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In the Kerr effect literature many unusual Kerr effect
transients have been reported. These are typified by those for
bentonite,! 8-lactoglobulin,3 fibrinogen,* and TMV?3 which
are respectively a disk-shaped clay, two proteins of differing
ellipsoidal axial ratio, and a rod-shaped virus. Other materials
giving similar unusual transients have recently been sur-
veyed.® This survey, however, also includes “funny” transients
which change with repeated pulsing and are associated with
solution precipitation. This type of nonrepeatable transient
must be taken as a special case and will not for the moment
be considered here.

The shape of the observed transients is very dependent on
the detection method used. The methods that have been used
are linear detection, quadratic detection, and birefringence
compensation detection, which is a hybrid of linear and qua-
dratic detection and sometimes called quasi-linear detection.”
This last method was used to obtain the bentonite! and 8-
lactoglobulin3 result, while linear detection was used for
TMV5 and fibrinogen.* Quadratic detection has also been used
for B-lactoglobulin.2 The most useful method for detecting
“funny” transients is linear detection as it unambiguously
shows both positive and negative birefringence. The relative
advantages of these types of detection have been discussed
elsewhere.”

The birefringence vs. electric field strength behavior has
also been recorded for bentonite,! fibrinogen,* and TMV.5 The
behavior for both bentonite and fibrinogen in this regard
appears to correspond to the behavior predicted by Shah?® for
a particle with its permanent electric dipole approximately
at right angles to the direction of maximum electrical and
optical polarizability. 8-Lactoglobulin is also found to have
a permanent dipole at right angles to its major axis.? It is also
noticeable that in each of the above cases the literature shows
a marked increase in the negative birefringence contribution
with concentration.

There is, however one major difficulty in accepting Shah’s
steady-state birefringence theory prediction of permanent and
induced dipole moments in quadrature. This is because such
a system does not give anomolous birefringence decays when
the particles experience no external field.1?

The possibilities which may explain the decay behavior are
as follows: (a) two relaxation processes of differing time con-
stant and sign, (b) a distortion of the applied field by the
impedance of the solution-filled cell, and (c) an hysteresis
effect in the local internal field which results from the applied
field. Case (b) may be eliminated as this is normally detected
by simultaneous recording of the applied electric field pulse.
In Figure 1, it is shown how two independent birefringence
transients of opposite sign and differing relaxation times can
be added to give the observed transients. Possibility (¢) would
be difficult to infer from one transient and its existence is only
likely to be detected after an exhaustive analysis of field
strength, concentration, and ionic strength dependence.

Since the unusual traces referred to above appear to fit the
composite traces shown in Figure 1, it is appropriate to con-
sider the origins of the different birefringences. It can be
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postulated that birefringence traces of type (a) may be due to
polydispersity or aggregation. One difficulty with the first
suggestion is that the larger particles would both have to give
a larger rotational diffusion coefficient and a birefringence
of opposite sign to the smaller particles. Such behavior would
be more readily expected of an aggregate with respect to its
monomer. There may however be another possibility.

As particles increase in size, surface effects become more
important and the effect of solute~solvent interface properties
will also tend to become more important as the particle’s
surface to volume ratio increases, i.e., the particle becomes
increasingly anisotropic in shape. There is, however, a further
characteristic of anisotropic particles and that is that they go
from a close-packed solid to a liquid phase via an intermediate
liquid-crystalline phase in which the particles are mobile but
have an orientation correlation.!! It has been suggested!? that
for nematic liquid-crystalline materials at temperatures just
above the isotropic-nematic transition temperature meta-
stable nematic liquid-crystalline “flickering droplets™ occur.
While this concept has met with mixed reactions for conven-
tional liquid crystals,!3 it still forms a useful conceptual ap-
proach for investigating concentrated solutions of anistropi-
cally shaped particles.

