7-3-1

Results and Di-scussion

Microscopic Observation

●

　

●

After being confirmed to be completely isotropic,

solutions ORD and MIC vrere kept at 18oC for 18 h and

observed under a polarizing microscope. Spherulites

were found to evolve gradually in both solutions.

The solutions became clear agai.n after being kept at

25oC for about two days. Then, solution MIC was cooled

down to 18oC 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 25oC.

7 -3-2 Light Scattering Measurement

Solution LS was first kept at 2BoC for about 1 0

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 j-n

the xylene bath at the same temperature for one h to

repeat the measurement again at 546 r-lm. Then, the

●

●

●
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solution was transferred to an air bath thermostatted .
at 25oC, while the ternperature of the xylene bath was

adjusted to the next measuring temperature 1 e.g.1 25oC.

Similar series of measurements were repeated at
different temperatures down to 12oC following the steps

illustrated in Figure 7.1. For adjusting the bath

temperature below 17oC, the solution was left at room 
o

temperature. Scattering intensity data are represented o

in terms of n2/Rg, where Rg is the reduced excess

scattering intensity at the scattering angle 0 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

1 2 and 28oc. Figure 7.2 shows the temperature

dependence of the steady-state ,r2/nO at 546 nm as a

function of 0. No significant change in n2/n' is seen i

at 0 higher than 600. The values below 50o are constant

at temperatures higher than a certain critical

temperature To but decrease gradually with decreasing

temperature belor To. It can be shown that To increases

with lowering scattering angle, approaching about 2OoC

at 3Oo.

The T- of 20oc at 30o is within the A-point rangeo

●

- 148



●

●
detected by microscopic observation. Thus, the

decrease in n2/n, wittr decreasing temperature at low

scattering angles may be attributed to the appearance

of large scattering objects, probably to the growth

of the spherulites first evolved at about 20oC. ft
must be noted, however, that the solution appeared

546nm

oooooooo o o o ^ 15oo
I

9^o6ooo'o o o o 
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●clear even at 12oc 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.

Rg was measured as a function of the time t elapsed

after the temperature jump to 1 6oc. There was no

significant change in the 30o intensity and optical

anisotropy RHv/RVv (= 
"90,ttvlRg',w) 

untill t of 200

min. However, the solution became whitely glittering

by 1 1 50 min, with significant increases in RrO and

RHrr/Rv.r. A similar experJ-ment was performed at 1OoC,

with the result shown in Figure 7.3. It can be seen
)that n"/Rg. 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 28oc where

the optical anisotropy \4tas almost constant. At t > 500

min, the entj-re solution looked whitely glittering.

The arrowheads in Fj-gure 7 .2 indicate that at 1Ooc,
)the n'/nt values at 500 mi-n are significantly lower

than the t h values for lower scattering angles.

After the measurements at 10oc, the solution was

●
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7 .3 Variation in n2 /nO at 546 nm and Rgrr/Rv'

nm with the time t elapsed after the temperature

1ooc.
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●

Figure

at 436

jump to

●

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

Light scattering measurement was made on this solution
at 25oC. The scattering intensity agreed with those

at the same temperature obtained before the temperature

change. This indicates thaL 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 tr of light in vacuo at the

a
temperatures indicated in Figure 7.1. It was found a
that O(t) at 25.5, 21.Ot and 1g.0oc stayed almost

constant within one h, although a sma11 number of
spheruliLes were found at 18oC.

At temperatures below 15.1oC, however, O(t)

changed rapidly with ti.me. 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 'l4.7oc, O ( t ) f irst increases rapidly and appears to 
ta

approach a constant value. This remarkable j.ncrease

in 0(t) is in contrast with the small change in light.
scattering intensity at 15oC mentioned above. Thus,

we see that the formation and initial growth of the

cholesteric phase affect only slightly the 1ight

scattering intensity but have a significant effect on

the optical rotation.

●
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Figure 7;4 Variation in optical rotation O(t) r{ith

the time t elapsed after the indicated Lemperature

jumps. Filled circles, data at 250 nmi half-fiIled

circ.les, it 300 nm; unfilled circles, dt 500 nm.

Solid curves, calculated by Eg. (7,1).

When the temperature $ras raised from 14.7 to

25.4oc, O(t) first decreased rapidly and gradually

reached a constant value which agreed with the value

obtained at 25.6oc before the temperature change.

