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ABSTRACT: Reversing-pulse electric birefringence (RPEB) of poly(y-benzyl L-glutamate),
[Glu(OBzl)],, with a weight-average molecular weight of 1.71 x 10° was measured at 20°C and at
535nm in helix-forming organic solvents in the low field strength region (0—5k Vem ™ 1), with an
emphasis on the transient signal. The theoretical formalism was given for detecting the effect of
an applied electric pulse field on reversible change in the electric and hydrodynamic properties of
[Glu(OBzl)], from the normalized signal profiles, areas, and initial slopes of an RPEB signal. A
standard experimental procedure was given for unraveling the field-induced change of the electric
and hydrodynamic parameters, by utilizing the areas of buildup (A4g), reverse (A4g), and decay (4p)
processes at the limiting low field. The area ratio, Ag/[(1/2)Ag+ Ap]=1, should hold regardless
of the degree of polydispersity of a sample, if no direct field effect on polymer conformation is
present. The ratio was found to be 0.95 in cyclohexanone, 0.93 in 2-chloroethanol, 0.81 in pyridine,
and 0.74—0.81 in chloroform, all being less than unity. Thus, the electric moments and/or the
chain length of the [Glu(OBzl)], helix were verified to change reversibly to varying extent during
the electric field orientation.
KEY WORDS Reversing-Pulse Electric Birefringence |/ Poly(y-benzyl L-
glutamate) / Field Effect / Electro-Hydrodynamic Property / Area Method /

With the aim of perfecting the reversing-
pulse electric birefringence (RPEB) method
and applying it to macromolecules in solution
to elucidate the electric, optical and hydro-
dynamic properties, the RPEB study has been
carried out in our laboratory on many
biopolymers and related polyelectrolytes.! ~'¢
A major problem associated with these systems
is polydispersity regarding the molecular
weight and chain length. This problem is almost
always encountered with natural macro-
molecules of biological interest, which are
prepared by extraction from living organisms,
and also with the synthetic polymers, which

* To whom correspondence should be addressed.

are prepared by in vitro polymerization. Thus,
the polydispersity effect must be taken into
account for quantitative analysis of the electric
birefringence signal.!” Yoshioka and his
coworkers were the first who seriously
considered this effect in the analysis of the
single square-wave pulse electric birefringence
(SPEB) data of poly(a-L-glutamic acid).!8~2!
The RPEB method is usually superior to the
conventional SPEB method in that the
transient signal at low fields can yield suffici-
ent information on the polydispersity effect
and the electric and hydrodynamic properties
of the rodlike or helical polymers.!’
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Another major problem associated with an
orienting electric pulse field is the direct field
effect on the polymer conformation, which may
change concurrently with molecular orienta-
tion. This field effect has seldom been studied
mostly because of the difficulty involved in
detecting such field-induced conformational
changes for polydisperse samples. Unless
anomalies are observed in the birefringence
signal, which usually appears normal in the low
field strength region, the steady-state data are
interpreted in a straightforward manner with
the aid of theories for rodlike polymers.'”-?2
Such anomalous signals have occasionally been
reported to appear at very high fields and
attributed to field-induced helix—coil or helix—
helix transitions.?*~2° Only recently, quantita-
tive analysis of RPEB measurements has been
advanced to detect the field-on structural
changes at weak fields, even if the signal pattern
reveals no anomaly; for example, the effect of
applied fields on aggregation® or the length of
helix'! has been clarified.

In a previous paper of this series,'> the
RPEB study of the electrooptical and hydro-
dynamic properties of poly(y-benzyl L-glu-
tamate), [Glu(OBzl)],, was reported with a
particular emphasis on the field-strength
dependence of the field-on (the reverse) and
field-off (the decay) processes. The present
work is an extension of the previous study to
the transient RPEB behavior of a fractionated
and slightly polydisperse [ Glu(OBzl)], sample
in the helix-forming solvents at the low-filed
(i.e., the Kerr-law) region, in order to detect
the possible field effect on polymer structures.
For this purpose, attention is drawn to the
characteristics of the transient RPEB signal
patterns of the buildup, reverse, and decay
processes, since such quantities as areas and
initial slopes may now be available with
sophisticated apparatus. The experimental
results obtained in the low field region will be
analyzed with a newly devised procedure, the
area method.'?
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THEORETICAL

