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Measurements of transient magnetic birefringence are reported for isotropic solutions
of a biological rodlike macromolecule, bacterial virus fd. A steep increase of the bire-
fringence and a slowing down of the relaxation process are observed just below the con-
centration at which the liquid-crystalline phase appears. These pretransitional phenom-
ena are considered to be due to the short-range order effects, and a Landau—de Gennes-
type approach based on the Onsager theory describes our results semiquantitatively.

PACS numbers: 61.30.Gd, 64.70.Ew, 78.20.Ls, 87.15.Da

It is known that the nematic-isotropic phase
transition in a thermotropic liquid crystal is
weakly of first order, and in the vicinity of the
transition point there occur many anomalies as
if it were of second order. Just above the transi-
tion temperature in the isotropic phase, there is
no long-range order in the direction of alignment
of the molecules, but locally they are still paral-
lel to each other due to the critical fluctuation in
the orientational order. The pretransitional phe-
nomena associated with this short-range order
effect are successfully interpreted by the so-
called Landau—de Gennes theory.!

However, similar pretransitional phenomena.
have not yet been reported for a lyotropic liquid
crystal, in which the phase transition is induced
most naturally by a change in concentration of
solute molecules. In this Letter, we examine
whether these types of short-range order effects
exist or not in the lyotropic liquid crystal of so-
lutions of biological rodlike particles. We car-
ried out measurements of a transient magnetic
birefringence (TMB) of solutions of bacterial
virus fd in the concentration range just below the
critical concentration at which the liquid-crystal-
line phase appears. As a result, we have found
deviations from what is expected from the in-
dividual behavior of rods, and these can be in-
terpreted as due to the collective behavior of
rods associated with the “short-range order ef-
fects.”?

Bacterial virus fd is a semiflexible rod 890 nm
in length and 8.5 nm in diameter, and the molecu-
lar weight is 1.58x107.® For the study of physical
phenomena of a rod particle, this biological ma-
cromolecule has an advantage that it is mono-
disperse in length and diameter. It has been
found that concentrated solutions form liquid-
crystalline structures spontaneously* and the
particles are ordered by external fields (Kerr

effect®® and Cotton-Mouton effect’). So, we first
made a phase diagram of the solution by observa-
tion using a polarizing microscope, and have
found the critical concentration agrees rather
well with the predicted value by Onsager con-
sidering only the excluded-volume effect.® Sec-
ond, the TMB measurements, in which we ob-
serve a relaxation process of the magnetically
induced birefringence after cutting off the field,
were carried out analogously to the usual tran-
sient electric birefringence (TEB) measurements.
Since this macromolecule is an electrolyte and
should be shielded adequately with counter ions
s0 as to preclude electrostatic interactions, TMB
is more adequate than TEB® for concentrated so-
lutions with large conductivity.

In order to describe the short-range order ef-
fects, let us introduce the tensor order param-
eter @5,
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where S is the scalar order parameter and nis
the local direction of alignment of rods. We then
invoke de Gennes’s phenomenological kinetic
equation for @, g,’
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where vy, is the shear rate tensor and p and v
are the kinetic coefficients having the dimension
of the viscosity. F is the free-energy density of
the rod-particle solution.

In the immediate neighborhood of the critical
concentration, F can be expanded as a power
series in @, 3. In the presence of external mag-
netic field }—f, the Landau-type free-energy den-
sity is given by retaining only the harmonic term;

F:Fo"'%AroBz_XaroB(HaHB—%HZGO(B)- (3)

The anisotropy of the diamagnetic susceptibility
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X, is given by

Xq = CAX, (4)
where Ay is the anisotropy of one rod and c is the
number of rods per unit volume. Solving Eq. (2)

with Eq. (3) under the external field of H, we ob-
tain

H=const=H, (t<0)
=0 (t>0).

(5)

One can readily obtain the time evolution of bire-
fringence An(f) by neglecting the backflow effect, |
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where D and L are the diameter and the length of
the rod, respectively. Comparing Eq. (3) with
Eq. (9), A is described as a function of the vol-
ume fraction ¢ (total volume of the particles per
unit volume);
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@*=4D/L. (12)

Since both €, and x, are proportional to ¢, Eq.
(7) leads to a relation

AnycHP?/(@* =),

The critical volume fraction ¢ ., where the
liquid-crystalline phase appears, is given by
Onsager?® as

¢,=3.3D/L.

¢, is a little smaller than ¢ *,

The bacterial virus fd was prepared and pur-
ified following the procedures of Marvin and
Schaller!® and Yamamoto et al.,'* and ultracen-
trifuged (35000 rpm %24 h at 15 °C) with CsCl
density gradient. The solvent condition was all
50 mM tris buffer (pH 8.1); the Debye screening
length was then 2.0 nm. All the measurements
were carried out at a room temperature of 24
+1°C. The concentrations of the solutions were
determined by measurements of ultraviolet ab-
sorption at 260 nm. The observed critical con-
centration was 13.8+0.8 mg/ml (¢, =2.7%) and
the concentration for TMB measurements varied
from 1.25 to 12.7 mg/ml. n was observed to be
1.333+0.002 for all the solutions.

The optical setup of the TMB was a standard
one for a usual TEB technique,'? including a 1

(13)

(14)

as follows:
An(t)=An,exp(-t/1) (t>0), (6)
Ang=€,X,H2/4An, (7)
T=V/A, (8)

where €, is the anisotropy in the dielectric per-
mittivity tensor, and # is the mean reflective in-
dex.