'o 25on,n

14.7-→ 25.4° C18.3‐ 14.7°C
λ=250nm.

●
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Similar results lrere 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 eguation with two relaxation timesr t., and tr:

l0tt) - 0(-)l = lo(0) o(-)ltarexp(-tlt1)
+ arexp( -t/ rrl | ( 7.1 )

where a, + u2 = 1. The solid curves in Figure 7.4

represent the 0(t) values calculated by this eguation

with appropriate values of 11 and r2i both a, and a,

were nearly egual to 0.5. It was found that both 11

and t, lrere independent of the starting temperature T., .

They are primarily deterrnined by the final temperature

T2, as illustrated in Figure 7.5. Both t, and r, are

seen to make sharp changes below 16oC, the temperature

somewhat lower than TO. 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 Tl (unfilled cttrcles)and τ
2 (filled circles).

relaxes microscopically in response to the new

temperature; the entire system sti11 keeps the original
macroscopic structure at the initial stage. This may

be a fast process corresponding to T1, 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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ne\^r equj-librium state. This slow process may be o
characterized by 12. 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 TO is biphasic microscopically but that it is not

in the eguilibrium state but in a transient state
o

sometvay between the isotropic state and completely
o

phase separated state. This conclusion is at variance

with the finding of Patel and DuPrd on polypeptide

solutions where they recognized some intermedj-ate

statel but our results indicate clearly the importance

of the time effectr ro description of which is seen

in their paper. The two-state assumption may be

conpatible with ORD data shown in Figure 7.6, which

are the values taken under the steady state condition 3

at fixed temperatures where no further change in ORD

curve was observedl i.€.1 0(-).
It was found that there was no temperature change

above 21oc; thus, the curve for 21oc is characteristic

of the isotropic phase (see Figure 3.5). 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 ternperatures.

Solid curves, calculated by Eq. (7.21 with the A and B

values shown in Table 7.1? dashed. Iine, calculated
-oby Eq. (7.5) with ALc = 2.38 x 10 - deg cm

(see the text).
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●
Table 7.1

Values of the Numerica■  Constants A and B

in an Equation of the Moffitt― Yang Type (Eq。  (7.2))

for an Aqueous s。 lution of Sample 良23

T2          ●

°C      lo~9 deg cm3     10-19 deg cm

25。 6         0.46j             3.70

21.0         0.44。              3.68

18.0         0。 448             3.75

16.1         0。 792             3.33

15.6       1.31            2.16

14.7         1.45              1.89

14.0         1.49              1.55

●
　
　
●

noted in Chapter 4, all these ORD curves can be

represented by an equation of the Moffitt-Yang type:

o = A/()r2 - 
^o'l 

+ a/(x2 - 
^o'l' 

17.2,

where trO is a numerical constant. The values of the

numerical constants A and B estimated are summarized

in Tab1e 7.1 .

In conformity with the biphasic state mentioned

abover w€ assume that O consists of two contributions,

●

●
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● °I and °
LC′ from the isotropic and cho■ esteric phases′

respectivelyr and that O is given by

O=QOr+(t-0)0Lc (7.3)

where 0

to that

Ｓ
　
　
ｆ

ｏ■

　
　
０

the volume of the isotropic phase relative

t,he entire mixture. From the discussion●
　
　
●

●

●

given in Chapter 4′  0. and OLC may be expressed as

gr = A-l l\2 - tr02 ) * Brl (),2 
^o'l' 

(7 .41

OLc = ALc/(\2 
^o')

Comparison of Eg. (7.2)-(7.5) Ieads to

A = OAf + (t O)A',C

g=OBt

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

deg cm3 from the data for 21oc. with this B, valuer

0 was calculated from B using Eq. (7.77. It was found

that 1 - 0 was relatively large, for exampler 1 - 0 =

(7.5)

(7.6)

(7。 7)

●
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Figure 7.7 Plot of A vs. the volume Q of the

isotropic phase relative to the total solution volume.

0。 58 at ■4°と, tie accuracy is on■y moderate because of

the scatter of data po■ nts at ■ower wavelength.

Figure 7.7 shows a plot of A vs。  O according tO

Eq. (7.6).  Extrapo■ atiOn to ■ … Φ = ■ gives 2.38 x ■o~9

deg cm for A三き  工n Figure 7.6′ the daShёd ■ine

represents 0"" calculated with this A"" 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
0 may be of questionable validity at lower 0 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 phaser or vice versa,

and refraction and reflection of light at the phase

boundary rnight reduce the optical rotation.
At the salne time, howeverr w€'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. l'lore detailed information about

this t'cholesteric phasettl €.g.1 its size, number,

stability, etc.r may be necessary to clarify whatts

happening on molecular level.

