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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 four helix-forming solvents: 2-chloroethanol, cyclohexanone, pyridine, in which
[Glu(OBzl)], is dissolved molecularly, and chloroform in which it is aggregated. A standard
analytical procedure is given for the RPEB signal which represents the field-on and field-off
processes. The steady-state birefringence of [Glu(OBzl)], was measured over a wide field strength
range up to ca. 20kVem™'. The Kerr law was obeyed at low fields, while a saturating trend was
observed at higher fields. Specific and intrinsic Kerr constants were obtained. The weight-average
molecular length /,, the degree of polydispersity /,//,, and the electric parameter (f,,)%/2y,, were
evaluated from the reverse-transient signal which exhibits a deep minimum. The values of /,, and
1,/1, in the field-off process were also evaluated from the birefringence-average relaxation time and
initial slope, both of which were obtained from the decay signal. The axial translation per residue of
the [Glu(OBzl)], helix was found to range between 1.27 and 1.30A at dilute concentrations

regardless of solvent.
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In the original work on light scattering and
viscosity in N,N-dimethylformamide and in
chloroform—formamide mixture, poly(y-benzyl
L-glutamate), [Glu(OBzl)],, was reported to be
in the a-helix form.? Later studies, however,
have not necessarily supported this conclusion;
some different helical conformations have
been proposed for [Glu(OBzl)],,>~7 which is
considered to be a standard for many rodlike
polypeptides and proteins. The major source
for this disagreement arises from the uncer-
tainty in the relationship between the absolute

molecular weight and chain length. The prob-
lems may be attributed to the following: (1)
experimental difficulties inherently associated
with light scattering and differential refractive
index measurements,®® (2) the polydispersity
of molecular weight of [Glu(OBzl)], samples,’
(3) the dependence of chain flexibility on mole-
cular weights,” !° (4) the interhelix interaction
leading to aggregate formation,®*!' and (5)
the approximations made for estimating the
axial ratio, radius, and hydrodynamic volume
of [Glu(OBzl)], from viscometric measure-

t This work was in part presented at the 32nd meeting of the Society of Polymer Science, Japan held at Kanazawa,

October 1983.!
* To whom correspondence should be addressed.
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ments.!?

Pulsed electric birefringence is a direct
method for clarifying the electrical and hydro-
dynamic properties of rodlike polypep-
tides;”'372! thus, it can resolve some of the
above problems. The reversing-pulse electric
birefringence (RPEB) technique?? is unique in
the sense that the field orientation mechanism,
the rotary diffusion coefficient, and the mole-
cular weight (or length) distribution of solutes
may be evaluated from measurements in the
low electric field strength region.?® The radius
and axial translation per residue can be esti-
mated from RPEB measurements together
with the intrinsic viscosity and the molecular
weight. Hence, the conformation of rodlike
polymers in solution can be resolved.?*?
Experimental results of electric birefringence
have usually been interpreted under the im-
plicit assumption that the externally applied
electric field can orient the solute molecules
without inducing any direct field effects (e.g.,
association-dissociation or conformational
transition), unless birefringence signals in-
dicate some visible anomalies.!> However, a
recent RPEB study of poly(y-methyl L-glu-
tamate) in hexafluoro-2-propanol clarified in
detail that a structural transition is induced
by an applied electric pulse of low field
strength in the course of the field orientation
of the helix.?®”2?% In transient electric bire-
fringence studies, therefore, it is impera-
tive to first ascertain the absence of the direct
electric field effect on macromolécular con-
formation.?®

Aiming at further developments of RPEB
techniques,?® “2° we report in this paper an
RPEB study of the solution conformation of
[Glu(OBzl)], with particular attention to the
aforementioned direct field effect. For this
purpose, we used a fractionated and only
slightly polydisperse sample in four helix-
forming solvents;!! 2-chloroethanol, cyclo-
hexanone, pyridine, in which [Glu(OBzl)], is
nearly or completely unaggregated, and chlo-
roform in which the polymer forms an aggre-
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gated helix. Experiments were pursued, on a
comparative basis, both in the field-on proc-
esses (reverse-transient and steady-state bire-
fringence) and in the field-off process (decay).
Discussion is presented on possible differences
in molecular conformation and electrooptical
properties of [Glu(OBzl)], between these two
processes.

