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ABSTRACT: The behavior of surface and trapped charge that originates during contact electric-field
poling of thin films of optically nonlinear polymers has been investigated. Thin films of poly(methyl
methacrylate) doped with two different tricyanothiophene chromophores have been studied during and
after the poling process by simultaneous measurement of the current through the poling circuit and the
second harmonic generation signal (SHG) from the polymer system. The poling current present in a
fresh sample was found to differ in both magnitude and temporal dependence to that observed in the
sample during subsequent polings. The magnitude of the steady-state current eventually reached during
the poling process was found to depend on temperature and was related to the mobility of charge. A
sharp drop off in SHG signal intensity occurring when the poling electrodes were grounded is considered
to be due to the removal of surface charge that orients chromophore dipoles near the surface of the film;
the decay in the macroscopic polarization that then occurs is prolonged by charges trapped in the polymer
matrix. The build up of trapped charge explains a memory effect in which the SHG signal relaxation
time gradually increased as the film was subjected to multiple polings. Finally, it is demonstrated that
the release of charges trapped in the polymer matrix depends upon the heating rate and continues far
above the glass transition temperature of the polymer.

Introduction

Due to qualities that distinguish them from currently
available, inorganic nonlinear optical (NLO) materials,
much effort over the past decade has been directed
toward the study of polymers combined with nonlinear
optical chromophores for possible photonics appli-
cations.1-3 The most important advantages of polymeric
NLO materials are low dielectric constants, high intrin-
sic nonlinearities, high damage thresholds, fast response
times, and ease-of-processability.4,5

Second-order nonlinear optical processes are only
active in materials that lack center-of-inversion sym-
metry. Electric-field poling has been the method of
choice to remove the centrosymmetry from inherently
centrosymmetric polymeric NLO materials.6-9 Since
the first report of organic NLO materials over 10 years
ago,10 the majority of studies in this area have focused
on one of two major aspects: (1) the magnitude of the
second-order response from NLO chromophore/polymer
systems and its temporal stability2,3,11-13 and (2) the
physics of the orientation and relaxation processes that
occur during poling and after the poling field has been
removed.14-17 Although the presence of surface charge
on poled NLO films has been discussed somewhat in
the literature, particularly with regard to corona
poling,18-21 little direct attention has been paid to the
poling process itself and to the possible effects that
injected charge has on the NLO behavior of these
polymers. However, this is potentially of great impor-
tance as the poling of an NLO film involves subjecting
the polymer sample to a strong electric field, thereby
producing an electret.22-24

In this report we continue our recently initiated
examination25 into the effects of charge on the NLO

properties of these materials. In particular, in this
study we wish to examine the effects that charge has
on the behavior of the second harmonic generation
(SHG) signal induced by an electric poling field in
systems possessing large second-order nonlinear optical
susceptibilities as compared with the previous model
system of p-nitroaniline (pNA) in poly(methyl meth-
acrylate) (PMMA).25 This is done by examining the
simultaneous measurement of the current and SHG
signal from thin-film samples.

Experimental Section

For this study, PMMA combined with 25 wt % “chromophore
I” and 5 wt % “chromophore II” was used to form doped guest/
host systems (Figure 1). Very high molecular weight PMMA
was obtained from Aldrich (catalog no. 18,226-5). The het-
erocyclic tricyanothiophene chromophores were synthesized in-
house.26 Using the technique of Hyper-Rayleigh scattering,
these two chromophores have recently been shown to possess
very large first hyperpolarizabilities.27,28 A preliminary at-
tempt at measuring the ø333

2 value of a 25 wt % chromophore
I/PMMA polymer film using the Maker Fringe method29
indicates that it could be in excess of 50 pm/V.30 In order to
remove possible low molecular weight impurities that might
have affected the charging behavior of the polymer, some of it
was “washed” before use. This involved dissolving the polymer
in a good solvent (chloroform) and then precipitating the
polymer back out of solution by adding a nonsolvent (metha-
nol). This washing step was repeated 3 times after which the
precipitated polymer was dried under vacuum, first at 60 °C
for 24 h and then at 100 °C for at least 2 days. The
temperature of glass transition (Tg) of the chromophore
II-doped polymer was approximately 105 °C; Tg for the
chromophore I-doped polymer was approximately 86 °C (as
measured by a Perkin-Elmer Delta Series DSC-7 differential
scanning calorimeter; heating rate 20 °C/min).
The preparation of the ITO sample substrates and chro-

mophore/polymer/solvent (chloroform) mixtures and the spin-
coating of thin-film samples were done as described previ-
ously.25 (For purposes of comparison, NLO films were made
from both washed and unwashed PMMA.) Thin films of good
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optical quality and approximately 2 µm in thickness were
prepared. To remove residual solvent, spun films were im-
mediately placed into a vacuum oven heated to 75 °C (above
the boiling temperature of chloroform); films were kept at 75
°C overnight without a vacuum applied and then for at least
another 24 h under vacuum. Using thermogravimetric analy-
sis (TGA), this procedure has proven to be very effective in
removing all solvent from thin-film samples.31 No evidence
of chromophore aggregation was visible in either the 25 or 5
wt % films. To prepare a sample for use during experimenta-
tion, two slides were placed in contact with each other (film
sides together) to form a “contact poling” configuration. This
film “sandwich” was placed into a Teflon sample holder which
was then mounted in a temperature-programmable ((0.1 °C)
sample oven. To insure good physical contact between the two
films, the sample holder was designed so that pressure could
be evenly applied to the sample by tightening a set of four
screws at the corners of the holder. Before experimentation
began, the two films were fused by raising the temperature
(0.5 °C/min) in the oven to well above the Tg of the sample
(gTg + 20 °C) for 10 h and then slowly cooling the sample
down (0.5 °C/min) to the temperature of interest; the sample
was then allowed an equilibration time of at least 1 h before
experimentation began. A sample heating/cooling rate of 0.5
°C/min was chosen in this study as it is well-known that rapid
cooling (quenching) can distort the temperature of glass
transition.32
The experimental setup used during the course of this study

