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The behavior of liquid crystals of poly-y-benzyl-L-glutamate, its equimolar mixture with the
D-isomer and poly-y-ethyl-L-glutamate was stadied in magnetic fields up to 25 KG mainly
by measurements of the birefringence. In all the systems tested, rod-like molecular clusters
were formed and oriented in the direction o7 the magnetic field. Presence of diamagnetic
benzene rings in the side chains of the polypeptide molecule was known not to be absolute-
ly necessary for the magnetic-field orientaticn. Degree of the orientation was somewhat
dependent on the systems being observed. Magnitude of the induced dipole moment was
estimated for the molecular cluster and was conpared among the systems.

INTRODUCTION

Magnetic field acting on the anisotropy of the magnetic susceptibility exerts
torques within a liquid crystal which competes with the elastic torques determining
its internal structure. The structure changes in order to minimize the total free
energy of the system. Meyer' and de Gennes? have derived equations predicting
the change for a cholesteric liquid crystal on the basis of Frank’s curvature-
elasticity theory.? Change of the pitch of the helicoidal structure of cholesteric
liquid crystals placed in magnetic field has been measured for poly-y-benzyl-L-
glutamate (PBLG) and poly-y-ethyl-l-glutamate ((PELG).* The value of
ka2 /(Xp — xt) ranges from 1 to 10 where ky; and Xp — X¢ are the tortional
elastic modulus and the magnetic anisotropy, respectively. Tohyama and oth-
ers®*® have measured the magnetic anisctropy of PBLG and PELG by means of
the magnetic balance, and have obtained values of (5 — 8)X10°% emu/g and
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1.64X 1078 emu/g, respectively. Sobajima’ was the first to report the magnetic-
field orientation of PBLG. He observed it indirectly by measurements of the
NMR on the solvent molecules such as CH;Br, and CH;Cl;, and several re-
ports® have followed his report. An attempt to observe the solute molecules was
carried out first by measurements of the infrared dichroic ratio in magnetic
fields 7.4 KG or less.” When CH,Br, was used as the solvent, degree of the
polymer orientation was rather low and had an apparent maximum at around
18 vol% for PBLG of degree of polymerization (DP) 1460. This was interpreted
to be due to wall effects that prescribe the ordering of the solute molecules with
respect to the surfaces of the measuring cell in the absence of the external field.
Molecular clusters were considered to be formed in the magnetic field and orient
in the field direction as in the case of the electric-field orientation (see Refs. 10
and 11). Film specimens cast and dried in a magnetic field of 7.4 KG showed
very good orientation in contrast with the solution specimens. Some interactions
among the molecular clusters having huge electric dipole moments were con-
sidered to become intense in the process of drying up to promote the magnetic-
field orientation.® These have been the case also in PELG and an equimolar
mixture of PELG and its D-isomer (PEDG).'? The purpose of this paper is to
present results observed in magnetic fields high enough to overcome the wall
effect and to evaluate side-chain effects on the magnetic-field orientation of
polypeptides.

EXPERIMENTAL PROCEDURES

PBLG used was of mean DP 470 and prepared from the N-carboxy-a-amino acid
anhydride of y-benzyl-L-glutamate by Prof. T. Hayakawa of this Faculty. PBDG
used was of mean DP 530, prepared in the similar method as above and was
donated by Prof. Wada of Department of Physics, the University of Tokyo.
PELG used was supplied by Dr. S. Mori of Ajinomoto Co., Ltd. as an ethylace-
tate solution with an intrinsic viscosity 1.42 in dichloroacetic acid (DCA)at
30 °C, and was used after being dried up. PBLG, an equimolar mixture of PBLG
and PBDG, or PELG was dissolved in a solvent such as CH,Br,, CH,Cl; and
dioxane that allows the formation of liquid crystals (and of a-helices) and was
kept 1 — 8 weeks in a sample tube at room temperature before using.