EXPERIMENTAL

Materials

A sample of [Glu(OBzl)], with a weight-
average molecular weight M, of 1.9 x 10° was
dissolved in dichloromethane and fractionated
into three fractions with methanol by the
successive  precipitation method.>*® The
smallest-molecular-weight fraction was used in
this work. The intrinsic viscosity, [#], was
measured in N,N-dimethylformamide at
20°C with a Ubbelohde-type dilution viscom-
eter at a flow time of 267.6s.2*?5 The value
of M, was estimated to be 1.71 x 10° from the
[n] value of 228.4 cm® g ! with the relationship
given by Doty et al.> Reagent-grade pyridine
and UV-spectrograde chloroform (DGgjindo
Labs.) were used without further purification.
Reagent-grade 2-chloroethanol (Wako
Chemicals) was treated with anhydrous so-
dium carbonate overnight, and distilled under
reduced pressure at 40°C, nitrogen gas being
introduced, and kept under nitrogen atmo-
sphere. Reagent-grade cyclohexanone (Kata-
yama Chemicals) was distilled under reduced
pressure prior to use. The solution of [Glu-
(OBzl)], was prepared by weighing the an-
hydrous sample dried at 78°C for 8 h under
reduced pressure. The concentration of so-
lution was expressed in terms of the residue
concentration C, in mM (=10">moldm ~3) or

of the mass concentration ¢ in gem ™3,

RPEB Measurements

Electric birefringence was measured at
535 nm and 20°C on an apparatus built in this
laboratory.?*?° For RPEB signals measure-
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ments, a reversing-pulse generator with a time
constant of 0.5 us each for the buildup, reverse,
and decay portion was used in the low field
strength region (E<6kVem™!). A quarter-
wave plate was inserted in the optical path. A
square-wave pulse generator with a time con-
stant of ca. 0.7 us was used for the steady-state
and decay signal measurements in the
medium-to-high  field strength  region
(E<20kVcm™!) usually without the quarter-
wave plate.>!

Figure 1 shows a schematic diagram of the
optical system and the acquisition and process-
ing of birefringence signals. For the signal
detecting system, a two-channel transient wave
memory (Riken Denshi Co., Model TCH-
4000(S) with the fastest sampling time of
50 ns/word, 8 bit, 4000 words)?’-?® was utilized
in place of the oscilloscope formerly in
use.?* 2% The photocurrent generated from a
photomultiplier was fed to one channel and
the attenuated electric pulse voltage to the
other. The digitized signals were then transfer-
red to a microcomputer (Oki Electric Co., IF
800 Model 10) with two minifloppy disk-drives
via an interface. The desired numbers of RPEB
signals were stored in the floppy disk and then
averaged. Programs were written for the anal-
yses of both the steady-state, reverse, and
decay birefringence signals and the applied
electric field strength. Figure 2 shows a dig-
itized RPEB signal of [Glu(OBzl)], in 2-
chloroethanol; each dot is an average of two
sampling times 2 us apart. It is seen that a deep
extremum or ‘““‘dip” appears in the reverse
process and the reverse-pulse duration is de-
liberately set longer than the first square pulse
in order for the reverse signal to return com-
pletely to the original steady-state level.

The electric birefringence, An=n —n,, was
expressed in terms of the observed optical
phase retardation ¢ as 6 =(2nd/A)4n, where A
is the wavelength in vacuo and d is the optical
path length. Two Kerr cells of cylindrical type
made of Kel-F were used,!” 3! the electrode
gaps being 0.207 cm (d=1.00cm) and 0.330cm

Polymer J., Vol. 19, No. 8, 1987

Figure 1. Schematic diagrams of (a) the optical system
and (b) the data acquisition and processing system for
RPEB signals. (a) L, 150 W iodine-quartz lamp; L,, L,,
and L;, lenses; M, prism UV-VIS monochromator; P,
Glan-Thompson polarizer; C, Kerr cell; Q, quarter-
wave plate made of quartz; A, Glan-Thompson ana-
lyzer; PM, Hamamatsu R-376 head-on photomultiplier;
HP, two-channel high voltage pulse generator; TC,
temperature control; WM, transient wave memory. (b)
E, attenuated electric pulse; I, photocurrent; CRT,
monitor oscilloscope; IF, interface; uC, microcom-
puter; P, printer; mFD, minifloppy disk drives; K, key
board; D, display.
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Figure 2. A digitized RPEB signal of [Glu(OBzl)], in 2-
chloroethanol at 20°C. Arrows indicate the application,
reversal and removal of an external electric pulse field.
Concentration: 1.12 mM; Field strength: 3.63kVcem™!.
25 signals were averaged.

(d=2.00cm). The phase retardation of each
solvent, dg,,,.n» Was subtracted from the values
of 6 observed for [Glu(OBzl)], solutions,
O[G1u(0Bz1)], = Oobsd — Osolvens Whenever this cor-
rection was needed. The Kerr constant B (=
(1/2)(An/E *)g o= (1/2nd ) x (8/E *) o)
of each solvent in cmV ~2 was determined to be
7.58 x 10712 (2-chloroethanol), 2.03x 107!
(cyclohexanone), 2.81 x 107! (pyridine),
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Figure 3. Illustration of RPEB signal and applied elec-
tric pulse field. PH, pulse height; PD, pulse duration; PR,
pulse reversal; B, buildup process; R, reverse process; D,
decay process; S, steady state; A(f), normalized biref-
ringence; 1,,, time required for the extremum 4,,.

and —4.00 x 1072 (chloroform).