Suppose that a polydisperse polymer system
consists of nonconducting, cylindrically sym-
metric molecules in dilute solution, whose
lengths, /, are distributed continuously over the
[0, co] range, and that each molecule possesses
the permanent electric dipole moment along
the symmetric axis u(l) and the polarizability
anisotropy Ao(l) (=33 —0,).”* 1?7 The char-
acteristics of an RPEB signal are schematically
shown in Figure 1.>11715 In addition to the
normalized signal profiles (Ag(t) for buildup,
Ag(t) for reverse, and Ap(t) for decay) at a given
time ¢ with thick lines, the corresponding areas,
represented with three shaded portions (Ag, Ag,
and Ap), and initial slopes with arrows at t=0
(Sp, Sg, and Sp) may be determined exper-
imentally. These quantities can also be cal-
culated theoretically for the polydisperse poly-
mer system. The theoretical expressions for
the reversing birefringence signal, An(t)=
n,(t)—n,(t), were originally derived only for
the limiting low field,'” and later extended.3°
More general expressions were recently derived
for higher fields,3!'3? but they may be given
only by complex mult-termed functions. In
APPENDIX, the theoretical expressions are

+E

@

g

° — s Time t

~o 0

- €

~ i B H AR H

8! Aglt)

g Ae(t)l Aglt) §

< s ! S

- SB R

5, A .
s T
T

Figure 1. Schematic presentation of an applied electric

reversing-pulse (upper) and a normalized RPEB signal
(lower). Transient profiles by thick lines: Ag(t), 4g(t), and
Ap(t). Areas by slanted lines: A, Ay, and Ap. Initial slopes
by arrows: Sg, Sg, and Sp. Subscripts B, R, and D stand
for the buildup, reverse, and decay processes. f,,, time
required for the extremum A,, in the reverse portion.
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summarized for the buildup, reverse, and decay
.processes.

Relations between Profiles, Areas, and Initial

Slopes

If both polymer conformation and elec-
trooptic properties remain unaltered by an
applied electric field, there exist three simple
but useful relationships in the transient
processes of a given RPEB signal in the low
field region where the Kerr law is obeyed. From
eq Al, A4, and A7, the normalized bi-
refringence profiles at a given time ¢ are related
to each other as'?3°

1
Ag(t)= 5 (1+ Ag(£) — Ap(t) 6]
From eq A2, A5, and A8, the following
expression results for the areas:

1
AB=7AR+AD

2
This formula indicates that the area ratio,
defined as Ag/[(1/2)Ax + Ap], is unity regard-
less of the degree of polydispersity for a given
polymer sample.'?® Finally, from eq A3, A6,
and A9, the following relationship holds for
the initial slopes:
1
Sp=—Sr—Sp 3)
2
Thus, eq 1—3 are the so-called indicators for

detecting any field-induced transitions of a
rodlike polymer system.

Differently-Averaged Relaxation Times and

Electric Properties

The permanent electric dipole moment and
the covalent (electronic and atomic) polariz-
ability anisotropy for a long cylindrical
molecule can be assumed to be proportional
to the length, i.e., u(l)oc! and Aa(l)ocl.® The
fraction of molecules with length /, ¢(I), may
be assumed to be proportional to the If,(l),
where f,(I) is the continuous probability
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distribution function of / based on the number
of solute in solution.>'1333 Thus, the following
two important expressions result for such a
polydisperse system:

J wf(l)ﬁ(l)zlfn(l)dl
<‘CB2>W? £ 0 =<T>z+l<ﬁz>w (4)
j If,(hdl
0
j (y(DifDdl
(=" =D )
j If,(hdl
0

The weight-average mean-square permanent
dipole moment {u?», equals the product of
the z- and weight-averages.'* By combination
of eq 4 and S with eq A2, AS, A8, and A10,
the areas in the Kerr-law region may be
expressed as follows:

