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~v3) was found; it is possible that this peak may correspond to
isotactic material, although the evidence for this is weak. Fi-
nally, comparison of experimental and literature data for all
the viscoelastic relaxations in PMMA suggests that the
transitions all converge at ~200 °C and 10° Hz.
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Electric Birefringence of Dilute Suspensions of
Poly(ethylene oxide) Crystals in Ethylbenzene

Ulrich Leute! and Thor L. Smith*
IBM Research Laboratory, San Jose, California 95193. Received January 5, 1978

ABSTRACT: Suspensions of poly(ethylene oxide) (PEQ) crystals in ethylbenzene were subjected to electric pulses,
including those of rapidly reversed polarity, and to alternating fields. The time and frequency dependence of the re-
sulting birefringence shows that crystal orientation arises from a slowly induced dipole moment, as concluded by
Picot et al. from the frequency dependence of the birefringence. The effect of the finite rate of polarization on the
time and frequency dependence of the birefringence is discussed in terms of an electric-relaxation time, estimated
to be a few milliseconds, and the birefringence-relaxation time. The field-strength dependence of the steady-state
birefringence was represented by an equation; derived by Shah, that applies to a disk-shaped particle in which a di-
pole moment is induced perpendicular to its unique axis. Thereby it was found that (e — @1)/L? = 2.4 X 107! F/m,
where (as — «y) is the excess electric polarizability and L is the effective length of the square lamellar crystals. This
relation agrees semiquantitatively with that obtained from a treatment by O’Konski and Krause of the excess polar-
izability of a conducting spheroid in a fluid. The suspensions studied were prepared by the self-seeding technique
from ethylbenzene solutions of a PEO-PPO-PEOQ triblock copolymer (Pluronic F127), where PPO denotes atactic
poly(propylene oxide). The size of the crystals, which were essentially monodisperse, was varied between 0.87 and

2.65 um,

When a liquid suspension of polymer crystals is subjected
to an electric field, the crystals orient and the suspension
thereby becomes birefringent. Following some exploratory
studies,?-* Picot et al.>¢ investigated suspensions of single

0024-9297/78/2211-0707$01.00/0

crystals prepared by the self-seeding technique? 10 from so-
lutions of a diblock copolymer of poly(ethylene oxide) (PEO)
and polystyrene (PS) and also from solutions of PEO and
polyethylene homopolymers. Because the birefringence was

© 1978 American Chemical Society
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negative, they concluded that the lamellar crystals orient
parallel to the electric field. The conclusion was confirmed by
light-scattering data obtained on a suspension of crystals,
prepared from the diblock copolymer, under an alternating
electric field. It was also found that the crystals became highly
oriented under a low field (ca. 400 V/cm) at low frequencies
and that the orientation, under a field of constant amplitude,
decreases rapidly with the frequency above 500 Hz and ap-
pears to vanish at a few kilohertz.

Measurements5 of the frequency-dependent birefringence,
made on a suspension of crystals whose relaxation time for
birefringence decay was 0.5 s, showed that the alternating
component of the birefringence essentially vanishes at 50 Hz
and that the steady (time-independent) component ap-
proaches zero at about 1 kHz. From these results, it was con-
cluded that crystal orientation does not result from a per-
manent dipole moment and that polarization possibly arises
from electric charges in the crystals, the charge mobility being
dependent on the conductivity of the material.

In the present study of suspensions of PEO crystals, mea-
surements were made of the electric birefringence produced
by rectangular pulses, pulses of rapidly reversed polarity, and
alternating fields. Pulses of rapidly reversed polarity, which
were not employed in the previous study, are of special util-
ity'1-14 for determining characteristics of the electric polar-
ization.

Theoretical Background

Rotary Diffusion Coefficient. The crystals investigated
were square lamellae about 10 nm thick having axial ratios
between about 100 and 300. It was assumed that the rotary
diffusion coefficients of a crystal of thickness h, each side
being of length L, equal those of an oblate ellipsoid whose
volume equals that of the crystal, i.e., 4mab2/3 = hLZ2, where
a and b are the lengths of the unique (symmetry) and equiv-
alent (transverse) semiaxes, respectively, of the ellipsoid.
Upon equating the diagonal (2172 L) of the crystal to 25, it
follows that b = L2-2and & = (3/27)h = 0.955(h/2). Thus,
the length of the symmetry axis of the equivalent ellipsoid
nearly equals the thickness of the crystal.

When the axial ratio of an oblate ellipsoid exceeds about
15 or 20, the diffusion coefficient for rotation about either the
unique axis or an equivalent axis is given by!%18 § = 3RT/
329b3, where k is the Boltzmann constant, T is the absolute
temperature, and » is the viscosity of the liquid surrounding
the ellipsoid. Substitution of b = L/21/2 gives:

f = 6(2/2)kT/32nL53 (1)

Origin of Electric Birefringence. A solution or suspen-
sion of mobile particles becomes birefringent under an electric
field whenever the electric and optical polarizabilities of the
particles are unsymmetric. Electric polarization can result
from various processes,!2-14 including the transport of mobile
counterions associated with polyelectrolytes in solution. From
a study of dilute aqueous solutions of tobacco mosaic virus
(TMV), O'Konski and Haltner!! found that polarization from
ion transport exceeds by 50-fold that from electronic and
atomic displaceménts, in satisfactory agreement with the
theory developed subsequently.l” The relaxation time of the
polarization process (ca. 5 X 10~7 s) is several orders of mag-
nitude greater than that characteristic of distortion polar-
ization. When the conductivity of the medium is low, polar-
ization can possibly result from transport of charged species
other than counterions and can have an electric relaxation
time in the millisecond range, as shown subsequently.

Transient Response to Electric Pulses of Low Inten-
sity. The reversing pulse technique,!®4 introduced by
O’Konski and Haltner,!! consists of first applying suddenly

Macromolecules

a constant electric field to a solution and monitoring the
transient birefringence. After a steady state is reached, the
polarity of the field is reversed suddenly and the transient,
which often develops in the birefringence, is determined.