The solution was put in a rectangular quartz cell of path length 1.00 mm, and
then a quartz spacer of 0.90 mm thickness was introduced in the cell to adjust
the path length to 0.10 mm. The solution was placed between the poles of an
electromagnet, a modified model of JM-151 manufactured by Japan Electron
Optics Laboratory Co., Ltd., with the cell surfaces parallel to the magnetic field.
Birefringence measurements Measurements of the birefringence on the liquid
crystalline solutions were then carried out with the incident beam perpendicular
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to the direction of magnetic fields up to 25 KG using a double refractometer
manufactured by Shibayama Scientific Instrument Co., Ltd.
Light scattering measurements Patterns of low-angle light scattering of the solu-
tions were photographed with the method using a laser beam described else-
where (see Refs. 12 and 13).
Wide-angle X-ray diffraction measurements The measurements were carried out
on film specimens of polypeptides instead of the solution specimens. The liquid
crystalline solution was put in a 1-cm rectangular quartz cell and was placed in
the magnetic field for 24 hours without the solvent loss. Film specimens of thick-
ness about several microns were then prepared by allowing the solvent to evaporate
in another 24 hours. They were used for the birefringence measurements as well.
All the solvents were of reagent grade and were used without further purifica-«
tion. The temperature of the solutions was regulated at 20 °C in a thermostatted
room unless stated otherwise. The values of the polymer concentration were
only very approximate. All the 0.10-mm solutions introduced in the measuring
cell with the spacer were no longer cholesteric even when the solutions were so
in the sample tubes. As Robinson'* reported, no cholesteric structure was ob-
served when they were less than 0.25 mm thick.

RESULTS AND DISCUSSION

Film specimens

All the specimens tested displayed an excellent magnetic-field orientation, and
some representative X-ray diffraction patterns are shown, in Figure 1. The
magnetic-field orientation of the PBLG film east from a dioxane solution
was observed clearly, which had not been detected so far. The PELG that
has no benzene rings in its side chains underwent the magnetic-field orienta-
tion as well. These new findings, however, would be natural because these poly-
peptides are magnetically anisotropic as mentioned in the introduction.

PN
O
S’

FIGURE 1 X-ray diffraction photographs of the magnetically oriented polypeptide
films. The magnetic field direction is vertical and the X-ray beam is normal to the plane of
the film. From the left to the right: PBLG in CH, Br,, 10 KG; PBLG in doxane, 25 KG; 1:1
PBLG+PBDG in CH, Br,, 10 KG; PELG in CH,Cl,, 10 KG.
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The birefringence, A n, of a rigid molecule is expressed by '*
An =(2m(g; — g3)/n)®P, 82 —~ 83 =(n + 2)N,(a; — a3)/SM

where n, d,N, p, M and a, — a3 are the refractive index in the absence of a mag-
netic field, the orientation factor, the Avogadro number, the density, the molecu-
lar weight and the optical anisotropy factor, respectively. a, is the polarizability
parallel to the molecular chain and a; being the polarizability perpendicular to
the molecular chain. The observed birefringence was positive and indicated that
the maximum polarizability was in the direction of the axis of the polymer
molecule (and of the molecular cluster). This proves that the assumption
adopted in the analysis of the low-angle light scattering by the molecular
clusters was adequate (see Ref. 13).

In the molecular cluster, the polymer molecules are considered to align nearly
parallel to the cluster axis forming itself a crystallite. The degree of the crystal-
lite orientation, I, was determined for the film specimens using the following
relation given by Go and Kubo,®

M =(90° — H°/2)/90°

where H® is the half width read from the intensity of the circular record of the
equatorial diffraction corresponding the polypeptide chain interval (see Ref. 17).
As may be seen in Figure 2, the intensity, I, was well expressed by the following
relation,

I= ‘oex coszo' (1)