_ Kreow .
B_<"B>w+l <"7B>z+1"'<rB>w+1 {15y, (6)
_ 6w
R_<rR>w+1 CTRYz+1 @)
_ Sroow o
D_<rD>W+1 <TD>Z+1+<’D>W+1 (tpr:(8)

where <t>,,, and <(r), are the (z+1)-
and z-average rotational relaxation times, re-

spectively, and <{r), =<B%),./2{y> =<1,/
{Aa> kT (k is the Boltzmann constant and T
is the absolute temperature). Similarly, from
eq A3, A6, A9, and A10, the initial slopes are

given as
i)
Sp=——{ —
<rB>w+1 TB z
Sp= = 2w <L>
{rpdw+ 1 \tR/ 241

<rD>w <L>
Tp/ z+1

<rD>w—1

©)

(10)

SD.= -
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{rpPw+1 \1p/:

It is clear from eq 6—11 that each area (or
initial slope) is given as the product of the
weight-average electric parameter {r),, and the
differently averaged relaxation times (or rotary
diffusion coefficients). Therefore, if {r), is
known, both {t),,, and {t), may be evaluated
separately from any two areas, or <{r), from
known {1),,., and <{t),, provided that the
field-off and field-on electric and hydrodynamic
properties remain unchanged by the orienting
electric field. Under this condition, the
relationship shown by expression (1), (2), or
(3) should hold. It should be noted that area
Agisrelated to (1), ; alone (the field-on state),
but both area 4y and area Ay contain (1),
and (1), (the field-on and -off states).

EXPERIMENTAL

Materials and Measurements

The fractionated [Glu(OBzl)], sample with
a weight-average molecular weight of 1.71 x
105 and the solvents (2-chloroethanol (CEL),
cyclohexanone (CHN), pyridine (PYN), and
chloroform (CFM)) were all described pre-
viously.!> The measurement of signals was
carried out at 535nm and at 20°C. The
instrumental time constant was ca. 0.7 us for
RPEB signals. The apparatus, procedure for
measurement, and analysis of the experimental
data are given elsewhere.!® The contribution
of the solvent birefringence to the observed
signal was subtracted. The concentration of
[Glu(OBzl)], was expressed with the residue
concentration in mM (=10"3moldm ~3).

Evaluation of the RPEB Areas

The areas were evaluated from the norma-
lized RPEB signal, according to the computer-
aided curve-fitting method with empirical
formulas.!3 In order to check this method, the
areas were manually computed, in some cases,
from the RPEB signal digitally plotted on a
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large-size 1 x 1 mm section paper. An actual
RPEB signal was compared with the smoothed
curve in Figure 2.

A question arises as to whether the area or
the initial slope is easier to be determined
experimentally with high accuracy. The answer
depends on the type of an RPEB apparatus
and a solvent in use. If the apparatus delivers
a reversing pulse with some instrumental time
constant but an electric power enough to
prevent it from sagging, the area is a more
reliable quantity. If the apparatus produces a
sharp square pulse at the initial portion but if
a wide pulse duration is difficult to be
maintained, the initial slope is better to be
measured. If the solvent contributes appreci-
ably to the RPEB signal,’® the initial slope
method is unworkable, as observed in the
present case.

RESULTS AND DISCUSSION

Normalized RPEB Signal Profiles

Figure 2 shows an actual RPEB signal of
[Glu(OBzl)], in 2-chloroethanol (upper half).
Since the signal of a dilute solution was weak,
25 observed signals were averaged to improve

|
0

0
Time t —>

Figure 2. Observed RPEB signal of [Glu(OBzl)], in
2-chloroethanol (upper) and a comparison between the
smoothed signal profile and computed points (lower). 25
digitized signals were accumulated and averaged. Applied
electric field strength: 3.1kVcm™!. Sampling time: 50 ns
between successive digitized dots (upper). Concentration:
1.12mM. See the text for detail.
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the profile, but this procedure smoothed out
the initial slopes to be less reliable. The
normalized RPEB profiles were computed from
eq 1, e.g., the buiidup protion from observed
reverse and decay portions, and so on, as
indicated with small points' (lower half). If the
electric and hydrodynamic properties remain
unchanged in the presence and the absence of
applied electric fields, the computed points
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Figure 3. Areas of normalized RPEB signals of [Glu-
(OBzl)], in 2-chloroethanol in the low field region.
Concentration, 1.12mM; areas in us, Ay (@); 34z (©);
Ap (O).

should be superimposed upon the observed
RPEB signals within an experimental error.
Evidently, this is not the case. The result in
Figure 2b reveals qualitatively that the electric
field affects the properties of [Glu(OBzl)],
during the buildup process. A comparison
should, in principle, be made in the Kerr-law
region, i.e., E*—0, where eq 1—3 are strictly
applicable, but a single RPEB signal always
contains unavoidable random error. Therefore,
the area method (eq 3) is the only practical
means to estimate the direct field effect on a
quantitative basis, considering that the instru-
mental limitation still remains at present.