On the other hand, the concentration dependence
of the coefficient A is given by expanding Onsag-
er’s mean-field free-energy density® in the scal-
ar order parameter S;

(9

(10)

ImW He-Ne laser, two linear polarizers, a A/4
plate, and a photodiode detector. The magnetic
field, up to 10 kG, was produced by an electro-
magnet (Mitsubishi-steel-magnetics; EM1103A)
with a steady-current power supply. The field
was monitored almost simultaneously with a cal-
ibrated Hall-effect Gauss meter (Siemens;
FA22e). By use of a diode-clamping technique,
an exponential decay time of 70 ms after cutting
off the current was attained for a 9.1-kG field.
The sample cell was made of acrylic acid resin
with two quartz windows. The light path length
was 1 cm and the cell was fixed in the 0.6-cm
gap between pole pieces of the magnet. The light
intensity at the detector I({) was recorded by a
transient recorder (Iwatsu-Electronics; DM305)
and analyzed by a microcomputer (NEC; PC8000).
In order to reduce the effect of residual mag-
netism in the magnet, the direction of the field
was alternately reversed, and I({) was averaged.
Since the decay time of the magnetic field was
not fast enough, I(#) was deconvoluted and the re-
laxation time 7 of the birefringence An(f) was de-
termined.!® It was difficult to determine 7 for
dilute solutions below 3 mg/ml. The resolution
of the birefringence was 107° by the present
measuring system, and uncertainty of +5% for

T was unavoidable.

In order to study pretransitional phenomena,
we first examined H 2 dependence of An, (Cotton-
Mouton effect) for concentrated solutions and
An, were found to be proportional to H,? below 10
kG."

The results of TMB measurements at 9.1 kG
are shown in Figs. 1 and 2. As seen in Fig. 1(a),
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FIG. 1. (a) The intensity of the magnetic birefringence
Angat 9.1 kG is plotted against the volume fraction ¢.
The dash-dotted line indicates a linear relation of
An (<@, which holds for dilute solutions. (b) The recip-
rocal of An . The dotted line is a fit to Eq. (13). The
dash-dotted line indicates the same linear relation as
in (a). ¢, and ¢,* are observed values of ¢, and ¢*,
respectively, and ¢,; and ¢;* are theoretical values
with D = 8.5 nm.

below ¢ =1% An, is proportional to ¢ as a char-
acteristic of dilute solutions, and above 1% An,
obviously increases steeply as ¢ approaches the
observed ¢ .. In Fig. 1(b), we plot 1/An,; above
1.8% the concentration dependence is linear in
agreement with Eq. (13). The experimentally ob-
tained ¢ * is 3.2%. Figure 2(a) shows the rela-
tion between 7 and ¢2. Below 1.8%, 7 is nearly
proportional to ¢2, which may be explained as a
rotational relaxation of Doi-Edwards theory for
semidilute solutions.® ' Above 1.8%, T increas-
es much faster than ¢2. Since the Doi-Edwards
theory says v @?®, T should be proportional to
¢/(@*—-¢) by Eq. (8). Figure 2(b) indicates this
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FIG. 2. (a) The relaxation time 7 of the TMB at 9.1
kG vs the square of the volume fraction ¢?. The dash-
dotted line is a fit to the Doi-Edwards relation. (b) ¢/71
vs ¢, by replotting (a). The dashed line is a fit to the

mean-field theory, if one assumes the rotational relax-
ation obeys the Doi-Edwards relation (dash-dotted line).

relation holds above 1.8% and ¢ * is found to be
3.2%, the same as in Fig. 1(b).

In view of the approximate nature of the Onsager
theory, we may not expect a strict quantitative
agreement between theory and experiment, but
some part of the discrepancy of each value of ¢,
and ¢ * may be due to the estimation of D. We
have taken the value of 8.5 nm, which was de-
termined from x-ray analysis with 98% humidity.?
Considering the screened electrostatic effect, D
as it appears in Eqgs. (10)-(14) should be a little
larger than 8.5 nm. When we take 10.1 nm in-
stead, the observed values of ¢, and ¢ * just
agree with the theoretical values (3.8 and 4.5%,
respectively). In what follows, we use 10.1 nm
temporarily, and ¢ in Figs. 1 and 2 should be
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1.4 times larger and is represented as ¢’. Using
the values of €, and x, from recently published
data for dilute solutions” (3.9%X107%p’ and 5.9
x107%’ erg G™2 ecm™3, respectively), we may
estimate A from the slope of the dotted line in
Fig. 1(b) (1.4x10%), as A =5.1X10°¢ 3(p'* - ¢’)
erg cm™ 3. From Eq. (11), the coefficient of A is
calculated to be 9.3%X10° erg cm™®, about } of the
experimental value.’® Previously we have meas-
ured steady flow viscosities 7 for the same sam-
ple,'” and 7 at zero shear can be approximated as
6.6x10% 22 P around ¢’ ~3%. When we take A
=9.3%X10% '2(¢'* —¢') erg cm™® and assume v
=an, ¢'/T=1400"%%p'* - ¢')/a~8.5(¢"'* - ¢"')/a
s, The slope of the dotted line in Fig. 2(b)

(3.8 s71) indicates a ~2.2.

In conclusion, we have observed TMB for con-
centrated solutions of the bacterial virus fd, just
below the critical concentration, and found pre-
transitional phenomena in both static and dynamic
aspects of the birefringence. These phenomena
are considered to be due to the short-range order
effects in the same way as in the case of a ther-
motropic liquid crystal just above the clearing
point. A Landau-de Gennes-type approach based
on the Onsager theory can semiquantitatively in-
terpret the observed effects.
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