In a theoretical analysis of the reversing pulse technique,
Tinoco and Yamaoka!8 considered that polarization can result
from permanent, fast-induced, and slow-induced moments,
that the particles are rigid, noninteracting, and cylindrically
symmetric, and that the potential energy of a particle in the
field is small compared to kT. The equations given below,
obtained from their general expressions, are applicable to
monodisperse particles whose rotary diffusion can be char-
acterized by a single coefficient. The transient birefringence
under fields of high intensity has been treated by Yoshioka
and collaborators,1%:20

Consider that particles are oriented under an electric field.
When the field is then removed suddenly, the birefringence,
An, decays according to

An/Ang = e~ = g=t/7o (2)

where An o (not necessarily an equilibrium, or steady-state,
value) is the birefringence when the field is removed, and 7,
is the birefringence relaxation time. Because 7, = 1/66,2122 it
follows from eq 1 that 7, for square lamellar crystals is given
by

7o = 4(2V2)nL3/9RT (3)

If particle orientation results solely from a dipole moment
induced slowly along either the unique or equivalent axis, the
birefringence that develops upon applying a constant field at
zero time is given by!8

An

e=t/To — 7 g—t/Te 4
Ang (1o = 7o (76 Te ) (4)

provided 7, # 7¢, where 7 is the relaxation time (electric) for
the polarization process, and Ang is here the steady-state
(equilibrium) birefringence. According to this equation, the
initial slope of the birefringence-time curve is zero. As dis-
cussed elsewhere,!318:19 g zero initial slope also occurs when
polarization results from a pure permanent moment. In con-
trast, the initial slope is finite whenever a fast induced mo-
ment (i.e.,, when 7, =~ 0) contributes to the total polariza-
tion.

If the polarity of the field is suddenly reversed after steady
state has been reached, the birefringence is unaffected pro-
vided 7, « 7, Otherwise a transient develops, represented
by!8

An/Ang =1 [1/(7o = 7e)](e™t/T0 — g=t/7e) (5)

where ¢ is now the time after reversal of the polarity. A mini-
mum occurs at

I, = [Te/(Te/To - 1)] In (Te/To) (6)
and there the birefringence is given by
/(1 — 7e/ro)
Sm g <E) (1)
Ano To

Steady-State Response to Alternating Fields of Con-
stant Amplitude. The birefringence produced by a field of
low intensity that varies sinusoidally is given by11:23,24

An = Ang + Angy cos (2wt — §) (8)

where Ang is the steady or average (time-independent)
component of the birefringence, Angy is the amplitude of the
alternating (time-dependent) component whose angular
frequency, 2w, is twice that of the imposed field, and § is the
phase angle. At low frequencies, Ang); equals Ang.

When polarization results only from an induced moment
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and 7, < 7, Ang is frequency independent as long as w << 1/7,
but Ana goes to zero with increasing frequency. The maxima
and minima values of the alfernating component of the bire-
fringence, Any, approach each other according to!1:23,24

Any = Angll £ (1 + 4w27,2)~1/2] 9)

When o « 7, the birefringence is a constant, Ang, indepen-
dent of frequency. Hence, the average orientation of the
particles is independent of time and frequency. This behavior
signifies that the polarization remains in phase with the field
and thus its amplitude depends only on that of the field.
On the other hand, whenever 7, is not small compared to

1/w, the polarization lags the field, and its amplitude decreases .

with increasing frequency. Thus, the average orientation of
the particles, though independent of time, becomes frequency
dependent. With increasing frequency, the birefringence
decreases toward an anticipated low plateau associated with
polarization from electronic and atomic displacements.

Such a dispersion has been found to begin at about 10 kHz
for several types of particles,!12¢ including TMV, and at a
significantly lower frequency for suspensions of polymer
crystals.® While a quantitative treatment has not been given,
it has been pointed out!7 that the behavior is possibly quite
complex and that the use of a single relaxation time 7, may be
inadequate to account for the dependence of the polarization
on time, and thus on frequency.

Dependence of Birefringence on Field Strength. At low
fields, the steady-state birefringence is proportional to the
square of the field strength E, in conformity with Kerr’s
law.'214 An analysis of deviations from this law, which begin
when E becomes sufficient to orient the particles substan-
tially, provides information on the polarizability of the par-
ticles.

The analysis by O’Konski et al.2® has been applied by
Shah? to a disk-shaped particle having a permanent dipole
moment parallel to the unique axis and an induced moment
acting in the plane of the disk. He computed the normalized
birefringence An/Ang, where Any is the birefringence (satu-
ration) at infinite field strength, as a function of the dimen-
sionless parameters uEB;/kT and (ag — 1) E2/2kT where 1
is the permanent moment, Bj is an internal field function, and
az and a; (ag > a;) are the excess polarizabilities of the particle
in the solvent in directions perpendicular and parallel, re-
spectively, to the unique axis. A curve representing the be-
havior when u = 0, which is of present interest, is presented
elsewhere?® and also in Figure 12, discussed subsequently.
When An/Ang > 0.6 and u = 0, Shah’s equation reduces to

AnfAn g=1— 3kT/(0g — 1) E2 (10)
Experimental Section

Materials. The BASF Wyandotte Corporation kindly furnished
triblock copolymers of poly(ethylene oxide) and poly(propylene
oxide), whose trade name is Pluronics. The materials investigated
were Pluronic F127 and the “reverse” Pluronic 25R8 whose block
sequences are PEO-PPO-PEQO and PPO-PEO-PPO, respectively.
'H- and 3C-NMR spectra showed that the PPO chains are atactic
and that the ethylene oxide contents of F127 and 25R8 are 76.8 and
84.8 mol %, respectively, in excellent agreement with 76 and 84 mol
-% given in the BASF Wyandotte literature. According to this litera-
ture, the molecular weights of F127 and 25R8 are about 12 500 and
9000, respectively. It follows from these data that the molecular weight
_ of the inner PPO block in F127 is about 3560 and of each outer PEQ
block it is 4470. For Pluronic 25R8, the molecular weight of the inner
- PEO block is approximately 7280 and of each outer PPO block it is
860. Also, the molecular weight distribution, obtained by gel-per-
meation chromatography on F127 and other Pluronics, has been re-
ported?” to be rather narrow (Myw/M, ~ 1.2).