Analysis of Birefringence Data

The detailed analytical procedure has been
given elsewhere for the birefringence signals of
nonaqueous solutions containing rodlike, non-

38(1)?
Ag(t)=

An() J.o An(o,l) (1 TR+ 20D [exp(—26,(I)t)—exp(— 66, ,(I )t])dl

conducting polymer molecules which are
polydispersed with respect to the molecular
length /2372332 Therefore, the minimum
number of theoretical expressions is given
below. Figure 3 shows the RPEB signal and
pulse pattern with nomenclature currently in
use for data analysis.

(1) Field-On Processes.

(i) Steady or Equilibrium State. The
steady-state birefringence An(oo) at an arbi-
trary field strength E is expressed with the
weight-average orientation function (@), as

An(oo):J: An(oo,l)dl=%”A—g<¢(ﬂ(1),v(l))>w

_2nC g L (ORI

n

1)

lef,,(l)dl

(i) Reverse Transient. In the low field re-
gion where the Kerr law holds, the normal-
ized RPEB signal Ag(¢) is given as

@

An(o0)

(2) Field-Off Process.

(i) Decay. The normalized birefringence
decay signal 4p(¢) after removal of the applied
pulse field at an arbitrary strength is given as

An(t) _[ An(oo,l)exp(—60,,(1)r)d!

0

Anf o) r An(oo,l)dl

0

Ap(t)=

()

Notations are as follows: ®(8(/),y(/)) is the
“classical orientation function,” in which
B(1)*/2y(1)>0, for thin rodlike polymer sol-
utes.!? n is the refractive index of solution. C,
is the volume fraction of solute. 4g=(g;—g,)
is the optical anisotropy factor independent of
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Jw An(oo,l)dl

0o

length / for a long polymer molecule.®® B(/)=
WE/KT and y(I)=Aa()E?/2k T, where u(l) is
the permanent electric dipole moment, do(/) =
(233 —04,) is the covalent (atomic and elec-
tronic) polarizability anisotropy, k£ 1is the
Boltzmann constant, and 7 is the absolute
temperature. @,,(/) is the rotary diffusion coef-
ficient of the solute around the transverse axis.
An(oo,l)=(2nC,/15n)Agd(1) {B(1)* +2y(/)} in
the Kerr-law region; ¢(/) is the fraction of
molecules with length /, which is proportion-
al to If,(/), and f,(/) is the probability den-
sity function based on the number of solutes
in solution.??

Since the type of distribution function is not
too critical for a well-fractionated sample,?*:2°

Polymer J., Vol. 19, No. 8, 1987
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the Lansing-Kraemer distribution function®*
is assumed for the length of the [Glu(OBzl)],
helix:

Sl =(1/wly/ n)exp[—(n(/1)* /™) (4)

where w and /; are the parameters related as
L,=1,(I,/1)*?* and [/, =exp(w?/2). The de-
gree of polydispersity is defined as the ratio of
weight-average, /,, to number-average, /,,
lengths, /,/l,, for helical polymer molecules
whose molecular weights are proportional to

length.

w2

RESULTS AND DISCUSSION

Field-On Processes

Steady-State Birefringence of [Glu(OBzl)],.
Figure 4 shows the specific steady-state bire-
fringence per path length, d/cd, of [Glu(OBzl)},
in four solvents. In all cases, the values of d/cd
approach a saturation at higher fields, the sign
always being positive, while they are pro-
portional to the square of field strength in the
low field region, indicating that the Kerr law is
obeyed. In 2-chloroethanol, cyclohexanone,
and pyridine, in which the [Glu(OBzl)], helix
was reported to be either molecularly dis-
persed or only slightly aggregated,'! §/cd val-
ues are almost independent of concentration
(Figure 4a). This result reveals that the solute
helix is stable in the concentration range of 4—
1 mM, without being affected by externally
applied electric fields. On the other hand, é/cd
values in chloroform show a marked depen-
dence on concentration (Figure 4b). At higher
concentrations, the signal heights decrease
progressively by repetitive pulses of high elec-
tric field strength. Thus, in the field-on process
where the solutes are oriented, the electroopti-
cal properties of [Glu(OBzl)], helices in chlo-
roform are affected by the applied field. The
electric field induces either the dissociation of
aggregated helices!"*' or the irreversible
transition.