T T T I T

SCATTERING INTENSITY

] 1
(o] 20° 40° 60°
ANGLE ALONG THE CIRCULAR RECORD

FIGURE 2 Scattering intensity of the circular record of the equatorial X-ray diffraction
for the magnetically oriented film of PBLG. Full line: calculated with the relation, I =
IoeX ©9520 where x is chosen as 3.7. Broken line: observed in a magnetic field of 25 KG ata
scattering angle of 6.70°. Degree of the crystallite orientation is 0.80.
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The induced dipole moment of the molecular cluster is considered to be u, cosd
where § is the angle the molecular cluster axis makes with respect to the mag-
netic field direction and u, being the dipole moment at § =0°. As the polymer
axis is parallel to the film surfaces (se¢ Refs, 10 and 18), the intensity at any
angle 6 is in proportion to the numbe: of polymer molecules ordering in the
6-direction. The potential energy of the molecular cluster in the magnetic induc-
tion, B, has the magnitude —(pyB/4)ccs20 + const. Therefore, the above rela-
tion indicates that the molecular clusters correspond to a two-dimensional Boltz-
mann distribution in the plane of the film. The constant, x, is interpreted to be
substituted for u,B/4kT (k and T are the Boltzmann constant and the absolute
temperature, respectively). The degree of the cluster (and of the polymer) orien-
tation is then expressed as a function of x:

M=1-(cos! (1 -0.6932/x))/180° 2

By substituting the obtained data in this relation, the values of the maximum
induced dipole moment, gy, were calculated, and are shown in TABLE 1. The
mean value was about 2.4X10 ~!7 erg/gauss for all the systems tested and any
noticeable side chain effect on the magnitude of the dipole moment was not
observed. The maximum magnetic energy in a magnetic field of 10 KG is then
calculated to be 0.15 eV, The number of PBLG molecules in each molecular
cluster has been estimated to be about SX10° (see Ref. 13). So that, the mag-
netic energy per each peptide residue turns to be about 6X10 ~'° eV, which is
about 1/100 of that calculated by Suzuxi and his coworkers!® on a theoretical
basis. The number of PELG molecules composing the molecular cluster has not

TABLE 1

Maximum induced dipole moment of the molecular cluster in magnetically oriented
polypeptide films

Origin Degree of orientation #oxlon erg/gauss
PBLG/CH;Br, 0.77 2.1

0.81 2.7

0.80 2.5
PBLG/dioxane 0.81 2.7

0.78 2.0
(1:1 PBLG+PBDG)/CH, Br, 0.80 2.5

0.79 2.3
PELG/CH,Q, 0.85 31

0.78 2.0

0.81 2.7
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yet been estimated and the comparison between BLG and PELG concerning the
magnetic susceptibility is unable to be made.

The orientation factor, ¥, was calculated for various x’s with the following
relation,

90° 90°
q,:%foo (300320 - 1)e* cosZBdo f0° &% c0520d0 3)

by the aid of an electric computor, CEC 555 manufactured by Chuo Denshi Co.,
Ltd. The relation between Il and ¢ was obtained through x and is given in
Figure 3, and with this relation the values of Il were exchanged for those of .
The birefringence of the films at complete orientation was then estimated by
dividing the observed birefringence by ®, and are summarized in TABLE 2
together with the spacings used for determining the degree of the crystallite
orientation. The mean birefringence was 0.023 for PBLG and 0.021 for PELG.

/]
. /
. /
. /
/
e

m

FIGURE 3  Relation between the degree of orientation (IT) and the orientation factor (¢)
for the two-dimensional Boltzmann distribution.

TABLE Il

Estimated birefringence at complete orientation for magnetically
oriented polypeptide films

Specimen Birefringence Spacing used
PBLG 0.023 1324
1:1 PBLG+PBDG 0.032 13.0A

PELG 0.021 114 A
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These values are very close to 0.020 obtained for PBLG by measurements of the
electric-field orientation (see Ref. 11) and to 0.019 or 0.024 that was given by
Ishikawa and his coworkers®® for poly-y-methyl-L-glutamate (PMLG) crystals.
The birefringence of the racemic system was somewhat larger than the others,
suggesting that the crystal structure was different from the others.