Solutions of the Pluronics were prepared in ethylbenzene (Eastman
Kodak white-label grade) whose electric conductivity was about 1011

ohm~! cm~1. The conductivity of a 5% solution of F127 in which-

crystals had formed was found to be about 1 X 10~% ohm=! em~1.
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a)

h)

Figure 1. Crystals grown from a 1% solution of the triblock copolymer
PPO-PEO-PPO (Plurcnic 25R8) in ethylbenzene. The crystals are
severalfold larger than those in the suspensions whose electric bire-
fringence was studied. The crystal in (b), which has a spiral growth,
is twofold larger than those in (a). Photomicrographs of erystals from
PEO-PPO-PEO (Pluronic F127) were similar.

Characteristics and Preparation of Crystals. Studies?*™° have
been made of the degree of crystallinity and the melting points and
heats of fusion of crystals in undiluted diblock and triblock copoly-
mers of PRO and PPO. Whereas the derived melting point?®! of large
perfect crystals of a PEO homopolymer is 76 °C, the crystals in various
PEO-PPO-PEO Pluronics melt between 52 and 63 °C.27 However,
the melting point of such crystals is no more than 4 °C below that of
crystals of a PEO homopolymer whose molecular weight equals that
for the PEQ segments in the block copolymer. (Lamellar crystals have
also been found32 to develop from concentrated solutions of a PEO-
PPO-PEOQ Pluronic in a solvent better for the PPO than for the PEO
segments.) Thus, the melting point of single crystals grown from a
dilute solution of a PEQ-PPO-PEO copolyimer should be rather close
to that for the crystals of the corresponding PEO homopolymer. In
contrast, the melting points of crystals in undiluted PPO-PEO-PPO
copolymers have been found?® to depend significantly on the length
of the noncrystallizable PPO segments, being as much as 15 °C helow
that of erystals from the corresponding PEO homopolymers.

To prepare suspensions of single crystals by the self-seeding tech-
nique,’™ 10 a dilute solution of a Pluronic in ethylbenzene, usually ei-
ther 0.4 or 1.0 g/dL, was first heated to 60 °C to ensure complete
dissolution. Crystallization was then allowed to occur near ambient
temperature. The suspension was next placed in a constant-temper-
ature bath at T's (=35 °C). The crystals appeared to dissolve com-
pletely as the temperature approached T's, but submicroscopic frag-
ments (or nuclei) remained. When the solution was thereafter re-
moved from the bath, the nuclei grew simultaneously, yielding crystals
of uniform size. The number and size of the resulting crystals depend
on the concentration of nuclei, controlled primarily by the magnitude
of Ts. When crystals several microns or more in size were desired for
microscopy, a Ts a few degrees above 35 °C was selected to obtain a
reduced concentration of nuclei. To prepare smaller crystals for the
birefringence studies, a T's a few degrees below 35 °C was chosen. As
crystal size depends on factors other than T, as discussed by Blundell
and Keller,334 a precise relation between crystal size and T, could
not be established because all aspects of the procedure were not
standardized. The extent of crystallization was not determined.

Crystal morphology was examined primarily by phase-contrast and
polarized light microscopy with a Zeiss Photomicroscope III. Crystals
were rinsed with solvent and placed between cover slides. The solvent
was then allowed to evaporate slowly. Figure 1a shows typical square
crystals, observed by phase contrast, grown from a 1% solution of
Pluronic 25R8. It was found, as expected, that crystal size depends
on T's. Crystal thickness can be assumed to be about 10 nm, which is
close to values reported for certain of the single crystals from the .
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Figure 2. Block diagram of the apparatus used to measure the electric
birefringence: (a) and (b) show respectively the optical and electrical
components.

Figure 3. Time dependence of the light intensity resulting from the
application of 625 V/cm whose polarity was thereafter reversed. The
field-free decay curve gives a birefringence-relaxation time of 164 ms
(L = 1.15 um) for the crystals, which were grown from a 1% solution
of the triblock copolymer PEO-PPO-PEO (Pluronic F127) in eth-
yibenzene.

PS-PEO diblock copolymers studied by Lotz et al.? (The thicknesses
of crystals formed in undiluted block copolymers of PEO and PPO
have also been reported.28-3%) Spiral growths on the crystals were
sometimes observed (Figure 1b), especially when the polymer con-
centration was 1 g/dL. Such growths frequently began in the center,
rarely elsewhere; they are more likely to develop when the polymer
concentration is high.3*

No differences were noted in the crystallizability and in the crystals
and suspensions obtained from Pluronics F127 and 25R8. The dis-
persed crystals are seemingly fragile, and fragments were observed
under the microscope, especially after a suspension had been
subjected to an electric field. The fragmentation of crystals has been
proposed® to account for the observed reduction in the intensity of
light scattered by a suspension after each application of an electric
field.