Specific Kerr Constant. The specific Kerr
constant, B/c (c being in gcm™3), is defined as
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Figure 4. Field-strength dependence of the specific
steady-state optical phase retardation per path length,
d/cd, at 20°C. (a) 2-chloroethanol (A, 1.12mM; A,
0.56 mM), cyclohexanone (O, 4.27mM; @, 1.54mM),
and pyridine ([]J, 2.08 mM; @, 1.04 mM). (b) chloroform
(XK, 3.19mM; ®, 1.91mM, 4, 0.957mM). Solid lines
are curves theoretically calculated with the parameters in
Table I.
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Figure 5 shows plots of observed values of
8/cdE* against the square of field strength at
low fields for each solvent. The plots indicate
that d/cdE? values increase slightly in the low
field region (E<6kVcm™!), but show no
maximum at extremely low fields. This field
strength dependence is an indication that
B?/2y 2 2.*3 The values of §/cdE? extrapolated
to zero field give rise to the specific Kerr
constant B/c. By extrapolation of B/c values to
zero concentration, the intrinsic Kerr con-
stants, [B/c]..,, were evaluated for three sol-
vents and are given in Table 1. In chloroform,
B/c values show a marked concentration de-
pendence, and the [B/c]._, value is difficult to
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Figure 5. Field-strength dependence of 6/cdE? in four
helix-forming solvents in the low field strength region.
(a) 2-chloroethanol (A, &), cyclohexanone (O, @), and

pyridine ((J, W). (b) chloroform (X, ®, A).
Concentrations are the same as those in Figure 4. Solid
lines are theoretical (cf. Figure 4).

determine. This is most likely due to the
dissociation of aggregated helices with de-
creasing concentrations rather than confor-
mational transition."!

The intrinsic Kerr constant for a solution
that contains rodlike [Glu(OBzl)], molecules
of various lengths is written as

[ B ] [ 2n )(Ag u?y,,
o oo T\B2p )\ )2t
(6)

where (u?», is the weight-average of the
square of permanent dipole moment, (4a),, is
the weight-average polarizability anisotropy,
and p is the density of solute. (u?>,, is equal to
{uy L, if u(l) is proportional to /, which
is the case for the rodlike [Glu(OBzl)], helix
with the average length less than 1200 A.2*
The quantity {(*>, or {ud.(u>, in eq 6
can be converted to (x>, without any dif-
ficulty, when the distribution function £,(/) is
specified for the rigid, rodlike molecule sys-

(4%,
kT
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tem.?® ~ 2% Hereafter, the weight-average quan-
tities will be denoted without symbol { ),
e.g., u, for {uy,, whenever no confusion
occurs. Equation 6 indicates that the intrinsic
Kerr constant is the product of the optical
term (Ag/n) and the electric term [(12,/k>T?)
+(4a,/kT)]. It should be noted that these
two terms can never be evaluated separate-
ly from the steady-state birefringence mea-
surement in the low field strength region.

In order to estimate the optical term, the
saturated steady-state birefringence 4n, must
be obtained. The extrapolation of d/cd values
to infinitely high field would yield the An,
value, since the orientation function &(f,y)
approaches unity.'® This extrapolation pro-
cedure is, however, often impractical, unless
the d/cd data at sufficiently high fields are
available. This is because the curvature to
extrapolation varies with the ratio of /2y,
i.e., i*/kTAa. Another procedure (the curve-
fitting method) has also been used to separate
the optical term.'*2*~27 (This procedure will
be discussed in a later section.) In this case, the
polydispersity of a particular sample solution
must be known in advance or independently,
in order to draw theoretical ‘‘master curves”
(ie., @, vs. (B,)*+2y, plots) to which an
experimental d/cd vs. E* plot is fitted ((8,)* =
(u,,E/kT)? and 2y,=A4a, E?/kT). Fortunate-
ly, the degree of polydispersity, /,/I,, can be
estimated from the reverse-transient signal
with the assumption of an appropriate distri-
bution function f,(/),>> %> as shown in the
next section.

Reverse-transient of [Glu(OBzl)],. The ex-
tremum in the reverse process of an RPEB
signal is characterized by the time required for
the signal to reach the extremum, 7, and the
normalized signal height from the baseline,
A, at 1, (cf. Figure 3).2% Figure 6 shows values
of both 4, and ¢, plotted against E2. By
extrapolation of these values to zero field
strength, the limiting values, (4,)z., and
(tm)E—0> could be evaluated and are given in
Table 1. The value of (4,,)g_, is related to the

Polymer J., Vol. 19, No. 8, 1987
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Table 1. Electrooptical and hydrodynamic properties of [Glu(OBzl)}, in four helix-forming
solvents as evaluated from field-on processes at 20°C
[B/cl.~o (tw)g~o0 L, JT Ao, Ag/n
Solvents* —————— (4,)5-0 L B2y,