The intermolecular spacing for PELG was somewhat smaller than that for
PBLG, reflecting the difference in the size of the side chain groups. The inter-
molecular spacing for the racemic system was slightly smaller than that of the
isomer (PBLG). This coincides with the observation?! that the distortion of the
a-helix occurs to facilitate sidechain-sidechain interactions between neighboring
D and L helices in the crystal lattice for drawn fibers. Sumulski and Tobolsky??
have detected a distorted a-helix with 3.5 residues per turn in magnetically
oriented PBLG films when cast from CHCl; and the normal a-helix in the
similarly prepared films cast from CH,Cl,.

Solution specimens

1. Time Dependence

TABLE 3 shows the dependence of the steady-state birefringence of the liquid
crystalline solutions upon incubation time. In most cases, the liquid crystalline
structure was fully grown about a few weeks after preparation judging from the
magnitude of the steady-state birefringence. The birefringence decreased con-
siderably for PBLG in CH;Br, and PBLG in CH,Cl, when measured after
7-8 weeks, indicating the collapse of the ordered liquid crystal. This coincides
with the low-angle light scattering observation by Frenkel and his coworkers B
on the PBLG-DCA system. The PELG-CH,Cl, system showed slightly higher

TABLE Il

Dependence of the steady-state birefringence upon incubation time for liquid crystalline
solutions of polypeptides

Solution 1 2-3 5 7-8 weeks

PBLG in CH,Br,, 14 vol% 0.018 0.017 0.018 0.010

24 - 0.014 - 0.005

PBLG in CH,Cl;, 14 vol% - 0.019 - 0.008

PBLG in dioxane, 14 vol% 0.012 0.027 - 0.027
1:1 PBLG+PBDG

in CHyBry, 14 vol% - 0.016 - 0.018

PELG in CH,Cl,, 14 vol% - 0.019 - 0.025

PELG in dioxane, 14 vol% - 0.006 - 0.004

Measured in a magnetic field of 25 KG. The birefringence is given as anfey.
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value after about 7-8 weeks. All the measurements were carried out on the
mature solutions showing the maximum birefringence.

The birefringence of the liquid crystalline solutions was time dependent, and
some representative curves are shown in Figure 4. When in the liquid crystalline
state, the dioxane solutions were more viscous than the CH,; Br, solutions and
more concentrated solutions were more viscous than less concentrated solu-
tions.?* It may be seen that more viscous solutions took reasonably more time
to attain the equilibrium orientation. A time lag may be observed in some cases
when the birefringence increased in the presence of the magnetic field. This
would indicate the distruction of the initial structure (and of the formation of
separate molecular clusters). The birefringence increased apparently in two steps.
The first step may or may not be indicative of the yielding of the wall effect. In
any case, all the solutions tested attained the steady-state orientation after about
2 hours in a magnetic field of 25 KG.

2. Field-Strength Dependence

Figure 5 shows the steady-state birefringence as a function of the magnetic field
strength. When the field strength increased, the steady-state birefringence in-
creased in a different way depending on the system being observed. This is
considered to originate from the differences present among the systems concern-
ing the critical field strength to form (or separate) molecular clusters and the
wall effect to prevent the magnetic-field orientation. Unlike in the case of the
electric-field orientation, no asymptotic value was obtained (see Ref. 11). The

.5 t 2 5 10 100 1000
TIME (min)

FIGURE4 Change of the birefringence after the application of a magnetic field of
25 KG. Lines: 1 and 1', PBLG in CH, Br,; 2, PBLG in CH,Cl,; 3, PBLG in dioxane; 4, an
equimolar mixture of PBLG and PBDG inCH,Br,; 5, PELG in CH,Cl,; 6, PELG in di-
oxane. The polymer concentration is 14 vol% except for 1’ (24 vol%).
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FIGURE 5 Steady-state birefringence vs. magnetic field strength relationship. The lines,
same as in Figure 4.

reproducibility of the data concerning magnitude of the steady-state birefrin-
gence was not always good, indicating a complicated nature of the liquid crys-
tals.