Birefringence Apparatus. The components are shown sche-
matically in Figure 2. The light source (L) was a 2 mW helium-neon
laser (Oriel Corp.) whose wavelength is 632.8 nm. The diameter of the
light beam was increased severalfold with an Oriel Beam-Expander
(E) and then polarized at 45° to the electric field by a Nicol prism (P).
The beam then passed through a 1-cm square spectrophotometer cell
(K) and between copper electrodes held 0.80 cm apart in the cell by
Teflon spacers. A Nicol prism analyzer (A) was crossed with the po-
larizer; in the absence of a birefringent sample or scattered light, no
light reached the photodiode, D (Pin-10 United Detector Technology,
Inc.). The output from the photodiode passed through an amplifier
(DA), which served as a low-voltage power supply and a preamplifier,
into a low-pass filter (F) and was displayed on a Tektronix 7844
Dual-Beam Oscilloscope (O). (The amplifier and the filter, which
reduced the high-frequency noise, are part of the 7A22 differential
amplifier in the Tektronix Oscilloscope.) The voltage applied to the
cell K and the resulting birefringence signal were recorded on Polaroid
film,

A rectangular electric pulse was generated by P1, which could
supply a pulse of preselected duration at any voltage between 150 and
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Figure 4. Birefringence relaxation data shown by a plot of An/Ang
vs. t/7,, where Ang is the birefringence when the field was removed
at t = 0 and 7, is the birefringence-relaxation time. The suspensions
of crystals were grown from ethylbenzene solutions of PEO-PPO-
PEO and were subjected to a field of 625 V/cm. The initial concen-
tration of polymer was (0.4%, except the suspension whose 7, = 164
ms; it was prepared from a 1% solution. The tabulated values of L were
derived from 7, using eq 3.

8000 V. A reversing pulse was obtained from a specially designed
switch (8) and two power supplies: a Hewlett-Packard 6515A Power
Supply (P2) and a Kepco (BOP 1000M) Bipolar Operational Power
Supply/Amplifier (P3). A sinusoidal voltage was supplied by a func-
tion generator G (Hewlett-Packard, 3310B) and amplifier (P4), which
was contained in P3.

The intensity I of the transmitted light is given by (cf. ref 13, Sec-
tion 3.2): I = k" sin? §/2 =~ k&2 where k' and k are constants and § is
the optical retardation. The retardation, expressed in radians, is re-
lated to the birefringence by: 8 = 2riAn/X where [ is the path length
through the solution and A is the wavelength of the light under vac-
uum. The birefringence was always small and thus § was taken to be
proportional to /2. The absolute value of 8, and thus of An, was not
determined. Also, corrections were not made for the contribution of
scattered or stray light to the intensity of the transmitted light.

The method selected for monitoring the birefringence precludes
the determination of An/An, during field-free decay for example,
when its value becomes less than about 0.2. Because An/Ang = (I/
I5)¥2, where I and I, are the intensities of the transmitted light that
correspond to An and Ang, respectively, it follows that I = 0.04]4 when
An/Ang = 0.2. This and smaller values of I could not be obtained ac-
curately from an oscillograph trace.

Results and Discussion

Figure 3 shows results from a reversing-pulse experiment
made on a suspension of crystals grown from a 1% solution of
Pluronic F127 (PEO-PPO-PEO triblock copolymer). The
horizontal line-segments indicate that the voltage was changed
stepwise from 0 to 500 V (625 V/cm), then from 500 to —500
V, and finally from =500 to 0 V. The curve represents the in-
tensity of light transmitted through the crossed Nicol prisms.
We shall now examine the three distinct portions of such re-
sponse curves, obtained on several suspensions, beginning
with the field-free decay of the birefringence.

Field-Free Decay of Birefringence and the Size of
Crystals. Values of the light intensity, I, were obtained from
the curve in Figure 3 and also from curves for four suspensions
prepared from 0.4% solutions of F127. Because An « I1/2) it
follows from eq 2 that a plot of log I'/2 vs. ¢t should give a
straight line whose slope equals —1/2.3037,, provided the
crystals are monodisperse. Values of 7, obtained by this
graphical method were used in preparing the plot of normal-
ized birefringence An/Ang [=(I/I¢)!/?] against t/7, shown in
Figure 4. The curve in this figure is a simple exponential; it
represents the data closely, except those on two suspensions
when An/Ang < 0.35. (Data at such values of An/Ang were
obtained on three of the five suspensions.)

The lengths of the crystals were derived from 7, using eq
3. As indicated in Figure 4, the values of 7, range from 0.070
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to 2.02 s; the derived values of L range from 0.87 to 2.65 um.
These values are possibly somewhat large because no account
was taken of the reduction in the rotary diffusion coefficient
effected by the sheath of PPO chains containing partially
immobilized solvent attached to each crystal. Also, as dis-
cussed in the text above eq 1, eq 3 is based on the assumption
that 7, for a square lamellar crystal equals that for a highly
oblate ellipsoid whose volume equals that of the crystal.

1f the particles in a suspension are in fact monodisperse, the
decay curve not only should be a simple exponential but also
should be independent of field strength. But if the particles
are polydisperse, the rate of birefringence decay should in-
crease with the strength of the applied field, as shown earlier.25
For one suspension (not among those considered in Figure 4),
decay curves following the application of six fields between
300 and 900 V/cm were found to conform closely to a simple
exponential law, giving relaxation times between 704 and 770
ms, the average being 745 ms. (The relaxation time did not
vary systematically with the field strength.) At fields of 1020
and 1210 V/cm, the decay curves clearly deviated from a
simple exponential and gave mean relaxation times of 570 and
430 ms, respectively. This latter behavior possibly resulted
because large crystals were fragmented under the high
fields.®

The above findings suggest that the crystals in certain
suspensions were essentially monodisperse whereas those in
other suspensions were somewhat polydisperse. To obtain an
indication of the size distribution, the decay curve for the
suspension for which 7, = 164 ms (Figure 4), and which de-
viates from a simple exponential expression at An/Ang < 0.35,
was analyzed by the “peeling” method.!33% The resulting
equation

An/Ang = 0.83e~t/208 4 (.17¢=t/47 (11)

represents the data to within several percent over the entire
range of An/Any. The mean relaxation time 7, (=0.83 X 206
+0.17 X 47) is 179 ms, which is somewhat larger than 164 ms
obtained from the data at An/Ang < 0.35. Equation 11
suggests that the birefringence relaxation times are 47 and 206
ms for certain crystals; their respective sizes (eq 3) are 0.76 and
1.23 um. However, in light of eq 11, it appears that few small
crystals exist; most crystals should be about 1.15 um, the value
derived from the birefringence decay when An/Ang > 0.35 (cf.
Figure 4). It is therefore concluded that the crystals, even
when clearly polydisperse, have a narrow size distribution.