10" 6cmtg~tv~2 us A D 10°Ycm®* 1073

CEL 1.41 0.056 78.9 980 1.06 20.5 2720 0.89 4.2
CHN 2.28 0.068 64.5 1060  1.06 15.2 3370 1.84 4.7
PYN 0.37 0.149 26.9 1040  1.07 5.6 2620 3.03 1.1
CFM 1.59 (3.19)° 0.197 33.5 1330 1.14 6.8 3380 4.16 2.7
1.58 (1.91)° 0.168 30.3 1280 1.10 9.9 3320 2.76 3.1

0.83 (0.97)° 0.096 22.4 1160 1.08 20.5 2590 0.81 2.6

2 CEL, 2-chloroethanol (3.43); CHN, cyclohexanone (2.22); PRN, pyridine (0.952); CFM, chloroform (0.568).
Numerals in parentheses are the viscosity in centipoise at 20°C.

b ID=3.336x 1073 Cm and 1cm® x 1.113 x 107® Fm?.

¢ This value is B/c at the molar concentration C, in mM specified in parentheses.
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Figure 6. Field-strength dependence of the minimum
position, 4,, and ¢,, in the reverse-transient signal of
[Glu(OBzl)],. (a) 2-chloroethanol, (b) cyclohexanone, (c)
pyridine, and (d) chloroform. Symbols are the same as
those in Figure 4.
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ratio of (8,,)?/2y,,, i.e., (u,)*/k TAu,,, and hence,
to the mechanism of electric field orientation
and the helical structure of [Glu(OBzl)],.?***
Qualitatively, the larger the value for the
depth, ie., 1 > the greater is the contribu-
tion of the permanent electric dipole moment
to the field orientation.?? =27 The value of the
depth is larger in 2-chloroethanol and cyclo-
hexanone (4,~0.06—0.08) than in pyridine
(4,,~0.15). In chloroform, the value of 4,
lowers from ca. 0.2 to 0.06 with decreasing
concentrations of [Glu(OBzl)],; the permanent
dipole moment of the helix contributes more
dominantly than the polarizability anisotropy
to the field orientation in dilute solutions.
Since the viscosity of solvent # affects ¢, a
correction factor (7/4) must be multiplied to
compare values of (¢,)5_, in different solvents.
By use of the limiting-low-field values of 4,
and (7/n)t,, together with the whole signal
pattern in the reverse process, the most ap-
propriate set of three important hydrodynamic
and electric parameters [/, [/, (B.)*/27.]
may be evaluated for each [Glu(OBzl)], so-
lution. The procedure for this computer-aided
operation is straightforward but time-
consuming. It has been described in detail in
previous reports from this laboratory.?3:24
Therefore, the final result for the best three-
parameter sets is given in Table I, without
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(T/2)t / KPa™

Figure 7. Observed (dots) and calculated (solid lines)
reverse-transient signals of [Glu(OBzl)], in the Kerr-law
region. (a) 2-chloroethanol (E=3.63kVem™!, C,=
1.12mM), (b) cyclohexanone (4.71kVem™', 1.54
mM), (c) pyridine (4.84kVcm™!, 2.08 mM), and (d)
chloroform (4.00kVcem™, 0.97mM). Five to twenty-
five signals were averaged. Ordinate: normalized bire-
fringence signal 4. Abscissa: corrected time (T/n)t.

citing the lengthy procedure here. The signific-
ance of these parameters will be discussed in
the later sections.

Figure 7 shows some reverse-transient sig-
nals of [Glu(OBzl)], in each solvent, both
experimental (dots) and calculated (solid lines)
with the three-parameter set in Table 1. The
agreement is excellent even for the chloroform
solution at a dilute concentration. In this
calculation, the original Broersma equation,®®