Areas of RPEB Signalsin the Kerr-Law Region
Figure 3 shows the areas for buildup, reverse,
and decay processes experimentally determined
from RPEB signals at low electric fields.
Although these area values in each process are
scattered due to experimental errors, a large
electric field dependence is noticeable for
buildup and reverse processes. The area for
decay is, on the other hand, nearly independent
of field strengths, indicating that the distribu-
tion of the chain lengths is narrow for the
present [Glu(OBzl)], sample.!®3* Values of
areas were extrapolated to the limiting low field
(E?—0) with appropriate curvatures, which
have been shown to depend on the electric
parameter {$2),/2{y>,.'* This parameter can
be evaluated from the A,, and ¢,, values of the

Table I. Interrelation between areas of RPEB transient signals at the limiting low field
for [Glu(OBzl)], in helix-forming solvents at 20°C*

Concn. Ag Ag Ag Ag Ag Ag Ap

Solvent — — — — — —

mM  (1/24g+4p Ay Ap Ap s us s
CEL 1.12 093+0.02 1.5+0.05 4.7+02 3.1+0.1 380+4 2505 80+2
CHN 1.54 0.95+0.02 1.540.1 47402 3.04+0.2 280+5 190+5 60+5
PYN 2.08 0.81+0.02 1.740.1 47+40.2 2.74£0.2 136 +4 79+4 2942
CFM 3.19 0.74+0.04 1.610.1 3.040.2 1.940.2 150420 95+15 5045
CFM 1.91 0.81+0.02 1.740.1 4.0+0.2 2440.2 170+3 102+2 4242

2 Each value was evaluated by extrapolation of the area or area ratio versus E? plot to zero field (E*—0);
therefore, a small discrepancy always exists between values in the third column and those calculated from the
individual Ag/Ap, Ax/Ap, and Ag/Ap values, in which experimental errors are large. CEL stands for 2-chloroethanol,
CHN for cyclohexanone, PYN for pyridine, and CFM for chloroform.

Polym. J., Vol. 23, No. 12, 1991

1447



K. YAMAOKA et al.

reverse process.”®!5 The extrapolated area
values are given in Table I.

Area Relation between Buildup, Reverse, and

Decay Processes

Once individual areas are evaluated in the
low field region, the area ratio, Ag/[(1/2)Ax+
Ap], can be plotted against E? for detecting
any possible field effects on the electric and
hydrodynamic properties. Figure 4 shows plots
of Ag/[(1/2)Ax+ Ap] vs. E* for [Glu(OBzl)],
in four helix-forming solvents. Here again, the
dependence of the ratio on applied field
strength is noticeable. This dependence differs
from one solvent to another, reflecting that
values of (2> ,/2(y>,, are different (not shown)
(¢f. Figure 4 of ref 13 and Table I of
ref 15). Experimental values are very much
scattered for the 3.19mM [Glu(OBzl)],
solution in chloroform (d), in which molecular
aggregation* and the effect of applied electric
field on it'> have been studied.

In Figure 4, the area ratios extrapolated to
the limiting low field are less than unity in four
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Figure 4. Relationship between areas of RPEB signals
for [Glu(OBzl)], in helix-forming solvents. Concentra-
tions: (a) 1.12mM in 2-chloroethanol (CEL); (b) 1.54 mM
in cyclohexanone (CHN); (c) 2.08 mM in pyridine (PYN);
(d)3.19mM (@) and 1.91 mM (Q)in chloroform (CFM).
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solvents, ranging from 0.95 in cyclohexanone
to 0.74 in chloroform at a higher concentration.
Given in Table I, these values indicate that
both, or either, electric and hydrodynamic
properties of [Glu(OBzl)], in the presence of
applied pulse fields differ from those in the
absence of the fields; otherwise, the area
relationship (eq 2) should hold identically. The
direct effect of field on [Glu(OBzl)], is,
however, only slight in cyclohexanone. In fact,
the field-on and field-off conformations of
[Glu(OBz)], were reported to be the same at
more elevated temperatures.!3 In pyridine and
chloroform, area ratios are far less than unity,
clearly showing the field-on and field-off
properties disagree with each other. The nature
of this field effect is not clarified at present.
The interaction between solvent and solute
molecules may play an important role, e.g.,
softening of helical structure and easier
alignment of polar side-chain groups toward
the external field direction.