Behavior on Reversal of Field. In the reversing-pulse
experiments, the birefringence attained essentially a steady
state before the polarity of the field was reversed. Studies on
various suspensions showed that a transient developed in the
birefringence, upon field reversal, when r, was less than sev-
eral hundred milliseconds, i.e., L < 1.5 um. The transient had
a minimum, illustrated in Figure 3, whose depth decreased
with an increase in crystal size. Although a minimum, or in
some instances a maximum, is expected if a permanent dipole
moment contributes to the total polarization,!® the observed
transient cannot be ascribed to a permanent moment.

Consider a dilute solution of cylindrically symmetric par-
ticles whose polarization results from both fast-induced and
permanent moments. According to theory!8 applicable when
the applied field is of low intensity, the magnitude of the bi-
refringence at the extremum, Anp, in the transient is given
by

Ang 2P/Q
Ang 3V2(P/Q + 1)

The ratio P/Q equals (p3 ~ p1)/q, where p3 and p are related
to the components of the permanent dipole along the unique
and the two equivalent axes, respectively, of a particle and g
depends on the principal values of the electrical polarizability

(12)
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tensor. The extremum occurs at a time, measured from the
instant of field reversal, given by

tm = (37,/2) In 3 = 1.6487, (13)

If the polymer crystals do in fact possess a permanent mo-
ment, its magnitude should increase with crystal size. Thus,
according to eq 12, a transient should always result upon re-
versal of the field regardless of how ¢ depends on crystal size.
As no transient was observed when L 2 1.5 um, such crystals
cannot have a permanent moment of significant magnitude.
(When the crystals were large, the reversal transient occa-
sionally exhibited a very small maximum, for obscure rea-
sons.)

To account for the dependence of Anp/Angon crystal size,
consider that polarization is a slow process and, for illustra-
tion, that the electric relaxation time 7, is proportional to the
length of a crystal. As 7, = L3 (cf. eq 3), it follows that r./7, =
(k/L)?, where k is a constant. Substitution in eq 7 gives

Ang/Ang =1 — (k/L)2/1 — (R/L)7 (14)

According to this equation, An, approaches Ang as L becomes
large, as was observed. Actually, regardless of how 7, depends
on L, this behavior should always occur provided 7./7, de-
creases with an increase in L and eq 7 is applicable.

The curve in Figure 3 has a minimum at ¢, = 15 ms and
Anm/Ang = (0.903)1/2 = 0.95. Substitution in the equation
below, obtained from eq 6 and 7,

76 = —tm/ln (1 — Anm/Ang) (15)

gives 7 = 5.01 ms. Substitution of ¢, and 7. in eq 6 gives 7, =
84 ms which corresponds to L = (.92 ym. But the field-free
decay of the birefringence gives 7, = 164 ms, or L = 1.15 um
(cf. Figure 4). This substantial disagreement, which cannot
be ascribed to minor errors in ¢, and An/Ang, possibly arises
in part because eq 6, 7, and 15 are not strictly applicable; their
derivation rests on the assumption, among others, that the
potential energy of a particle in an electric field is small
compared to k7. (As mentioned below, the present mea-
surements were not made using a low field.) More likely, the
disagreement arises because the crystals were somewhat po-
lydisperse.

The minimum develops in the transient because the par-
ticles disorient somewhat under Brownian motion during the
finite time required for the electric polarization to reverse its
direction after the polarity of the applied field has been re-
versed; i.e., the polarization lags the field. Because small
crystals will disorient more rapidly than large ones, the former
will have a strong effect on the magnitude of the minimum.
According to eq 11, the suspension studied contained some
crystals for which 7, = 47 ms (. = 0.76 um). This value of r,,
is substantially smaller than 84 ms, derived from t,, and
Ang/Ang, which in turn is substantially smaller than 164 ms
obtained from the field-free decay of the birefringence. It is
therefore reasonable to consider that t, and An,/Ang were
determined in substantial measure by the smaller crystals.

As discussed above, the minimum in the transient gives .
=5.01 ms, 7, = 84 ms, and L = 0.92 um. Substitution of these
values in the relation 7¢/7, = (k/L)? gives k = 0.225 um. Upon
adopting this relation and the assumptions underlying eq 14,
it follows that An,/Angshould increase from 0.87 when L =
0.50 um to 0.99 when L = 1.8 um. These illustrative calcula-
tions support the observation that Any, =~ AngwhenL 2 1.5
um,

It is worth noting again that the minimum in the transient
cannot be ascribed to the combined effect of permanent and
fast-induced moments acting in the same direction. Substi-
tution of ¢, = 15 ms in eq 13 gives 7, = 9.1 ms which is an
order of magnitude smaller than 84 ms, obtained by consid-
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Figure 5. The initial portion of the light-intensity curve obtained on:
(a) a suspension of small crystals; and (b) the same suspension after
the crystals had grown significantly. The noise on the curve in (a)
resulted because the output signal was amplified highly.

ering that the finite rate of polarization gives rise to the ob-
served transient.

The preceding discussion of the response to a reversing
pulse and the discussions hereafter of certain topics are based
largely on concepts and equations that strictly apply only
when the field strength is low. Qur data were not obtained by
using low fields, as evidenced by the relatively low fields re-
quired to effect saturation, considered subsequently. Mat-
sumoto et al.20 have computed the effect of field strength on
the response to rectangular and reversing pulses when po-
larization results from various combinations of fast-induced
and permanent moments. Their published curves show that
the effect of field strength, while significant, is not major. It
is thus believed that phenomena resulting from a slow induced
moment will likewise not depend strongly on field strength
and that the equations used in this paper to interpret the ex-
perimental data lead to conclusions of semiquantitative va-
lidity.