1
O, .(l)y=—
ll() 6T(l)
3kT 1 2
= In2p—1.57+7{ ———0.
mw[“ LT (mzp 028”
@
958

was used for the rotary diffusion coefficient,
where (/) is the relaxation time for the ro-
tation of the whole helix molecule around the
transverse axis, p is the axial ratio (=//2b) with
the diameter 2b of 17 A for [Glu(OBzl)],.>*
Separation of Optical and Electric Terms.
Once the three-parameter set [/, /,/[,
(B.)?/2y,) is evaluated, the weight-average
orientation function {(®((/), y(1))>, can be
calculated.?? By fitting an experimental J/c vs.
E? curve to the theoretical curve @, plotted
on a double logarithmic scale against
(B +27,] or [(1,)* +(4a,/kT)] x E?, three
electric and optical quantities, ie., u,, 4a,,
and 4g/n, could finally be evaluated (the curve-
fitting method).'*?* These values are also
given in Table I. The results in this Table re-
present the electric, optical, and hydrodyna-
mic properties of the [Glu(OBzl)], helix in
each solvent in the presence of external elec-
tric fields. The permanent dipole moment pu,,
and the specific optical anisotropy factor
Ag/n are largest in cyclohexanone and small-
est in pyridine. Thus, the overall helical con-
formation of [Glu(OBzl)], remains almost the
same in three helix-forming solvents, but the
electric and optical properties are quite char-
acteristic of individual solvents. The solvation
around the periphery of helix and the specific
interaction of the main-chain peptide bond
and side-chain benzyl group with individual
solvent molecules may all contribute to the ob-
served difference in u,, 4a,, and Ag/n. Solid
lines in Figure 4 are theoretical curves calcu-
lated with the values of p,, 4a,, and Ag/n
given in Table I. In 2-chloroethanol, cyclo-
hexanone, and pyridine, both experimental
points and theoretical curves agree quite
well, indicating that the field strength depen-
dence of steady-state birefringence can be
reproduced with the parameters evaluated
from the reverse-transient process. In the
presence of applied electric fields, the aver-
age length of [Glu(OBzl)], helix converges to
a constant value of 1020+40 A or 1.314+0.05
AJres at dilute concentrations (cf. Table I).
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This indicates strongly that the [Glu(OBzl)],
helix is unaggregated in the three solvents,
being free from any direct effects of applied
pulse fields on the conformation. The value
of 1,/l, (1.07—1.06) indicates that the dis-
tribution of chain length must be narrow in
these solvents.

In chloroform, however, the agreement be-
tween experimental and calculated curves in
Figure 4 is less satisfactory, probably because
the structural deformation of the aggregated
[Glu(OBzl)], helix or the deaggregation of
helices is induced irreversibly by applied high
electric fields. The length is ca. 1300 A at
3.19mM but reduces to about 1100 A at
0.96 mM. The notion that helices are aggre-
gated is also supported by a large /,//, value
of 1.14; however, the mode of aggregation is
neither simple head-to-head nor head-to-tail
type.'"*2! In the former, the u, value would
be zero for the even-numbered aggregates,
while in the latter, twice as large as the pu,,
value of an unaggregated helix.

It should be noted that the field-on build-
up (or rise) process in the RPEB signal
also contains valuable physical quanti-
ties,1©20:24.27.28  and, hence, a subsequent
report will show the detailed analytical pro-
cedure and comparison with results of the
reverse process. Finally, it is worth pointing
out that the Poisson distribution function
yields -nearly identical results on the molec-
ular parameters (not shown), mostly because
a fractionated [Glu(OBzl)], sample was used
in this work.?* A more detailed study will
be reported in due course on a critical com-
parison for the most appropriate type of
distribution.

Field-Off Process

Relaxation Time of [Glu(OBzl)], in Decay
Process. Quite independent of the field-on
reverse-transient and steady-state processes,
the molecular length and polydispersity, /,, and
l,/l,, can be estimated from the field-off decay
process by the mesh method.>” This method
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Figure 8. Electric birefringence-average relaxation
time {t)gg of [Glu(OBzl)], versus the square of steady-
state field strength applied to the solution before the
start of the decay process. (a) 2-chloroethanol, (b)
cyclohexanone, (c) pyridine, and (d) chloroform.
Experimental points are represented by the same sym-

‘bols as those in Figure 4. Solid lines are theoretically

calculated with the field-on parameters in Table I.
Horizontal arrows indicate value of 7,, at infinitely high
fields. Numerals in (d) denote concentrations as 1 for
3.19mM, 2 for 1.91 mM, and 3 for 0.96 mM.

utilizes two experimental quantities, the
weight-average relaxation time 7, and initial
slope S,,. The decay process commences upon
removal of an applied pulse field of arbitrary
strength. The area surrounded by the nor-
malized decay curve and baseline yields the
electric birefringence-average relaxation time
{tDgp (the area method):*%:%°

j R CONOIEGLY

(5= f“" 60,,(0) ®)

SR A1 )dl

0

959



K. YAMAOKA, S. YaMAMOTO, and 1. KosAko

Similarly, the initial slope of the decay curve
yields the electric birefringence-average initial
slope (S )gg:3"*°

f 66 ,,()PBU) NS dI
L 9)
f () Y)If(1) dl

]

(S)pp=—

Since ®(f(/),y(!)) approaches unity at an in-
finitely high field, both {t)gz and {S)gg re-
duce to the weight-average relaxation time 7,
and initial slope S,,.

Figure 8 shows values of <{t)gz of
[Glu(OBzl)], in four solvents. These values are
plotted against the second power of the field
strength at which the electric pulse is main-
tained prior to the start of the decay process.
In 2-chloroethanol, cyclohexanone, and pyri-
dine, the (t)z, vs. E* plots exhibit no mark-
ed concentration dependence. In chloroform,
however, {t)gp values show a considerable
concentration dependence. By extrapolation of
these (t)gp values to infinitely high field
strength, t, values were evaluated and are
given in Table II, together with S,, values.