It becomes evident now that the applied
electric field affects the rodlike and nonionized
[Glu(OBzl)], conformation reversibly even at
low field strengths to a varying degree. It is
the area method, associated with the RPEB
technique, that reveals the so far undetected
but important field effect. It will be a future
problem to relate, on a quantitative basis, this
observed field effect with such factors as the
pitch and twist angle of a helical backbone,!*
helical chain length,!® and selective solvation
surrounding the helical periphery.

Areas as Electric and Hydrodynamic Parame-
ters
Since the field-on steady-state birefringence
An should be the same in all RPEB processes
(cf. eq A10), the ratios of any two of three
transient processes are given from eq 6—38 as

6<BR2>W_
fiz 2<YB>W <Tk>z+1 (12)
A, 4B
s %‘Lg-wmmm
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6<BR2>W.
Ay 205 {TRYz+1
A o> )
° 2<5D>:'<Tn>z+1 +<tp);
4<ﬂB2>w <v3>w
T z+ + : B/z
Ag _ 2{ypdw (e {Ppw <
Ap Bo® (9
° 2<’I;D>: <TD>z+ 1 +<TD>Z

These area ratios are expressed as the complex
products of electric and hydrodynamic pa-
rameters characteristic of the buildup, reverse,
and decay processes. If these parameters all
remain unaltered by an applied electric field,
i.e., no direct field effect is involved, eq 12—14
can then be reduced to simpler forms, the
parameters being common to all three proc-

esses (i.e., {rg>=<{rp>=<rpy and <(1g)=
() =<1p)):
<T>z+1
6 .
R . T
Ag 4<r>w_<1'>z+1+1 40+1
{12
.<‘C>z+l
4 S, e a6
Ap {41 0+1
IERLLAS N
.
‘<T>z+l
T aen
AD <r>w.<r>z+1+l Q+1
(1),

where Q= (r)>,{tD,+1/{7),, the electro-hydro-
dynamic parameter. Equations 15—17 show
that these area ratios contain the product of
the electric and hydrodynamic quantities,
which are again unseparable. These area ratios
vary continuously between two limits, whereas
Ag/[(1/2)Ax+ Ap] remains unity (¢f. eq 2)
independent of Q, as shown below.
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Figure 5. Theoretical curves of three different area ratios
against the electro-hydrodynamic parameter Q. Ag/Ag,
(—); Ag/Ap, (-—-); Ap/Ap, (— — —). Symbols are
experimental values: (Q) in 2-chloroethanol; (A) in
cyclohexanone; ( Q) in pyridine; ([J, 3.19mM; K,
1.91 mM) in chloroform.