The Derjaguin-Landau-Verwey—Overbeek!4 theory of
colloid stability, which is based on short-range London theory
attractions and long-range electrostatic repulsions between
particles, predicts interparticle separations which are very
dependent on solution ionic strength and particle polariz-
abilities determined at infrared frequencies. It is, therefore,
possible that under certain solution conditions, steric in-
cluding structural bound water effects'516 and some form of
dipole-dipole interaction}’-1? should encourage the ordering
of anisotropic colloidal particles into structures resembling
the liquid-crystal “flickering droplets”. In fact under condi-
tions of high sol concentration and low electrolyte concen-
tration it is known2? that colloidal systems containing aniso-
dimensional particles such as TMV separate into two phases.
The two phases consist of a dilute isotropic sol and a more
concentrated birefringent sol. The behavior of the “flickering
droplets” would be expected to differ from that of single
particles. In fact their electrical properties would be expected
to be derived from the Maxwell-Wagner theory of mixed
phases?! and in fact the droplet envelope shape may also
change with solution conditions in a manner analogous to that
of a flexible coiled polymer. It is thus possible that such
“flickering droplets” provide an alternative explanation of
“funny” transient behavior.

The rotatory diffusion coefficient of particles in a droplet
will be longer than that of a single particle as the particles will
interfere with each other as they rotate so that the droplet
reorientates like a pack of cards. A longer relaxation time on
its own, however, does not distinguish a droplet particle from
an aggregate so it is necessary to look for other distinguishing
features.

The Kerr effect orientation function $22 and the liquid-
crystal orientation function S22 are related to the distribution
of particle orientations by the same expression

I 20
¢ = fo fo Beost=1 COS; D orsinods=s

In each case f(8) is dependent on the particular orientation
mechanism. Now since we wish to compare applied electric
field orientation with droplet orientation it is useful to relate
the droplet orientation to an equivalent orientation produced
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Figure 1. The effect of adding increasing amounts of a positive bi-
refringence to a faster negative birefringence. The solid curves show
the resultant traces for linear (L) and quadratic (Q) detection for a
square wave applied electric field pulse.

by an electric field E4. As the droplet is not likely to constitute
an electric dipole, the effective droplet field strength has the
property that Eq = —Eg, i.e., an axis rather than a direction
of symmetry is defined. For colloidal particles of bentonite?
the orientation function has a quadratic field strength de-
pendence for induced dipole orientation up to a value nearly
equal to half its saturation value. Thus for droplets with what
is likely to be partial orientation we will assume that the ori-
entation can be represented by

S =kE4?

With no external applied field, the orientations of the droplets
are initially uncorrelated. The solution birefringence axis will
be defined by the field direction. With no droplets to consider
the Kerr effect orientation due to the applied field E would
be for small field strengths

d = kE?

However, in a droplet in which E4 makes an angle 8 with the
applied field, we can say as a first approximation that & be-
comes 4 and now depends on E + E4 cos 8. Thus

by =k(E2+ 2EE  cos § + E42 cos? 6)

Because E4 cannot have a negative direction when we average
over all possible droplet orientations we have

&g =k(E2+ 2E{E4cos ) + {{Eq4 cos §)2))

in which (Eq cos 8) only disappears for a zero value of Eg4.

Since the Kerr effect birefringence is proportional to &, the
occurrence of a linear relationship between birefringence and
field strength and particularly if associated with birefringence
sign changes or “funny” transients may be signs of droplet
behavior.

In this simple treatment it is assumed that the individual
droplet’s orientation axis is not disturbed, i.e., an elastic de-
formation of the droplet results from the application of the
electric field. In larger electric fields an ordering of the droplet
orientations would be expected, with the possible coalescence
of some droplets. Such large ordered regions may exist for a
period of time after removal of the electric field, and, since
their orientation now preserves a memory of the applied field
direction, this could create a finite solution birefringence. In
essence we have our original hypothesis (¢) occurring. How-
ever, in the concentrated solutions likely to give such effects

Macromolecules

the high field strengths will also disturb the ionic distribution,
so that irreversible aggregation is likely. Those transients
initially excluded from treatment in this paper because of their
association with precipitation may now be considered to be
the result of fluctuating droplet orientation and coales-
cence.