Both t, and S, can be expressed as
follows:*’

r’ If,(hdl
_Jo 60,,(1)

WSl

jwﬁ@u(l)lf..(l)dl
S — _4J°

w

(10)

fwlf,,(l)dl

Hence, a theoretical mesh of the t,, vs. S,, plots
may be computed by use of /, and /,//, as the
parameters, if both @,,(/) and f,(/) are as-
sumed.®” Figure 9 shows the mesh calculated
on the basis of the Broersma equation for
©,,(!) (¢f. eq 7) and the Lansing-Kraemer
distribution function for £,(/) (¢f. eq 4). When
paired values of 7,, and S,,, obtained experi-
mentally for each [Glu(OBzl)], solution, are
plotted inside the mesh, the coordinates im-
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Table II. Hydrodynamic properties of [Glu(OBzl)],
in four helix-forming solvents as evaluated from
the field-off process at 20°C

T, -s, I, 1,/DP,
Solvents® L
us ws~t A AJres
CEL 48.5 0.035 970 1.08 1.24
CHN 36.0 0.054 1000 1.10 1.28
PYN 15.3 0.130 990 1.10 1.27
CFM 31.2(3.19* — 1500 1.14° 1.92
26.2 (1.91)® 0.116 1390 1.16 1.78
14.1 (0.97)* 0.141 1160 1.10 1.49
11.6 (0.57)® 0.154 1090 1.08 1.40

2 CEL, 2-chloroethanol; CHN, cyclohexanone; PYN,
pyridine; CMF, chloroform.

® The value in the parentheses is the molar concentration
C, in mM.

¢ This value was obtained from the reverse signal.

o

o 2
N o

—-(/T)S,, / PaK™
o o o
=\ (3] (2]

=
L3

L 11 | |
20 15 10 7 5

(T/n) 7, / KPa™

wr—
N

Figure 9. Theoretical meshes of (7/y)t,, and (/T)S,,
with the field-off parameters of /,, and /,//,. Experimental
points of [Glu(OBzl)],are (A) in 2-chloroethanol, (O) in
cyclohexanone, ({J) in pyridine, and (X, 3.19mM; ®,
1.91mM; A, 0.97mM; @, 0.57 mM) in chloroform.

mediately give the corresponding values of /,,
and /,/l,, which are also summarized in Table
II. It should be noted that these hydrodynamic
parameters were evaluated in the field-off
process after removal of applied electric field.
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A comparison of values of /,, and /,.//,, obtain-
ed from the field-off decay process, with those
evaluated from the field-on reverse process
(Table I) makes it clear that both the axial
translation of the [Glu(OBzl)], helix and the
degree of polydispersity are not affected ap-
preciably by applied external electric fields,
except for the case in chloroform.

The field-off {t)gg vs. E* plots shown in
Figure 8 can be calculated theoretically with
the sets of the field-on parameters [/, /,/l,,
(B.)*/27.., 1,,] given in Table I. The theoretical
curves are plotted with solid lines in Figure 8.
Experimental points in 2-chloroethanol, cyclo-
hexanone, and pyridine, are all in good agree-
ment with the simulated curves within ex-
perimental error over a wide range of field
strengths, especially over medium-to-high
fields. Thus, it can be concluded that the hy-
drodynamic and electric properties, hence, the
solution conformation, of molecularly dissolv-
ed [Glu(OBzl)], helices remain almost the
same in the presence and absence of an exter-
nal field. This conclusion, however, cannot be
applied to [Glu(OBzl)], in chloroform at high-
er concentrations. The disagreement between
experimental and theoretical (1) vs. E* plots
is obviously beyond error (3.19—0.96 mM).
Hence, the external field affects not only /,, and
1,/1, but also (B,,)?*/27y,,. This result can best be
interpreted as follows: in chloroform, aggre-
gated helices are partially dissociated in the
buildup process of field orientation, and thus
remain in the field-on steady-state and reverse
processes, but the helices tend to re-form ag-
gregates, while being rotationally diffused in
the field-off decay process.

Concentration Dependence of Relaxation
Time. The apparent length of [Glu(OBzl)],
helix is longer in chloroform than in the other
three solvents (¢f. Tables I and II) at higher
concentrations. Figure 10 shows the corrected
relaxation time (7/n)t, and translation per
residue /,/DP, plotted against residue con-
centration. In 2-chloroethanol, cyclohexa-
none, and pyridine, the values of (7/n)t,, are
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Figure 10. Concentration dependence of (a) the
weight-average relaxation time corrected for the vis-
cosity and temperature, (7/n)t,, and (b) the weight-
average length per residue, /,/DP,,, of [Glu(OBzl)],. The
DP, value is taken to be 780. Solvents are (A) 2-
chloroethanol, (Q) cyclohexanone, ([J) pyridine, and
(@) chloroform.