has been previously described.25,33 Basically, the setup for
SHG measurement consisted of a Q-switched Nd:YAG laser
(Spectra-Physics GCR-11) operating at 10 Hz and the associ-
ated beam-conditioning optics. The fundamental light incident
upon the sample was p-polarized; the resulting second har-
monic light was detected in transmission with a photomulti-
plier tube (PMT). Measurement of second harmonic light only
was assured by the placement of both a highpass filter and a
bandpass filter before the PMT. The incorporated poling
circuit was designed to allow the poling electrodes to be shorted
to ground upon poling termination. A Keithley model 6512
electrometer in its 200 nA range (resolution 10 pA) connected
in series with the poling electrodes was used to detect the
poling current. Data collection and analysis of both the SHG
signal and the poling current were performed as previously
described.25
Three types of experiments were performed in this study.

The first type was an isothermal poling/relaxation experiment

in which the amount of elapsed time between polings was the
parameter of interest. Here the sample was poled by applying
a large voltage across the ITO electrodes. The SHG signal
was monitored and once it had reached a steady-state, plateau
level, the voltage was removed by grounding the electrodes.
(Grounding the electrodes also served to remove charge from
the electrode/polymer interface.) The SHG signal was then
monitored as it decayed away due to chromophore reorienta-
tion; at the same time, the current passing through the
polymer was also measured. After the SHG signal decayed
away to an undetectable level, time was allowed to elapse and
the process was repeated under identical experimental condi-
tions (i.e. temperature, poling duration, maximum applied
poling voltage). The second type of experiment performed was
similar to the first except that in this case temperature was
used as a parameter instead of elapsed time (i.e. isothermal
poling/relaxation trials were performed over a range of tem-
peratures). Prior to each measurement in this experiment,
the sample went through an “erase” procedure that was
designed to eliminate the thermal history of the sample.
During this erase procedure, the sample was slowly heated
(0.5 °C/min) to a temperature of Tg + 20 °C, where it remained
for 1 h before being slowly cooled down (0.5 °C/min) to the
temperature of interest. During the first poling of the sample
(performed around the sample’s Tg) the sample was poled until
a steady-state SHG signal was obtained. To remove poling
duration as a variable from subsequent measurements, this
duration was then used at the other temperatures in the
experiment.
The third type of experiment performed in this study was

the simultaneous measurement of the SHG signal from, and
the current through, a poled sample as the temperature was
slowly ramped from well below Tg to high above Tg. To prepare
the sample for this measurement a poling voltage was first
applied to the sample above Tg. The sample was poled at this
temperature for a time sufficient to produce a steady-state
SHG signal before being allowed to cool at a constant rate to
below Tg with the poling field still applied. Once there, the
poling field was removed by grounding the electrodes. The
sample was then heated at a constant rate to high above the
glass transition temperature of the sample. During this
heating process both the SHG signal and the current were
monitored. The results from all three types of experiments
are reported below.
In all the experiments described above, the poling voltage

was not applied all at once to the sample. Instead the voltage
was manually ramped in 10 or 20 V increments from 0 V to a
maximum value (one increment approximately every 2-3 s)
which was then maintained for the balance of the poling
duration. This procedure was used as it has been our
experience that the sudden application of very strong electric
fields to thin-film samples can result in premature dielectric
breakdown. The maximum voltage was the largest voltage
resulting in a stable current of a few tens of nanoamperes
through the sample. Resultant electric fields were on the order
of 2 MV/cm. As large a poling field as feasible was used as
we were interested in inducing as much polar order in the
material as possible, as it is expected that maximum polar
order would be required of any material incorporated into a
device. Throughout these experiments, there was no evidence
of an abrupt increase in the SHG signal at the time of electrode
grounding (“switching effect”) nor was a sizable decrease in
the SHG signal observed during long poling times as has
recently been observed elsewhere.34,35

Results and Discussion

Shown in Figure 2 is the poling current measured in
a 5 wt % chromophore II/(unwashed) PMMA sample at
115 °C (above the Tg of the polymer system). During
the poling process, the voltage was incrementally ap-
plied to the sample as explained above (maximum poling
voltage was 470 V). As can be seen in the current trace,
the current through the sample increased with each step
increase in the poling voltage. (Also visible in the figure