Deductions from the Rise Curve. Suppose that polar-
ization results only from a slow-induced moment and that eq
4 represents the response to an electric pulse. As can be shown
from eq 4, the rise curve has a zero slope initially and an in-
flection at

i = {Te/(fe/‘ro o 1)] In (7¢/70) (16)

Because r, « L3, it follows from this expression that ¢; in-
creases with crystal size, except in the unlikely event that 7,
decreases significantly with an increase in crystal size.

The rise curve in Figure 3, which represents the intensity
of transmitted light, has an inflection, though barely discer-
nable, but its initial slope is obscure because the scale is
compressed. Figure 5 shows on an expanded scale the initial
portion of the rise curve for a suspension of small crystals and
also for the same suspension after the crystals had grown
significantly. For the suspension of large crystals (Figure 5b),
the initial slope is clearly zero; the inflection point is off scale
on the right. Although noise (owing to the high amplification)
obsecures the details of the curve for the suspension of small
crystals (Figure 5a), the curve presumably has a zero slope
initially and an inflection after a few milliseconds. Examina-
tion of curves obtained on a number of suspensions showed
that ¢; does in fact increase with crystal size. As the depen-
dence of ¢; on L was not obtained quantitatively, no attempt
was made to evaluate the dependence of 7, on L using eq
16. ;

The deductions from the rise curve are consistent with those
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Figure 6. Variation of light intensity (partially broken trace) obtained
by applying a sinusoidal voltage (£625 V/cm) at 1 Hz to a suspension
of crystals for which 7, = 220 ms (L = 1.27 um). The crystals were
grown from a 1% solution of PPO-PEO-PPO (Pluronic 25R8) in
ethylbenzene.
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Figure 7. Distorted light-intensity curve obtained by applying asi-

‘nusoidal voltage (£625 V/em) at 0.1 Hz to a suspension of crystals for

which 7, = 164 ms; cf. Figure 4.

from the reversing pulse experiments and hence constitute
added evidence that particle orientation results from a slow-
induced moment. If considered by itself, the zero initial slope
of the rise curve indicates that polarization results from either
a pure permanent moment!819 or a slow-induced moment (cf.
eq 4). But polarization cannot arise from a pure permanent
moment because the reversing-pulse experiment would then
give Anp/Ang = —0.165, according to eq 12, which clearly was
not observed. 3

Response to Alternating Fields, The birefringence pro-
duced by a sinusoidal field will vary nonsinusoidally when the
particles oscillate substantially under a field whose intensity
goes beyond the range in which Kerr’s law applies. Thus, when
the amplitude of the field is high, the response curve should
be distorted most highly at low frequencies.

Figures 6 and 7 show the response to a field whose extrema
are +625 V/cm. The curves in Figure 6 were obtained at 1 Hz
on a suspension for which v, = 220 ms (L ~ 1.3 um), prepared
from a 1% solution of Pluronic 25R8. The distortion in the
response signal, though present, is small. In contrast, the
highly distorted signal in Figure 7 was obtained at 0.1 Hz on
the suspension for which 7, = 164 ms (cf. Figures 3 and 4).
Distortion thus appears to increase with a reduction in fre-
quency. Results not presented here showed that the distortion
at a particular frequency increases with the crystal size, as
expected.

Measurements were made at frequencies between 0.5 and
1500 Hz on the suspension for which 7, = 70 ms (L = 0.87 pm)
under a field whose amplitude was £625 V/cm. The alter-
nating component of the birefringence vanished above 40 Hz;
the steady component became very small at 1500 Hz. In ana-
lyzing the alternating component, only the minima values
were considered. Because minima develop while the field
strength is low, the distortion near the minima should not be
excessive.
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Figure 8, Frequency dependence of the normalized birefringence
An/An®;: determined under a sinusoidal field of £625 V/cm on a
suspension for which 7, = 70 ms (cf. Figure 4), where AnO; is the
steady (time-independent) component of the birefringence at zero
frequency. The half-shaded circles represent the alternating com-
ponent of the birefringence, Ana.

When polarization results solely from a fast-induced mo-
ment (i.e., when 7. < 7,), the minima and maxima of the al-
ternating component of the birefringence, measured under
a low field, are given by eq 9. It was found that experimental
values of minima, but not maxima, can be represented rather
well by eq 9 upon equating 7, to 73 ms, in close agreement with
70 ms obtained from the field-free decay of the birefringence.
Computed curves and the data (half-shaded circles) are shown
in Figure 8 where An/An®; connotes Any/An%; when the
frequency is below about 40 Hz. In turn, Any/An® equals (1
+ Ana/An%y), cf. eq 8, where An®; is the high-frequency
asymptote given by eq 9. (An®, also is the steady component
at frequencies below that at which Ang, becomes frequency
dependent.) The maxima values of the alternating component
deviate from the computed curve, undoubtedly because a field
of high amplitude was employed.

The open circles in Figure 8 represent Ang/An%; at
frequencies from 50 to 1500 Hz. The curve was computed
from

Anst/An%t = 1/(] + w272) (17)

upon equating  to 0.32 ms. This 7, which was observed to
increase with crystal size, cannot be related to 7, because a
theoretical analysis of the dispersion of Ang apparently has
not been made. It is worth noting, however, that the value of
7 (=0.32 ms) is markedly smaller than 7. = 5.0 ms which was
obtained from the reversing-pulse experiment on the sus-
pension of 1.15-um crystals, as discussed earlier.