Figure 5 shows the plot of eq 15—17 against
Q on a semilogarithmic scale. Area ratios
(Ag/Ag, Ax/Ap, and Ag/Ap) tend to approach
the high limiting values rapidly (Q ~10), the
largest change occurring for Ag/Ap (0—6.0).
In Figure 5 the experimental values in Table I
are also shown with different symbols. If no
direct field effect is present in the transient
processes, three experimental area ratios
Ag/Ag, Ag/Ap, and Ag/Ap of a [Glu(OBzl)],
solution should yield the same Q value on the
abscissa. Apparently this is not the case in each
solvent. Both Ag/Ap and Ag/Ap seem to yield
Q values lower than they should, on the basis
of {B*),,/2{y>,, values which were found to be
much larger in a previous study.!® Probably
except for cyclohexanone, Ag/Ay values exceed
the theoretical limit of 1.5 at infinitely large Q,
which corresponds to the pure permanent
dipole orientation ({r),=<{B*>,/2{y),, = ©).
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Any values greater than 1.5, e.g., 1.7 in
pyridine, should be interpreted as being due to
the direct field effect on the electric and
hydrodynamic properties of [Glu(OBzl)],.
The above results altogether indicate that the
field-on reverse process yields an Ay larger
than it should be expected. The data in Figure
5 may be interpreted, on a qualitative basis, as
being that the electric moments (u and AaFE)
are increased by the applied electric field, if the
chain length of the [Glu(OBzl)], helix remains
unchanged in the transient processes.’® Any
quantitative discussions are difficult to be made
on the change in the electric moment and the
hydrodynamic chain length in the presence of
applied field, since such a change may be an
interplay- of many variables (u, Ax, and 1)
involved in the parameter Q. The change of
electro-hydrodynamic parameters should be
time-dependent; for example, the change of u
may be either instantaneous or gradual,
varying with the pulse duration.!® Needles to
say, such a change is reversible and the field-off
state is always recovered upon removal of an
external field. Any further discussions are
beyond the scope of the present work.

RPEB vs. SPEB Measurements

From conventional SPEB measurements at
weak fields, the areas are determined only for
buildup and decay signals. The area ratio for
a polydisperse polymer sample is given by eq
14 or 17. If a polymer system is monodisperse
regarding chain length, the electro-hydro-
dynamic parameter Q reduces to r= B(I)%/2y(l)
«rw=r()=rand {t)>,=<1),,,). Equation 17
reduces to

Ag _4r+1

ED__ r+1

This expression was first proposed by Yoshioka
and Watanabe,*® who suggested that the ratio
is 4, as r—> oo (the permanent dipole moment
orientation), whereas it is 0, as r—0 (the
electronic induced moment orientation). The
notion that the r value can be evaluated from

(18)
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eq 18 is correct only for the monodisperse
polymer system, in contrast with the original®®
and subsequent reports.>®~3% It should be
noted that the ratio 43/ A4 alone cannot reveal
the possible effects of applied pulse field on the
polymer conformation.

As already presented in detail in the
preceding sections, an RPEB measurement at
weak fields makes it possible to detect not only
reversible conformational transition or change
in the electric and hydrodynamic properties but
also its existence and likely causes. This is
because two additional ratios Ag/ 4z and Ag/A4p
are available, together with the area relation-
ship (eq 2). Hence, the advantage of the RPEB
over the SPEB measurement is evident.

Area vs. Initial Slope in the Kerr-Law Region
The initial slopes for buildup, reverse, and
decay processes (¢f. Figure 1) are related to
each other by the identity (eq 3), which is close
to the relationship between areas (eq 2).
Nishinari and Yoshioka showed in the SPEB
study that the initial slope in the buildup
process is expressed as the product of the
electric and hydrodynamic parameters for a
monodisperse system.>**? Although the initial
slopes in the Kerr-law region contain a large
experimental error, the combination of areas
with initial slopes in three transient processes
yields potentially very useful expressions, in
which the electric parameters are eliminated.
From eq 7 and 10, the field-on reverse process
of an RPEB signal yields the relaxation time

and the rotary diffusion constant (® =1/61):
Ag _ 31D 41

Sk 1/)ze4

From eq 6, 8, and 9, the following expressions

are derived for the field-on and field-off
processes:

A4p—Ay 34524z 32>,

Sp Sg C1ft);

(19)

(20)
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AB_AD= . 3K1),4
S+ Sp QYA

It should be noted that eq 19—21 contain only
hydrodynamic parameters.

Various averages of the relaxation time {t)
and the rotary diffusion constant {1/6t) can
be calculated theoretically from the distribu-
tion function of chain length, If(I), and the
appropriate hydrodynamic equation for rod-
like molecules.>'3*°~42 The function If,(l)
may also be estimated experimentally by gel
permeation chromatography for helical poly-
mers, for which_the length is proportional to
molecular weight. Thus, the effect of applied
electric pulse on the reversible chain elongation
or contraction, as predicted in previous
papers,' 13 can be detected with the aid of eq
19—21. In order to take a full advantage of
the initial slope method, a technical innovation
for a fast and well-defined square-wave pulse
generator is eagerly awaited. This is our future
goal. Finally, the RPEB technique should be
highly recommended for obtaining detailed
information on the structural properties of
polymers, as fully elaborated in this and
previous studies.! ~!7