Figure 1. Chemical structures of the nonlinear optical
tricyanothiophene chromophores and polymer used during the
course of this study. The IUPAC names of the two tricyan-
othiophene chromophores are (E)-[5-[2-[4-(diethylamino)phe-
nyl]ethenyl]-2-thienyl]ethenetricarbonitrile (chromophore I)
and (E)-[5-[2-[4-(diphenylamino)phenyl]ethenyl]-2-thienyl]-
ethenetricarbonitrile (chromophore II).
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are very fast transient currents that are the result of
the sudden increases in potential; they are not of
interest here.) It can be seen in the figure that after
the poling voltage had reached its maximum level
(indicated by the solid vertical line at 158 s), the current
through the sample began to slowly decrease before
reaching a steady-state value after approximately 500
s. Also shown in this figure is the SHG signal from the
sample measured at the same time as the current. One
notes that, in the beginning, the SHG signal slowly
increased with poling potential at low voltages and then
increased dramatically after the poling voltage reached
a certain value. Of particular interest in this figure is
the fact that at the time the current began its slow
decay, the SHG signal had reached its maximum value
and stayed relatively constant from then on. After this
sample had been completely poled (for a sufficient poling
duration as determined by the constancy of the poling
current and the SHG intensity), the poling field was
removed by grounding the electrodes. The SHG signal
then decayed as a result of chromophores reorientation
and polymer relaxation (cf. Figures 4 and 5). Data
qualitatively similar to that shown in Figure 2 was
obtained from samples in which the polymer had been
washed and also in experiments in which the temper-
ature was held below the Tg of the material.
As shown in Figure 2, when high voltage is applied

to an NLO film in order to orient the NLO chro-
mophores, a small current through the sample is readily
observed. Two sources of current are possible, their
relative magnitudes depending upon the strength of the
applied field. First, current can arise due to the
orientation of molecular dipoles in the polymer matrix.
By the continuity equation, a current density arises
whenever polarization, PB, is time dependent. An ap-
plied electric field will cause molecular dipoles in a
polymer matrix to orient along the field direction; PB is
then time dependent and a polarization current is
generated. The inverse effect, the reorientation of
dipoles back to their unpoled state upon the removal of

the field, also results in a current for the same reason.
These polarization and depolarization currents are well-
known phenomena and have been extensively used in
the literature in the study of polymer molecular
dynamics.36-40

The second source of current through a polymeric
material is conduction. Although the resistance of
polymers is, in general, very large, it is not infinite.
Thus, by Ohm’s law a current through the polymer must
result whenever a voltage is applied. In “pure” polymer,
conduction is known to proceed in one of two ways: by
the movement of ionic impurities41 and by a energy band
mechanism similar to that used to explain conduction
in metals.41 When conduction occurs by the energy
band mechanism, the possibility of charge-trapping
arises.42 Actual materials contain structural imperfec-
tions and impurities which result in the creation of
localized electronic states. If these electronic states are
low enough in energy, charge traveling through the
polymer matrix can become trapped, drastically inter-
fering with the passage of injected current. Two general
types of trapping sites can then be anticipated, their
relative numbers depending upon the temperature at
which the sample is held. Those of the first type are of
energy low enough so that charge cannot easily escape
once it is there. In this case charge is “deeply trapped”
and can only escape if the system is heated to high
temperature. In the second type, the trapping sites are
of higher energy so that charge can continue to diffuse
through the polymer after the poling potential has been
removed. Due to the deep trapping effect, the number
of available trapping sites will decrease as charge
migrates through the sample; assuming the applied
potential is not changed, this will correspond to a
decrease in observed current. However, it is also to be
expected that with multiple polings or long poling times
the total amount of charge present in the sample will
increase until a saturation level is reached.
Conduction in molecularly doped polymers of the type

used as transport layers for xerographic photoreceptors
has recently been shown to occur through a hopping
mechanism, in which charge is envisioned to hop among
molecular dopants.43-47 The hopping is seen to occur
in a distribution of states, the width of which is due to
the variation in spacing between individual dopant
molecules resulting in a variation in site energy at each
individual molecule.48 This type of doped polymer is
similar in principle to those studied for NLO applica-
tions. Conduction in NLO doped polymers has also been
recently studied by Pasmore et al.49

Figure 3A shows the same current as plotted in
Figure 2 (trial 1) and also the poling currents in the
sample the second and third times (trials 2 and 3) it
was poled under identical conditions. In this figure,
only the currents measured after the poling voltage had
reached its maximum value are shown. In this experi-
ment, Trial 2 (3) was started shortly after the SHG
signal induced in Trial 1 (2) had decayed to an unde-
tectable level. (Note that a thermal erase between trials
was not performed in this experiment.) There are
several interesting aspects to the data presented in this
figure. First, the maximum current observed during the
first poling of the sample was larger than that measured
during subsequent polings. Second, after the sample
had been poled once, the poling current reached a
steady-state value much more quickly than in the
previously unpoled sample. Third, the current behavior
observed during the second and third polings (and all