０
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SUMMARY AND CONCLUS■ ONS

This thesis has dealt with the formation of a

liquid crystal in aqueous solutions of a rodlike q

polysaccharide schizophyllan, optical properties of '
the liquid crystal formed, and thermodynamic properti-es

of concentrated schizophyllan solutions. The main

results and conclusions obtained are as follows.

Formation of a Liquid Crvstal

Aqueous solutions of schizophyllan were

investigated by polarizing microscopy, laser light 
:

diffraction, and optical rotatory dispersion. The

solutions lrere birefringent above a certain

concentratj-on, indicating that a liguid crystal was

formed. ft was concluded that this liquid crystal

is cholesteric on the basis of the following

observations.

(1 ) Examined between crossed polars, a liguid

crystal solution showed fingerprint patterns with

●
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a textures characteristic of cholesteric mesophases.

(21 When confined in a thin ce1I' a liquid

crystal solution formed a planar texture and showed

a very large optical rotation.
The cholesteric pitch was of order of several

urrlr varying approximately with w-1 '9. The liquid

a crystal was optically negative, characterized by a

o layer birefringence between 0.0012 and 0.0018.

The results of laser diffraction and sma1l angle

X-ray scattering measurements showed that schizophyllan

liguid crystals srere less completely ordered than

polypeptide liquid crystals.

Optical Properties

o ORD measurement was made on thin films of liguid
O crystal solutions of schizophyllan. There !.ras a

remarkable difference in ORD curve between the isotropic

and cholesteric phases; the specific rotation differed
by a factor as large as 'l00 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.

o
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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 liguid crystal solutions were represented

accurately by an eguation of the Drude type,

irrespective of the polymer molecular weight and

concentration. It was conclud^ed that such ORD behavior

Iras not simply due to the chirality of the individual
helices but characteristic of the liquid crystal.

Thermodvnamic Properties

Light scattering and sedimentation equilibrium

measurements were made on isotropic solutions of

schizophyllan to obtain the partial derivative

taAuO/E0l"r, of the excess chemical potential AU' of

the solvent with respect to polymer volume fraction 0.

The results were analyzed by the theory of Flory

and Abe80 fot rodlike polymers, yielding a non-

vanishing interaction parameter X, which was negative

●
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●
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o and decreased with increasing 0. No appreciable

dependence of X on molecular weight was found. The

results $rere compared with the theories of onsag.t72

and Cott"t77 for rodlike polymers. Both theories

failed to explain the data quantitatively.

Sedimentation measurement was also made on

) biphasic mixtures consisting of isotropic and

o cholesteric phases at equilibrium to evaluate

1 0auo/00lun at the boundary between the two phases.

fntegration of 1 OAUO/a0lMn using these data and

1 obtained proviaed AUO as a function of 0. The

result was compared with the Flory theoryTS for rodlike
polymers with a non-vanishing X. The agreement between

theory and experiment was only gualitative for both

a Ali' .nd phase boundary concentrations.
o

Liquid Crvstal - Isotropic Phase Equilibrium

The concentration dependence of the pitch P of

the schizophyllan liquid crystal was investigated in
biphasic and liquid crystal concentration regions

at temperatures T between 5 and 80oc. 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 - 80oC

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 narrovt,

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 ftours data2 wEts 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 for the

non-athermality of the system failed to solve the

dj-screpancy. 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 tight began to increase at
certain critical t.emperatures. This increase, more

sensitively reflected on optical rotation than on

Iight scattering, I^ras 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

DuPr6 in regard to polypeptide solutions, but

involves a process eventually leading to a macroscopic

phase separation.

Future Prospect

The cholesteric mesophase of agueous schizophyllan

shows an extraordinary optical rotati-on and a

cholesteric pitch of a few microns. Both change

abruptly with temperature at about 8oC, indicating

a structural transition to occur in microscopic

０
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as r.rell as macroscopic scales. Since this transition o

accompanies a negative heat of transition, a

calorimetric study of this transition j-s 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 o

interest because of its characteristic phase behavior, o

as observed recently by rtou and Teramoto.724'L25

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 stilr on a premature stage.L26'L2 
:
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