By comparing the results on the solutions with those on the films, it may be
seen that the orientation of the solutions was very good when placed in a
magnetic field of 22 KG or 25 KG. In this comparison, the difference of the
refractive index among the systems being compared should be taken into con-
sideration. Unlike in the case of the films, the solutions are considered to make a
three-dimensional Boltzmann distribution and & can be expressed as follows (see
Ref. 11):

3cothx , 3
P=1- — + 32 )
where x is substituted for uB/kT this time and u is considered to be constant. As
the orientation was very good, that is, the values of 8 for the molecular clusters
were small, the assumption that u was constant would be acceptable. When x is
large, say 10 or more as in this case, the third term is negligible and the following
relation is obtained,

An/cy = (27(g; — g3)/nX1 — 3kT/uB) (%)

where ¢, is the volume fraction of the solute and n is the refractive index of the
solution in the absence of a magnetic field. Using this relation, the magnitude of
u was calculated at 25 KG and it was known that the values were very close to
those calculated for the films. The contribution of supposed cluster — cluster
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interactions (as mentioned in the introduction) may be small at high magnetic
fields concerning the magnetic-field orientation.

Figure 6 shows small-angle light scattering patterns of the liquid crystalline
solutions. Both the V}, and the Hy patterns were circular in the absence of a
magnetic field. In a magnetic field of 7 KG or more, the Vy, pattern tumed to a
+45° cross pattern and the Hy, pattern became long lengthwhise. This indicates
the formation of rod-like molecular clusters and justifies the idea upon which
the birefringence data were analyzed. The maximum polarizability direction is

2 3 3 4 4 5 6

FIGURE 6 Low-angle light scattering pattemns of the liquid crystalline solutions of poly-
peptides in the magnetic field. (A): PBLG in CH,Br,, 24 vol%, path length 0.10 mm. a,
0KG; b, TKG; ¢, 10KG; d, 18 KG; e, 25 KG. (B): PBLG in CH, Br, placed in a magnetic
field of 25 KG. 1, 14 vol% — 0.10 mm; 1°, 11 vol% - 1.00 mm. (C): 14 vol%, 25 KG, path
length 0.10 mm or 1.00 mm (those with the prime (')). 2, PBLG in CH,Cl,; 3 and 3’, PBLG
in dioxane; 4 and 4', an equimolar mixture of PBLG and PBDG in CH, Br,; 5, PELG in
CH,Q,; 6, PELG in dioxane. In (A) — (C), the upper photographs are the ¥, patterns and
the lower photographs are the Hy, patterns.
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parallel to the cluster axis in this case (see Ref. 25). According to Wilkes,2¢ a
0°-90° Hy (equivalent to V}, here) pattem is very common for many polypeptide
systems in the absence of a magnetic field, suggesting that the principal optic
axis is at 45° to the rod axis. This was certainly true for PBLG in CHCl;,
however it was also true that the 0°-90° Vy, pattern changed very easily to the
$45° pattern in the presence of an external field whatever it may have been, elec-
tric, magnetic or mechanical.