Figure 2. SHG signal and current data obtained during the
first poling at 115 °C of a 5 wt % chromophore II/(unwashed)
PMMA sample; the maximum applied voltage of 470 V was
applied gradually in 20 V increments. The solid vertical line
is meant as a guide to the eye and indicates that the SHG
intensity had reached its maximum value at the time the
current began its slow decay. Visible at the beginning of poling
are transient current “spikes” that are due to sudden increases
in the applied voltage.
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additional ones although they are not shown) was nearly
identical. Figure 3B shows the currents observed in the
same sample using an identical experimental procedure
but at a temperature of 105 °C (around the polymer
system’s Tg). (The trials at this temperature were
actually performed before the ones at 115 °C with a
thermal erase procedure being performed in between.)
The trends exhibited above Tg are also observed at this
lower temperature, although the current magnitudes
are smaller due to the decreased conductivity of the
polymer at lower temperature. Note that the trends
presented here are qualitatively identical to those
presented in our earlier work on the pNA/PMMAmodel
system.25
It is our hypothesis that the currents shown in Figure

3 are primarily due to the charge trapping mechanism
previously mentioned. This mechanism is consistent
with the trends shown: When a sample is poled for the
first time, all of the trapping sites are available and thus
the current through the sample is large (beginning of
trial 1, Figure 3A,B). However, as the trapping sites
become occupied, the current through the sample gradu-
ally decreases (middle and end of trial 1, Figure 3A,B).
During the time that elapses before the next poling,
some of the nondeeply trapped charge, and also possibly
some of the deeply trapped charge, can diffuse out of
the sample. When the poling field is applied again, it
only takes a short amount of time for charge to occupy
the trapping sites that had become available due to
charge diffusion during the time between the two
polings. As a result, a steady state current is achieved

much more rapidly than during the initial poling (trials
2 and 3, Figure 3A,B).
In passing, it should be noted that Zimmerman et al.36

have also recently reported on poling currents measured
in a contact-poled NLO polymer film (resultant fields
were on the order of 0.4 MV/cm, about an order of
magnitude less than those used here). They, too,
observed an initial decrease in the poling current at
short times which they attributed mostly to polarization
mechanisms, although they concluded that “conduction
mechanisms [could] still contribute significantly at these
[short] times.”50 Even though our results are qualita-
tively similar to Zimmerman’s, we believe that the
behavior shown in Figure 3 is dominated by conduction
mechanisms, not polarization, for the following reasons.
First, as shown in Figure 2, the SHG signal had reached
its maximum value by the time the current began its
gradual decrease, indicating that the NLO chromophores
and polar segments of the polymer chains51 were already
optimally oriented by this time, and therefore, the
polarization current from these sources would be neg-
ligible. Second, the slow decrease in the poling current
is observed both above and below Tg in approximately
the same time scale (cf. Figure 3A,B) although the
magnitude of the poling current below Tg is smaller than
that above Tg as previously noted. Due to the great
increase in polymer segmental mobility above the glass
transition, the chromophores would be able to orient
faster above Tg. If polarization mechanisms were
indeed responsible for the behavior shown in the figure,
one would then expect to see a significant difference
between the rate of the above-Tg (115 °C) current decay
and that observed around Tg (105 °C). This is in
contradistinction to the experimental result. Finally,
the different current versus time behavior with succes-
sive polings that was observed would not be expected if
these were polarization currents, as the system was
allowed to relax completely before the next poling was
begun.
We take the data shown in Figures 2 and 3 to be

evidence that charge, injected by the electrodes, is
becoming trapped in the polymer matrix. Vestweber
has also recently reported similar charge injection, using
ITO electrodes, in the course of designing polymer light
emitting diodes (LEDs).52 The presence of charge in the
matrix is expected to affect the physical properties of
the polymer system. In particular, we are interested
here in the effect that the injected charge has on the
relaxation rate of the SHG signal induced by the electric
poling field. Shown in Figure 4 are four SHG signal
relaxation curves from a single, fresh (i.e. previously
unpoled) 5 wt % chromophore II/(washed) PMMA film
held at 105 °C (around the sample’s Tg) and isothermally
poled for 550 s with a maximum voltage of 550 V; the
SHG signal relaxation times for these curves are
tabulated in Table 1 (see the text associated with eqs 1
and 2 below for an explanation of the parameters in the
table). In this experiment, the sample was first sub-
jected to the fusing treatment described in the Experi-
mental Section (the equilibration time at 105 °C for this
sample was approximately 5 h). Then sequential poling/
relaxation measurements (trials 1-3), identical to those
performed to acquire the data in Figure 3, were made
on the sample (again, the SHG signal from one poling
was allowed to decay completely away before the next
poling was begun). One notes that the SHG signal
decay time for the previously unpoled sample (trial 1)
is shorter than for the second poling (trial 2) which is,
in turn, shorter than the decay time for the third (trial

Figure 3. (A) Poling current through a 5 wt % chromophore
II/(unwashed) PMMA sample during its first three polings at
115 °C; only the current after the poling potential reached its
maximum value is shown. (B) Poling current through the
same 5 wt % chromophore II/(unwashed) PMMA sample
during its first three polings at 105 °C; only the current after
the poling potential reached its maximum value is shown.
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3). These results are similar to those reported earlier
by our laboratory51,53,54 in that the first three isothermal
polings show evidence of a “memory” effect in which the
SHG signal takes progressively more time to decay after
each poling. It is our hypothesis that injected charge
is responsible for this effect. After the first three
relaxations were performed, the sample was allowed to
remain overnight at 105 °C and was then subjected to
the thermal erase procedure described above. The
sample was finally subjected to a fourth isothermal
poling/relaxation cycle (trial 4) using the same param-
eters (temperature, poling field, duration of poling) as
the first three. One notes that the decay of the SHG
signal in trial 4 is not identical to that of trial 1 but is
instead closer to trial 2 (trial 4 will be further discussed
below).
Charge injected by the electrodes into the matrix