nearly constant at about 5kPa~!, yielding

values of 970—1000 A for the length of
[Glu(OBzl)], helix in the field-off process.
(T/n)z,, values in chloroform vary largely in a
narrow concentration range (1—3mM), in-
dicating that the helix transforms either from
the aggregated to the molecularly dissolved
species or from an elongated helical form to
another compressed one below 1mM. Both
values of (T/n)t,, and /,/DP, extrapolated to
zero concentration appear to coincide with
those in the other three solvents. At higher
concentrations, however, the chain length is
about 1500 A. If the [Glu(OBzl)], helix dis-
solved in chloroform is unaggregated at SmM,
though unlikely,!' the axial translation per
residue, expressed by /,/DP,, (DP,, the weight-
average degree of polymerization, is 780),
would be about 1.9 A/res, as previously ob-
served;'* this value is very close to that of the
3,0-helix.*!

The possibility that the conformation of
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[Glu(OBzl)], in chloroform transforms from
the 3,,-helix to the a- or w-helix may be ruled
out readily with due consideration of the elec-
tric properties given in Table 1. The molec-
ularly dissolved 3,,-helix should give rise to a
smaller value for the permanent dipole mo-
ment yu, than the a- or w-helix.*? Apparently,
this is not the case, as can be seen in Table I,
i.e., the values of p, decrease with the dilution
of [Glu(OBzl)], solutions. These solutions are
highly polydisperse at higher concentrations,
as indicated by /,//, values in Table II; hence,
molecular aggregation is probably responsible
for the apparently longer helix length in chlo-
roform. In dilute solutions, /,/DP,, values are
in the range between 1.27 and 1.24 A/res
regardless of solvents for the fractionated sam-
ple used in this work. These values are also
in good accord with a previous RPEB result of
[Glu(OBzl)], in N,N-dimethylformamide, in
which the /,/DP,, value was found to be 1.35
A/res.?* It may be concluded that the confor-
mation of molecularly dissolved [Glu(OBzl)],
helices is nearly identical in all typical helix-
forming solvents, though the electrooptical
properties are solvent-specific (¢f. Table I).

CONCLUDING REMARKS

The present RPEB study clearly shows that
the overall conformation of molecularly dis-
solved [Glu(OBzl)], helices in 2-chloro-
ethanol, cyclohexanone, and pyridine is al-
most unaltered in the field-on (/,/DP,=
1.31+0.05 Ajres) and field-off (/,/DP, =
1.25+0.02 A/res) processes. Thus, the applied
electric pulse field orients the helices but in-
duces no conformational transition. However,
the direct field effect was evidently associated
with the field orientation of aggregated helices
in chloroform. This field effect is different from
the one previously reported for the
[Glu(OBzl)], helix in hexafluoro-2-
propanol.?®?” In the present work, we could
demonstrate that a conformational study of
ordered polymers in solution by the transient
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electric birefringence method must be carried
out with due caution. We must confirm, first of
all, that a pulsed field acts on solute molecules
to orient but not deform them.

The discrepancy between the /,/DP, value
of 1.50 A for the o-helix and that of ca. 1.3 A
for [Glu(OBzl)], has already been discussed in
previous papers.?*2> At present, this finding
should not be construed as an indication that
the [Glu(OBzl)], helix is in a conformation
other than the o-helix (e.g., the =n-helix).
Needless to say, /,,/DP,, values depend on the
accuracy of DP,, or M,,. The molecular weight
vs. viscosity relationships so far reported were
critically compared in a previous paper.?* The
disagreement between light scattering data by
different investigators seems to prevent a pre-
cise determination of M, values from the
intrinsic viscosity. Thus, a new, definitive M,
vs. [n] relationship must be available, before a
clear-cut conclusion is reached on the confor-
mation of [Glu(OBzl)],.

Re-investigation of the absolute molecular
weight by light scattering is desirable. At the
same time, the adequacy of the original
Broersma equation for the rotary diffusion
coefficient ©,, should be critically reviewed
with a monodispersed rodlike sample of
known molecular weight. The molecular
weight distribution pattern may be determin-
ed by an independent method, e.g., gel per-
meation chromatography; then, the most ap-
propriate form of distribution function can
be selected for f,(/). Still more important,
the polymer samples should be fractionated,
for example, by the successive precipitation
method which is relatively simple but quite
effective to narrow the molecular weight
distribution. Together with these “pretreat-
ments” of polymer samples of known ab-
solute molecular weights (preferably the
weight-averaged one by light scattering), the
square-wave and reversing-pulse electric bire-
fringence techniques can be utilized with
confidence to resolve the conformation of
various polymers in solution. The present

Polymer J., Vol. 19, No. 8, 1987
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work has fully detailed the merits of these
transient RPEB techniques.
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