The phase angle was measured semiquantitatively at
frequencies between 0.05 and 25 Hz on a suspension for which
7o = 1.2 (L = 2.2 um). (Above 25 Hz, the phase angle could
not be determined because Ang; was small.) The data at
frequencies between 0.05 and 0.5 Hz are shown by the plot of
tan 8 vs. f (=w/27) in Figure 9. Values of é at all frequencies
are plotted against log f in Figure 10.

When polarization results from a fast-induced moment, the
phase angle cannot exceed 90° and is given byl1:24

tan & = 2w, (18)

At frequencies below 0.5 Hz, the data obey this relation
(Figure 9) and give 7, = 0.95 s, in fair agreement with 1.2 s
obtained from the field-free decay of the birefringence.
Somewhat above 0.5 Hz, § exceeds 90° and becomes about
160° at 25 Hz (Figure 10). This behavior is novel and appar-
ently has not been reported previously for any type of particles
whose orientation results from a pure induced moment, and
a theoretical treatment does not exist. (When particle orien-
tation results from a pure permanent moment, & should ap-
proach 180° at high frequencies.24 Under certain conditions,
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Figure 9. The dependence of tan § on frequency between 0.05 and
0.5 Hz for a suspension of crystals whose relaxation time from the
field-free decay of the birefringence is about 1.2 s. The slope of the
above line gives 0.95 s.
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Figure 10, Dependence of the phase angle 6 on the logarithm of the
frequency. Data at log f < —0.30 are those shown in Figure 9.

8 can exceed 90° by a sizable amount when both permanent
and fast-induced moments are operative, although it ap-
proaches 90° at high frequencies.24)

The phase angle undoubtedly exceeds 90° at frequencies
above 0.5 Hz because 7, is not small compared to 1/w and
hence the polarization lags the applied field. (Unfortunately,
the frequency dependence of Angy; was not evaluated.) Below
0.5 Hz the polarization, but not particle orientation, pre-
sumably remains in phase with the field. Polarization can then
be attributed to a fast-induced moment and therefore eq 18
is applicable, as found.

Dependence of Birefringence on Field Strength and
the Polarizability of Crystals. The steady-state birefrin-
gence was measured under electric pulses of different inten-
sities on three suspensions whose relaxation characteristics
are shown in Figure 4. On one of these suspensions, mea-
surements were also made at 20 Hz. As the alternating com-
ponent of the birefringence was small, the steady component
could be determined readily at different field strengths. The
data were analyzed in terms of Shah’s?6 equation that applies
to a disk-shaped particle in which a moment is induced per-
pendicular to its unique axis.

To evaluate the normalized birefringence, An/Ang, plots
were first made of I'/2 vs. 1/E2, where again [ is the intensity
of the transmitted light. (Linearity is expected when An/An,
> 0.8, as indicated by eq 10.) The intercept of each line on the
ordinate gave I;1/2, Next, values of (I/1)Y/2 (=An/Ans) were
computed and are plotted in Figure 11. The slopes of the lines
give (cf. eq 10) the values of (o = ;) in T'able I. These values
were used in preparing Figure 12. The curve represents Shah’s
equation?® and the dashed line depicts Kerr’s law. As shown,
the curve conforms closely to the data, including those ob-
tained on the same suspension (L = 0.87 um) at 20 Hz and also
by the pulse technique. The data in Figure 11 show that the
birefringence approaches saturation at a low field strength.
The field strength at which An/Ang = 0.90 decreases from 875
to 163 V/cm with an increase in crystal size from 0.87 to 2.65
um, cf, Table I.

Table I shows that (@ — 1) increases in direct proportion
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Figure 11. Dependence of the normalized birefringence on 1/E2,
where An, is the birefringence (saturation) when the particles are fully
oriented and E is the field strength. The three suspensions are those
whose birefringence relaxation is shown in Figure 4.

Table I
Quantities Derived from Dependence of the Birefringence on
Field Strength

L, (ag = ay)® (org ~ a1)/L3 Eq9,°
am X 1029, Fm? X 101, F/m V/em
0.87 1.69 2.57 857
1.91 15.5 2.23 283
2.65 46.9 2.52 163

- @ To convert the polarizabilities into units of cm3, the above
values should be divided by 47eg X 1078, which equals 1.113 X
10-18 and where ¢y (8.854 X 10712 F/m) is the permittivity of a
vacuum. ? Field intensities at which An/Ang = 0.90.

to L3, This finding is consistent with the treatment by
O’Konski and Krausel” of the Kerr constant of a dilute sus-
pension of conducting ellipsoids. For a suspension of highly
oblate ellipsoids whose anisotropic electric conductivities are
manyfold greater than that of the solvent and whose aniso-
tropic dielectric constants are roughly equal to that of the
solvent, their treatment indicates that (as — a1)/L3 should be
a constant whose magnitude is similar to that derived from
the experimental data.

According to eq 12 in ref 17 (in their notation, ag — a1 =

kRTQq1),
1%
ay = ay =~ (x2 = x1) (19)
4

where e is the low-frequency dielectric constant of the solvent,
V is the volume of the ellipsoid, and

xi = (ki/x — €/e)B;2 + (xi/x — 1)B; (20)

where «; and ¢ (i = 1, 2) are, respectively, the conductivity and
dielectric constant along axis i of an ellipsoid, « is the con-
ductivity of the solvent, and B; is the internal field function
given by

B; = [1+ (x/xk = DA]! (21)

where 4; is the shape-dependent depolarization factor. For
highly oblate ellipsoids, i.e., a/b < 0.01, it has been shown (see
Table I in ref 36) that A; < A; ~ 1 and that A; ~ 0.78a/b.
When 4, = 1, it follows that B; = «/x; and x;1 = 1 — (k/k1)2e1/e.
Upon assuming that «o/x > ez2/e and that ko/k 3> 1, it can be
shown that x2 = (1/42)[1 — 1/(1 + k24 2/x)?]. Substitution of
these relations for x; and x2 in eq 19 gives

Qg = ] = Z;LAZ {1 - 1/(1 + K2A2/K)2 - AQ[]_ - (K/K1)2€1/€];

(22)
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Figure 12. Demonstration that the reduced birefringence over the
range 0.1 < An/Ang < 1.0 conforms to the equation derived by Shah?®
for the orientation of disk-shaped particles in which a moment is in-
duced perpendicular to the unique axis of a particle. Values of (az —
ay) were obtained from the slopes of the lines in Figure 11.