could be responsible for the memory effect in a number
of ways. That charge injected and trapped near the
surface of the polymer film would create an electric field
inside the polymer which would orient the dipoles in
the same direction as the poling field. Charge in the
bulk of the polymer would correlate the motion of
chromophore dipoles. This correlation can be under-
stood as follows: Since the effect of the poling field is
to orient the NLO molecules so that their dipole mo-
ments point in the same direction, this would lead to

unfavorable electrostatic interactions between neighbor-
ing chromophores. The presence of an appropriate
charge between two chromophores would counteract this
interaction. In addition, the presence of such a charge
would force a chromophore-charge-chromophore sys-
tem to behave as a unit. The combined mass and
volume of such a unit would be much greater than a
single chromophore, thus hindering reorientation. As
more and more charge is injected during subsequent
polings, this charge injection scenario predicts that the
SHG signal relaxation time will continue to increase
until the polymer becomes saturated with charge, after
which the relaxation time should remain constant as
long as the charge saturation is maintained and no
other mechanisms are present.
Physical aging, the process by which a polymer at or

below Tg spontaneously loses free volume in its approach
to thermodynamic equilibrium,55 has recently been
considered as the cause for an observed increase in SHG
signal relaxation time at and below Tg during sequential
poling experiments.56 However, we do not believe
physical aging to be the cause of the lengthening effect
observed here. First, during this experiment, the
polymer was held around its Tg. It is well-known that
a polymer held at Tg obtains thermodynamic equilibri-
um very rapidly, on the order of 1 min;55 for tempera-
tures as low as Tg - 5 °C, this time is only on the order
of 1 h.55 Thus, in this case, any physical aging that
occurred would have taken place during the time that
the sample was allowed to thermally equilibrate before
the first poling. Second, it is known that the physical
aging process is thermoreversible, i.e. a brief excursion
(e.g. 20 min) above Tg will cause the polymer to “forget”
its thermal history, any previous aging it may have
undergone below Tg having been erased.55 The fourth
isothermal poling of this experimental set (trial 4,
Figure 4) demonstrates the effect of this. Since before
this poling was performed the sample was heated up
and held above Tg (125 °C) for over 1 h, this would have
erased the thermal history of the sample. If physical
aging was indeed the cause of the memory effect, one
would then expect the first and fourth SHG signal
relaxations to coincide, which, as seen from the figure,
is obviously not the case. As has been shown else-
where,25,40 charge trapped in a polymer sample is not
completely released until it is heated far above its Tg.
Thus, it is our hypothesis that the reason the relaxation
of trial 4 is different from that of trial 1 is that enough
trapped charge remained after the thermal erase pro-
cedure to affect the rate of the relaxation. It is interest-
ing to note that Schüssler et al. used a thermal erase
procedure similar to that reported here and obtained
excellent reproducibility between poling trials.34,35 The
temperature to which their samples were heated (ap-
proximately Tg + 100 °C), however, was much higher
than the Tg + 20 °C used here. It is likely that heating
to this high a temperature allowed complete removal
of all injected charge from their samples, as will be
discussed further below.
As the SHG signal decays were not, in general, single

exponential, we fit our SHG signal decays to the
Kohlrausch-Williams-Watts (KWW) stretched expo-
nential equation using an optimized in-house fitting
program.57 The KWW equation is commonly used to
describe relaxations occurring in complex systems.58-60

In the experiment, the measured intensity of the second-
harmonic light, ISHG, is directly proportional to |ø(2)|2,
where ø(2) is the second-order nonlinear susceptibility

Figure 4. Demonstration of the elongation of SHG signal
relaxation time during subsequent isothermal poling/relax-
ations of a 5 wt % chromophore II/(washed) PMMA sample at
105 °C (around Tg). Experimental conditions were exactly the
same for each measurement [temperature, maximum applied
poling potential (550 V), and poling duration (550 s)]. Before
trial 1, the sample had been previously unpoled. The data of
each trial has been normalized.

Table 1. 5 wt % Chromophore II/(washed) PMMA Poling/
Relaxation Trials at 105 °C (Poling Potential, 550 V;

Poling Time, 560 s)

trial
elapsed

time (min)
time between
polings (min) τ (s) â 〈τ〉 (s)

1 0 2079 1.26 1807
2 104 104 2978 1.02 2927
3 289 185 5056 0.89 5664
4 0 3066 1.06 3003
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of the polymer system.61 The time dependence of the
ø(2) decay is assumed to be given by the KWW equation
as