Since it is assumed that the droplet because of its nematic
structure is non dipolar, although the individual particles of
the droplet may be dipolar, its correlation of orientation is only
likely to be maintained in an applied electric field if the in-
dividual particles orientate under an induced dipole mecha-
nism. A domain structure for the droplet would have to be
postulated to cater for permanent dipole orientation without
destroying the droplet. This last postulate would seem to re-
quire rather excessive ordering in a metastable structure and
for the moment will be discounted.

Induced dipole moment orientations occur for high-fre-
quency fields, for example, laser-induced birefringence, and
also for high dc fields even when the particles possess a finite
permanent dipole.® It is thus under these orientation condi-
tions that cooperative droplet orientation effects should be
observed. This hypothesis now predicts that for particles with
a finite permanent dipole in solutions of sufficient concen-
tration for interparticle interactions to occur, orientation ef-
fects at low dc field strengths will be essentially due to indi-
vidual particles, while at higher fields cooperative orientation
in the droplet will dominate. At even higher field strengths
ordering and coalescing of the droplets themselves then takes
place.

The experimental results for bentonite! do in fact show
negative birefringence at low field strengths as would be ex-
pected for particles with a transverse permanent dipole and
a positive birefringence at higher field strengths where the
induced dipole dominates. This is also coupled with an in-
creased relaxation time for the positive birefringence which
in the middle field strength region creates the funny transients
as shown in Figure 1. It is also noticeable that in the region
where the induced dipoles are dominating the orientation
there is a linear slope of birefringence vs. field strength.

Also since it has been postulated that metastable droplets
oceur in solutions of TMV and bentonite which change from
a single phase to a double phase on increasing the concen-
tration, similar behavior should be observed in flickering
droplets in isotropic nematogens near to the isotropic-nematic
phase change. In fact it should be noted that the nematogen
p-methoxybenzylidene-p-n-butylaniline (MBBA) at a tem-
perature above its nematic-isotropic transition point has for
high laser field strengths a transition2s from a conventional
squared to a linear relationship between birefringence and
field strength. This is likely to correspond to an electric field
induced isotropic nematic transition with the predicted ac-
centuation of the second term in eq 1. Furthermore the funny
transients observed2®é in solutions of the positive nematic
material 4,4’-n-pentylcyanobiphenyl (PCB) at very high de¢
field strengths can be interpreted as a dominant induced di-
pole orientation mechanism ordering and coalescing flickering
droplets into a short-lived nematic phase which persists for
a short while after removal of the orientating field.

In conclusion it may be stated that the occurrence of
“funny” transients is a probable indication of the presence of
groups of interacting particles forming metastable droplets
under conditions which are close to a phase change.
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Time Resolved Fluorescence Studies of
Poly(N-vinylcarbazole), Poly(1-vinylnaphthalene),
and 1,3-Bis(N-carbazolyl)propane
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Excimer emission from polymers with pendant aromatic
groups has recently received considerable attention.!-12 In
nearly every case the excimer emission has been shown to arise
from a sandwich type excimer in which the = orbitals of the
aromatic rings overlap substantially. For example, the excimer
fluorescence (Ayax =~ 410 nm) of poly(1l-vinylnaphthalene)
(PVN) dominates the relatively weak emission from the
naphthyl monomer.® However, the excimer emission of po-
ly(naphthyl methacrylate) (PNMA) (Anax = 390 nm) is ap-
proximately equal to the monomer emission (Apax &~ 340 nm)
in ethyl acetate.? In neither case was any type of excimer
emission other than that of the low-energy excimer (Apax o
400 nm) observed.2® In contrast, the emission spectrum of
poly(N-vinylcarbazole) (PVCz) results from two distinct ex-
cimers, a low-energy sandwich type (Amax =~ 420 nm) and a
high-energy excimer of undefined structure (Amayx =~ 375 nm).8
Emission from the high-energy excimer is relatively more
intense in a predominately syndiotactic polymer obtained by
radical polymerization than in a more isotactic polymer ob-
tained by cationic polymerization.12 Itaya et al. have proposed
that the high-energy excimer has a structure in which only one
pair of phenyl rings from the two carbazole chromophores
overlaps.!? The high-energy excimer in PVCz is thought to
arise from excimer traps existing prior to the initial absorption
of light by the carbazolyl chromophore.® The low-energy

0024-9297/78/2211-0429$01.00/0

Notes 429

sandwich excimer can be formed by two possible mechanisms,
either directly or by reorientation of the high-energy excim-
er.