As considered in the discussion of the rotary diffusion
coefficient, b = L2-1/2 and a = 0.955 (h/2). For the present
crystals, A =~ 0.01 yum and L ranges from 0.87 to 2.65 um. Be-
cause As = 0.78a/b, as mentioned above, it follows that A,
{=5.3 X 10~%/L, where L is here expressed in meters) ranges
from about 0.002 to 0.006. Thus for any realistic values of «/k;
and ¢1/¢, the term A1 — (x/k1)2%€1/€] in eq 22 is much less than
unity and can be neglected. As the dielectric constant of the
solvent (ethylbenzene) is 2.41 (2.68 X 10~ F/m) and V =
47ab?/3, it follows that ¢V /4rAs = 4.05 X 10~11L3 F m2, Thus
eq 22 becomes

a— o
T =4.056 X 10711 - 1/(1 + 5.3 X 10~%9/kL)?] (23)
where L is again expressed in meters.

If ko/x 2 103, eq 23 becomes (ag — a)/L3 = 4.05 X 10~11
F/m, in acceptable agreement with 2.44 X 10~1! ¥/m, the latter
being the average of the three values in Table I. For reasons
mentioned in the discussion of the field-free decay of the bi-
refringence, the values of L obtained from 7, are possibly
somewhat large. If b in fact equals 0.84L2-1/2 instead of
L2-1/2, then the average experimental value of (ag — a1)/L3
agrees precisely with the theoretical value.

It seems reasonable to consider that x3/x 2 103 and thus,
because « = 10711 ohm~! cm™! (see discussion of materials),
that k; 1078, The specific conductivity of undiluted poly-
(ethylene oxide) in vacuo has been reported®” to be about 10~9
ohm~! em~1, which is some nine orders of magnitude higher
than that of most saturated organic polymers. While this latter
value cannot be related to the anisotropic conductivities of
the crystals in ethylbenzene, it is not unlikely that x; would
be at least 10—8, Whether the conduction process occurs within
a crystal or along the interface between a PEO crystal and the
attached PPO chains is not known.

As indicated by the above discussion, the net electric po-
larizability depends on the electric conductivities and di-
electric properties of the particles and solvent and also on the
volume and shape of the particles. Considerable experimental
and theoretical work::1217 hags been directed toward under-
standing the polarizability of aqueous solutions of polyelec-
trolytes for which the electric conductivity is several orders
of magnitude greater than that of the suspensions of PEQ
crystals considered here. Although a detailed discussion of
different types of solutions and suspensions is beyond the
scope of this paper, it is of possible interest to note that the
polarizabilities of certain polyelectrolytes dissolved in water
and of PEO crystals dispersed in ethylbenzene are rather
similar.

For an aqueous suspension of bentonite particles whose
mean size is 0.61 um and whose thickness?8 is 0.01-0.015 um,
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the net polarizability?6 (average of values for two fractions)
is 4.1 X 10~2° F m2 which is only about twofold greater than
that for the 0.87-um crystals (Table I). The polarizability of
the rodlike TMV in aqueous solution25 is 0.4 X 10722 F m2.
While the polarizability of the suspension of 0.87-um crystals
is fourfold greater than that of the aqueous solution of TMV,
the volume of a 0.87-um crystal is about 100-fold greater than
that of a TMV particle, whose volume!7 is 5.3 X 1017 ¢cm?3.

Summary

The data obtained by employing electric pulses and alter-
nating fields show that crystal orientation arises from an in-
duced dipole moment and that the associated polarization is
a slow process. The magnitude of the polarization thus de-
pends, in general, on both the field strength and the time. It
was considered, as assumed by Tinoco and Yamaoka,!® that
the polarization rate can be characterized by an electric re-
laxation time, 7.. The time and frequency dependence of the
birefringence are functions of both 7, and the birefringence
relaxation time, 7,, or equivalently the rotary diffusion coef-
ficient. From the response to a pulse of rapidly reversed po-
larity, 7. was estimated to be 5 ms for crystals approximately
1 ym in length.

Some of the present data reflect clearly the finite rate of
polarization whereas other data can be treated by considering
that polarization is a fast process. This behavior is expected
because the relative magnitudes of 7, and 7, depend on crystal
size and thus on the particular suspension studied.

The results that reflect the finite rate of polarization are:
(a) the zero initial slope of the rise curve, observed most clearly
on a suspension of large crystals; (b) the transient birefrin-
gence found in reversing-pulse experiments when the crystals
were smaller than 1.5 um; (¢) the dispersion in the steady
component of the birefringence at high frequencies; and (d)
the phase angles greater than 90°, observed on a suspension
of 2.2-um crystals at frequencies above 0.5 Hz.

The findings that are unaffected by the finite rate of po-
larization are: (a) no detectable transient in the birefringence
upon pulse reversal when the crystals are larger than 1.5 um;
(b) the frequency dependence of the alternating component
of the birefringence for a suspension of 0.87-um crystals; and
(c) the frequency dependence of the phase angle determined
on a suspension of 2.2-um crystals at frequencies below 0.5
Hz.

From the dependence of the steady-state birefringence on
field strength, (g — «) was evaluated for three suspensions
of crystals whose lengths are 0.87, 1.91, and 2.65 um. It was
found that (@ — o1)/L3 = 2.44 X 10711 F/m in acceptable
agreement with 4.05 X 10~ F/m obtained from a treatment
of the excess electric polarizability of a highly oblate ellipsoid
in a fluid whose electrical conductivity is markedly less than
that of the ellipsoid.
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