Here τ0 is the characteristic relaxation time, a is the
signal amplitude, â is the width parameter (often
interpreted as describing a distribution of relaxation
times), for which the value is 0 < â e 1. (Note that if
â is unity, then the decay is single exponential.) Using
this equation, the decay of the SHG signal from the time
the poling voltage is removed from the sample can be
characterized by an average relaxation time, 〈τ〉:

where Γ is the gamma function.
Tables 1-4 present fitting results for SHG signal

relaxations from different samples, with different poling
times and at temperatures at and above Tg. It should
be noted that, for the data presented in these tables, ø2
(chi squared), which is an indication of the goodness-
of-fit and should not be confused with ø(2) in eq 1 above,
was always g0.997, indicating very accurate fits to the
data. In these tables “elapsed time” refers to the
amount of time from the beginning of the first poling/
relaxation trial of the cycle and “time between polings”
refers to the amount of time that passed from the
beginning of one poling/relaxation trial to that of the
next. Note in the tables that if the elapsed time resets

to zero (e.g. Tables 1 and 2), this indicates that the
sample was subjected to a thermal erase procedure
between that poling/relaxation and the previous one;
otherwise, the temperature was kept constant. Note
also that in all the tables the τ column refers to the
single exponential relaxation time (i.e. in the fitting
program, the â parameter of eq 1 was forced to unity)
and that â and 〈τ〉 are the width parameter and the
average relaxation time, respectively, given in eqs 1 and
2 above.62 It should be noted that in the entries of
Tables 1 and 3, and also most entries in Table 5 (see
below), the â parameter is greater than 1. Since the
KWW formalism with â > 1 has no meaning, we have
provided the single exponential relaxation times, al-
though then ø2 is smaller, indicating a poorer fit. â >
1 indicates that the decay is more rapid than single
exponential. Physically, there is no reason why a decay
more rapid than single exponential is not possible. For
example, a Gaussian decay often occurs for systems with
a static inhomogeneous broadening mechanism. A
Gaussian decay evolves into an exponential one when
the inhomogeneous process is no longer static but is
modulated with a very short correlation time. Thus, the
â > 1 cases observed here represent a combination of
inhomogeneous and homogeneous processes that affect
the decay of the SHG intensity when the sample is first
poled. As the sample is poled, additional mechanisms
such as charge injection are introduced and the chro-
mophores are subjected to the inhomogeneous polymer
environment (not to be confused with the inhomoge-
neous broadening mechanism) that the charge intro-
duces. In the extreme limit, one has a homogeneous
broadening mechanism.
From an overview of the tables, it can be clearly seen

that, except for some data fluctuations appearing in
trials 4 and 5 in Table 2, the trend of relaxation time
elongation exhibited in Figure 4 is reproducible between
different samples. It is also interesting to note that the
relaxation time elongation occurs even above the glass
transition temperature of the polymer system (Table 4),
although the effect is not as pronounced as it is around
Tg (Tables 1-3). In Table 4 one notes that the relax-
ation rate reaches a steady-state of around 195 s after
the fourth poling, where it maintains for two further
polings. Apparently after the fourth poling the polymer
had become saturated with charge as the relaxation rate
reached a steady state. From the tables, one notes that
the relaxation times τ and 〈τ〉 in Tables 1 and 3, which
present data from samples made from unwashed PMMA,
are consistently longer than those in Table 2, which
presents data from a sample made from washed PMMA.
This is probably due to the plasticization effect of small
molecular impurities that are removed by the washing
procedure and which apparently have an important
effect in shortening the relaxation time. This plastici-
zation effect is similar to that found in translational
diffusion as investigated by the holographic grating
technique.63

It is interesting to note that a similar “memory effect”
in a polymer system above its Tg has recently been
reported in the literature by Schüssler et al.64 In this
study, the authors compared the rate of SHG signal
recovery after allowing their poled polymer to relax to
varying degrees. They found that the rate of SHG
signal recovery decreased as the delay between the
removal of the poling voltage and its reapplication
during the next poling increased. They attributed this
decrease to long-range structural relaxations, the exist-

Table 2. 5 wt % Chromophore II/(unwashed) PMMA
Poling/Relaxation Trials at 105 °C (Poling Potential, 500

V; Poling Time, 563 s)

trial
elapsed

time (min)
time between
trials (min) τ (s) â 〈τ〉 (s)

1 0 520.0 1.03 512.8
2 78 78 564.0 0.94 582.5
3 163 85 676.6 0.88 731.3
4 247 84 562.6 0.85 618.3
5 323 76 525.1 0.83 583.4
6 0 524.6 0.88 565.1
7 95 95 612.1 0.75 742.4
8 185 90 595.4 0.70 759.9

Table 3. 5 wt % Chromophore II/(unwashed) PMMA
Poling/Relaxation Trials at 105 °C (Poling Potential, 470

V; Poling Time, 950 s)

trial
elapsed

time (min)
time between
trials (min) τ (s) â 〈τ〉 (s)

1 0 1014.9 1.19 933.6
2 123 123 1402.1 1.01 1391.3
3 223 100 1582.2 0.99 1598.7
4a 1463 1240 3068.2 1.24 2928.0
a Overnight poling; in this case the same was poled from 10:30

p.m. to 10:30 a.m. the following morning (at 470 V).