No high-energy excimer occurs from 1,3-bis(N-carbazo-
lyl)propane (BCP), the low molecular weight model compound
of PV(Cz.!3 Only monomer emission (Ayax = 350, 370 nm) and
low-energy excimer emission (Amax = 420 nm) can be detected
for BCP. The low-energy excimer emission is very weak,
suggesting little interaction between the neighboring carba-
zolyl chromophores. The absence of a high-energy excimer
emission suggests that the conformational constraints im-
posed by the stiff polymer chain in PVCz are not present in
BCP.

The formation of two distinct excimers, one of high energy
and one of low energy, in PVCz, is, therefore, unique among
vinyl aromatic polymers. In order to elucidate further the
nature of the excimers formed in polymers and in certain
model compounds, we have measured the time resolved
spectra of various vinyl aromatic polymers and one model
compound, BCP. Time resolved fluorescence spectroscopy
has been previously used to study the energy transfer mech-
anism in a copolymer of naphthyl methacrylate and 9-vinyl-
anthracene and in the poly(naphthyl methacrylate) homo-
polymer.14

Experimental Section

The PVCz (Monomer—Polymer) was purified by threefold pre-
cipitation into methanol followed by chromatography on silica gel.
The ultraviolet spectrum, fluorescence emission spectrum, fluores-
cence decay times, and excitation spectrum all agree with literature
data for PVCz. BCP was synthesized by the method of Lewis et al.1®
and purified by preparative thin-layer chromatography. PVN was
prepared by spontaneous polymerization and purified by successive
precipitation from benzene solution into methanol. Benzene was twice
distilled from phosphorus pentoxide retaining the middle fraction
each time. Ethyl acetate was distilled and stored in the dark.

Steady state fluorescence spectra were taken on a Hitachi MPF-2A
fluorescence spectrometer and corrected for phototube response using
guinine sulfate in agueous sulfuric acid as a standard. The time re-
solved fluorescence spectra were taken using the single photon
counting apparatus in the multichannel scaling mode.!8 A Spex
Minimate monochromator (1.25 mm slit width) was installed with a
Rapid-Syn-28PS stepping motor attached to rotate the grating. The
multichannel analyzer was employed in the multichannel scaling
repeat mode with the analog to digital converter serving as a single
channel analyzer. The complete wavelength spectrum was scanned
over 20 times in each case in order to correct for noise and lamp
fluctuation. The steps were made in increments of 0.14 nm with 0.1
s per step. The time window employed was determined by setting the
upper and lower voltage (or time) limits for the single channel ana-
lyzer. The time limits were calibrated by observing the decay of a lamp
profile scattered off a Ludox scattering solution. Since the sample is
continually being excited over a finite period defined by the decay of
the low-pressure nitrogen lamp intensity profile, it is difficult to assign
the exact time values of the time windows for the time resolved
spectra.’®® The time settings are given as the time difference of the
upper (or lower) limit, determined by the discriminator settings on
the analog to digital converter, from the maximum of the exciting
lamp.'” The time resolved spectra are adjusted to fit on the same time
scale. Time resolved fluorescence spectra are uncorrected for photo-
multiplier tube response. All samples were degassed with five
freeze-pump-thaw cycles before sealing in quartz test tubes.

Results and Discussion

The steady state fluorescence spectra of PVCz (5 X 104
M) and BCP (2 X 10=* M) in benzene are shown in Figure 1.
The low-energy excimer emission (above 420 nm) is seen for
both PVCz and BCP. The time resolved emission spectra for
PVCz are shown in Figure 2 at several time intervals. (In curve
a, the points from the multichannel analyzer are actually
plotted.) The spectrum in curve a was taken at an upper “time
setting” of 0.23 ns from the peak maximum of the exciting
lamp intensity. From a consideration of the intensity of ex-
citing light as a function of time, it follows that >96% of the
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