The orientation angle, the upper (and the lower) included angle of the cross
of the V), pattern, decreased with increasing field strength. This indicates the
orientation of the molecular clusters in the field direction as in the case of the
electric-field orientation (see Ref. 13). The intensity of the Hy scattering was
higher only by several times at most than the V}, scattering in the starting
solutions, and decreased markedly with increasing field strength. This indicates
that the transition from the molecular-cluster structure to a (continous) nematic
structure occured (see also Ref. 13). When the solution thickness was 1.00 mm,
the starting solutions were cholesteric except for the PBLG-CH, Br, and racemic
systems. However, the feature of the scattering patterns in the presence of the
magnetic field was same as that observec for the 0.10-mm solutions, except that
the contour of the patterns was not clear-cut because of possible multiple scat-
tering of the incident beam in the solution. Miyata and his coworkers®” have
shown that the helicoidal axis of the cholesteric structure of PELG aligns per-
pendicular to a magnetic field of 23 KG when ethy! acetate is used as the solvent
and that®® the nematic orientation needs a magnetic field higher than 30 KG.
The aligment of the helicoidal axis was not observed when CH,Cl; or dioxane
was used as the solvent (see Ref. 4), showing the difference of the solvent effect
on the cholesteric structure.

On the microscope stage, Wilkes*? has observed super rods of width about
40 u running perpendicular to the magnetic field direction (and to the orienta-
tion direction of the polymer molecules) in magnetically oriented PBLG films.
These super rods are made up of fibrils (or thin sheets) which have diameter
(width) of about 1.2 y, and are at an angle of about 23° (in some regions, almost
0°) to the super rod axis. The author'> observed a striped pattern of width
about 10 i running parallel to the electric field direction (and to the orientation
direction of the polymer molecules) in PBLG solutions. This observation is in
contrast to Wilkes’ result. However, immediately after the reversion of the field
direction a new striped pattern which was perpendicular to the field direction
changed places with the initial pattern. The fine structure of the liquid crystal-
line solutions will be a topic for the further investigation.

3. Concentration Dependence
The steady-state birefringence of the PBLG-CH, Br, system was almost inde-
pendent on the polymer concentration when measured in a magnetic field of
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25 KG as may be seen in Figure 7. As has been mentioned in the introduction
section, the infrared dichroic ratio of the DP 1460 PBLG had a maximum with
respect to polymer concentration in a magnetic field of 7.4 KG. This maximum
would have been caused by the presence of wall effects and have been only
apparent. The wall effects are considered to have been overcome in the present
case.

4. Temperature Dependence

Figure 8 shows the birefringence as a function of temperature. The steady-state
birefringence decreased linearly when the temperature increased. This linearity
may be explained by the relation (5). However, the slope of the lines is steeper
by several times than that expected for the obtained values of u. This would
suggest that micro-Brownian motion of the polymer chains were present in the
molecular clusters and became intense with increasing temperature to lower the
apparent dipole moment of the molecular cluster. The dependence of the magni-
tude of the dipole moment on the cluster orientation may be involved in this.

SUMMARY

In conclusion it is safe to say that in liquid crystalline solutions of polypeptides
placed in a magnetic field rod-like molecular clusters are formed and orient in
the field direction. For this the presence of diamagnetic groups in the side chains
of the polymers such as benzene rings are not necessary. The maximum induced
dipole moment of the molecular cluster was estimated to be about
2.4X107'7 erg/gauss, and there was no difference among the systems being ob-

[ | T
2 o -
~ °
9
i 0, o © o o 3 °
> II
51 1
Sk ]
c
<
g | 1 1
(o] 10 20 30

CONCENTRATION (vol % )

FIGURE 7 The steady-state birefringence as a function of th: polymer concentration for
PBLG in CH, Br, . Mcasured in a magnetic field of 25 KG.
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FIGURE 8 The steady-state birefringence as a function of temperature. Measured in a
magnetic field of 20 KG. The lines, same as in Figure 4.

served. When measured on the films, the molecular clusters corresponded to a
two-dimensional Boltzmann distribution in the plane of the film. The birefrin-
gence of the film at complete orientation was estimated to be 0.023 for PBLG
films, and some difference were seen among the systems being observed. The
structure of the molecular clusters and the fine structure of the magnetically
oriented films and solutions in connection with the side-chain structure will be
topics for the further investigation.
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