Table 4. 5 wt % Chromophore II/(unwashed) PMMA
Poling/Relaxation Trials at 115 °C (above Tg) (Poling

Potential, 470 V; Poling Time, 605 s)

trial
elapsed

time (min)
time between
trials (min) τ (s)

1 0 178.2
2 38 38 188.2
3 80 42 189.7
4 128 48 196.7
5 166 38 193.5
6 194 28 194.1

ø(2) ∝ xISHG ) ae-(t/τ0)â (1)

〈τ〉 ) ∫0∞exp(-( tτ0)
â)dt )

τ0Γ(1â)
â

(2)
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ence of which in the viscoelastic regime of polymers is
currently being debated,65 although they admitted that
they had no rigorous proof in favor of this explanation.
However, our scenario of charge injection can be used
to explain their results. For the same reasons that
charge injection would slow down SHG signal decay, it
would speed up SHG signal recovery. As more time
elapsed between polings, more charge would have been
able to escape from the polymer, thus slowing down
SHG signal recovery.
Also of interest in Tables 1-3 is the behavior of the

â parameter. As a general trend it can be clearly seen
that the â parameter decreases with each poling/
relaxation cycle. A decrease in â has been taken to
indicate that a broader distribution of relaxation times
has to be included to adequately describe the relax-
ation66 and that this is the result of the dopant chro-
mophores experiencing larger regions of the inhomoge-
neous environment of the polymer. As the decrease in
â occurs here with an increasing SHG signal relaxation
time, and as we have argued that this increasing
relaxation time is due to the injection of charge and not
to other effects such as physical aging, our results seem
to indicate that it is the presence of injected charge that
causes the dopant chromophores to experience larger
regions of the polymer.
Not only can injected charge influence the behavior

of the SHG signal, but charge residing on the surface
of the polymer film (at the polymer/electrode interface)
(surface charge) or near the surface of the polymer film
will also affect the signal. Shown in Figure 5 is a plot
of the SHG signal from a 5 wt % chromophore II/PMMA
sample poled at 105 °C for 955 s with a voltage of 470
V before and after the poling electrodes were grounded;
in the inset of this figure is the current measured in
the poling circuit during this time. As can be seen, at
the moment the electrodes are grounded, a “spike” is

observed in the current trace due to the removal of
surface charge; at the same time, the SHG signal takes
a step decrease (approximately 5% in this case). This
drop off can be understood as the response of the NLO
chromophores residing on the surface of the polymer to
the removal of the surface charge. During poling, these
surface chromophores will be oriented to a larger degree
than those in the interior (as they as less restricted) and
will thereby contribute to a larger extent to the overall
SHG signal;5 in addition, because these chromophores
are oriented by surface charge, as it is dissipated, they
should readily reorient. The magnitude of the drop off
at the time of electrode grounding will then depend upon
two factors: (1) the amount of surface charge dissipated
at grounding and (2) exactly how restricted the mol-
ecules on the surface are. As can be seen from the inset
in the figure, with no resistance in the poling circuit,
surface charge dissipation occurs very rapidly (the
current has reached a near zero value after approxi-
mately 0.1 s). However, as has been shown elsewhere,53
the rate of the step drop off can be decreased by
increasing the resistance in the poling circuit and was
eliminated when a very large resistance (1010 Ω) was
introduced.
Such a step decrease in SHG signal at the time of

electrode grounding has also been noted by Dhinojwala
et al.67 However, they interpreted the effect as being
due to the removal of the DC field-induced third-order
nonlinearity, which was estimated to be between 5% and
10% of their total SHG signals. Although this effect
must be present to some degree in our system as well,
it is not clear that this third-order nonlinearity is the
dominant cause here. First, in both this study and the
previous one,25 the magnitude of the step drop off was
not the same for all relaxations with a given sample
under the same experimental conditions and here varied
by as much as 2% or 3% of the total. In contrast, one
would expect a constant value for the contribution of
the third-order effect under such conditions. More
interesting is a comparison of the magnitude of the step
drop off in this study and that observed in the previous
pNA/PMMA system, where it was as high as 50% of the
total SHG signal.25 The surface-charge scenario is
consistent with the fact that pNA molecules are much
smaller than the tricyanothiophene molecules investi-
gated here and could thus disorient more quickly.
Additionally, the fact that the step drop off can be
controlled by changing the external resistance of the
connections to the poling electrodes (as mentioned
above) also favors the surface dipole reorientation
mechanism.53

The effect of temperature on the poling current
through the polymer is demonstrated in Figure 6.
Shown here are the isothermal poling currents through
a 5 wt % chromophore II/(washed) PMMA sample poled
with a potential of 550 V at temperatures ranging from
105 to 122.5 °C (measurements were also made at other
temperatures not shown in the figure). Each trace in
the figure shows the current through the sample after
the poling voltage reached its maximum value. Prior
to each measurement the sample was subjected to a
thermal erase procedure as described above. As ex-
pected, the magnitude of the steady-state poling current
increases with increasing temperature. Also observable
at the beginning of each trace is the polymer charging
effect (cf. Figure 3). One notes that, as the temperature
increases, the current becomes increasingly unstable,
exhibiting rapid fluctuations of 100 nA or more (cf. the