20

CONCLUSIONS

In the course of field orientation of
[Glu(OBzl)], helices, the electric and hydro-
dynamic properties in some organic solvents
must be modified to a varying degree by an

applied electric pulse, even if such measure-
ments are carried out in the Kerr-law region.
For detecting these changes that occur
reversibly by application of pulse fields,
analysis of transient RPEB signals is essential;
in particular, the area method is highly
recommendable. In the limiting low field
region, a universal relation, Ag=(1/2)4x + Ap,
should hold, if no direct field effect is present.

The steady-state birefringence has been
studied in the past under diverse conditions.
From the field strength dependence, a great
deal of information has been accumulated on
the electric and optical properties of polymers
including rodlike helices. In a strict sense,
however, these field-on properties do not
necessarily represent the electrooptical and
hydrodynamic properties of a given polymer
system in the absence of applied fields, unless
the area relationship must be confirmed in
advance. This point has long been overlooked
but clarified in the present work for the first
time.

APPENDIX

Theoretical RPEB expressions are summa-
rized below for the normalized signal of a
polydisperse polymer system in the Kerr-law
region.

[I] Buildup Process
(1) Normalized birefringence Ag(t):

r 3B(l)2e‘29““"—[ﬁ(1)2—4v(l)]e‘69““"}
Ang( ,l){ - »dl
a2 A _ ) e 20+ 20 D
Any(o0) . j Ang(o0, 1)dl
0
(2) Area Ag:
- 3(0)?

© Ang(o0, l)t(l)[l + - ]dl

Ag=f [l —AB(r)]dzJ 0 L ArE20 (A2)
0 J Ang(oo, 1)d!
0
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(3) Initial slope Sg:
2t~ (! l
(1) i

j Ang(0, 1) [*ﬂ
SBE<ddAB> _Jo _ B(1)* +2y(1) (A3)
t /im0 f Ang(o0, 1)d!
0
[IT] Reverse Process
(1) Normalized birefringence Ag(?):
” 3p(1) - —60110
J Arz,z(oo,l)[i2 ](e 20t _e=60ubnq)
= 20y, B+ 210) AD
() J Ang(co, 1)dl
(o]
(2) Area Ag:
” 6p(1)*
" f AnR(w,l)r(l)[2—~]dl
AR=J [1—Ag(0)]de="0 LA+ 20 (AS)
0 J Ang(oo, 1)d!
(0]
(3) [Initial slope Sg:
JwAnR(oo, l)[2ﬁl(12)2r(é)“ll} d/
Sﬁ(ddAR) _do L A6)
f /e j Ang(co, Il
0
[III] Decay Process
(1) Normalized birefringence Ap(t):
JwAnD(O, l)e~6enlrg]
Aol = o (A7)
mo(0) f An(0, 1)d!
0
(2) Area Ap:
- OOAnD(O, Dr(hdl
Ap= J Anp(t)dr="0— (A8)
° j Ang(0, )d! ‘
0

(3) Initial slope Sp:
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rAnD(o, Iye(l)~'dl
o (A9)
f Anp(0, 1)d!

0

Notations are p(I)=u()E/kT, y(I)=Ax(l)E?/
2kT, where E is the applied electric field
strength, k is the Boltzmann constant, and T
is the absolute temperature. t(/) and @,,(l) are
the rotational relaxation time and the rotary
diffusion coefficient, respectively, of the whole
molecule around the transverse axis, i.e.,
60 ,,()=1/x(l). The steady-state birefringence
in the buildup process Ang(co) is given as
(Ang(o0) = Ang(c0) = Anp(0))

Ang(o0)= J Ang(oo, Ddl

0

2 A *
_ (”Cv > (:’) f ST +2p(D]d!

(A10)

where C, is the mean volume fraction of solutes
in a polydisperse system and (Ag/n) is the
reduced optical anisotropy factor, »n being the
refractive index of solution, and ¢(l) is the
fraction of solutes with the length /. (Ag/n) is
generally assumed to be independent of the
chain length for a thin, rodlike molecule.'?*?
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