Figure 5. Demonstration of the step drop off in the SHG
signal from a 5 wt % chromophore II/(unwashed) PMMA
sample at the time of poling electrode grounding; in this
example, the drop off is approximately 5% of the total signal.
Inset: Observation of the “spike” in the electrode current at
the time of electrode grounding. The spike and the step drop
off in SHG signal coincide. If the current spike is viewed on
an expanded scale (not shown), it can be seen that the surface
charge is removed in approximately 0.1 s. The SHG signal
has been normalized.
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current at 122.5 °C); if allowed to continue, these would
eventually have led to dielectric breakdown. Thus, the
measurement of the current through the sample is
important in determining the upper temperature bound-
ary for high-field isothermal poling.
Figure 7 is an Arrhenius plot of the temperature-

dependent relaxation time data obtained by fitting the
SHG signal relaxation curves taken at the different
temperatures; the data is also summarized in Table 5.
Over the somewhat limited temperature range in which
the data were taken (Tg - 2.5 °C to Tg + 20 °C), the
data clearly follow Arrhenius-like behavior with a
calculated activation energy of -254 kJ/mol. This result
is consistent with that obtained earlier by King and
Singer68 and recently by Schüssler et al.34 in guest/host
NLO systems.
Figures 8 and 9 show the measurement of the SHG

signal and the current associated with the release of

trapped charge from a 5 wt % chromophore II/(washed)
PMMA polymer sample as the sample was heated to
far above the sample’s glass transition temperature. In
these experiments, the sample was first heated to 120
°C. A poling voltage of 500 V was then (incrementally)
applied to polarize the sample. After achieving a
steady-state SHG signal, the sample was allowed to cool
at a rate of 0.5 °C/min, with the poling field still applied,
to 45 °C.69 Once the sample reached 45 °C, the poling
field was removed by grounding the poling electrodes.
The sample was then heated [at a rate of 0.25 °C/min
(Figure 8) and 0.75 °C/min (Figure 9)] to well above the
glass transition temperature. During heating, both the
current flowing through the sample and the SHG signal
were continuously monitored (note that no voltage was
applied during this time). It is interesting to note that

Table 5. 5 wt % Chromophore II/(unwashed) PMMA
Poling/Relaxation Trials from 102.5 to 125.0 °C (Poling

Potential, 550 V; Poling Time, 560 s)

temp (°C) τ (s) â 〈τ〉 (s)

102.5 5154.3 1.31 4423.1
105.0 3066.1 1.05 2938.0
107.5 2388.6 0.94 2421.3
110.0 1609.9 1.04 1552.0
112.5 865.5 1.02 853.6
115.0 513.2 1.10 482.7
117.5 311.8 1.16 306.5
120.0 190.4 1.11 189.3
122.5a 106.8 1.14 105.4
125.0a 58.9 1.11 56.3

a For these two (high) temperatures highlighted, the current
was too unsteady to allow the full 560 s of poling time. At 122.5
°C, the poling time was 382 s; at 125.0 °C the poling time was
454 s.

Figure 6. The effect of temperature on the poling current
through a 5 wt % chromophore II/(washed) PMMA sample;
only the electrode current after the poling voltage had reached
its maximum level is shown. Measurements were taken at
105 °C (closed circles), 107.5 °C (closed squares), 110 °C (closed
“up” triangles), 115 °C (closed “down” triangles), 117.5 °C
(closed diamonds), 120 °C (closed hexagons), and 122.5 °C
(open circles). For the measurement at 112.5 °C, the poling
current underwent rapid fluctuations of more than 100 nA
(some of this fluctuation was larger than the scale of the figure)
and poling had to be terminated before completion in order to
prevent dielectric breakdown in the sample.

Figure 7. Arrhenius plot of the KWW-derived SHG decay rate
constant data for a 5 wt % chromophore II/(washed) PMMA
film. From this plot an activation energy of -254 kJ/mol was
calculated.

Figure 8. Normalized SHG signal and current from a poled
5 wt % chromophore II/(washed) PMMA film as it was heated
at a rate of 0.25 °C/min from 45 to ca. 160 °C. Poling of the
film began at 120 °C (above Tg) and the film was allowed to
cool, with the field still applied, to the starting temperature.
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on slow heating (0.25 °C/min, Figure 8), the SHG signal
intensity decreases gradually until about 100 °C, after
which it takes a precipitous drop to a zero level around
115 °C. On more rapid heating (0.75 °C/min, Figure
9), the SHG intensity decreases only slightly up to 100
°C, beyond which it also drops precipitously to the
undetectable level around 115 °C. Since the decrease
of the SHG intensity is associated with the randomiza-
tion of the dipole orientation, one would expect rapid
heating to cause the SHG intensity decrease to occur
at a lower temperature, in contrast to the experimental
result shown in Figure 8. In guest/host polymer sys-
tems, the orientational motion of the NLO chro-
mophores is closely coupled to the movement of the
polymer main chains: Evidently, the detailed behavior
of the SHG intensity decrease below Tg is intimately
related to the balance between chromophore reorienta-
tion and conduction of thermal energy in the whole NLO
polymer system. Apparently, considerable time is needed
for the chromophores to acquire thermal energy from
heating. The precipitous decrease of the SHG intensity
in the temperature range between 100 and 115 °C is
clearly associated with the onset of the large-scale
R-relaxation responsible for the glass transition.70 The
fact that rapid heating results in a slower decay sug-
gests that the chromophore orientation is not capable
of following the temperature ramp, and a considerable
time lag is experienced before reorientation takes place.
A slower heating rate (e0.25 °C/min) is thus needed to
have the adiabatic following of the chromophore reori-
entation to the temperature change. At 0.75 °C/min,
the heating rate is probably too fast for the chro-
mophores to randomize their orientation, whereas at
0.25 °C/min there is enough time for the sample to
achieve a thermal energy redistribution, so orientational
randomization can occur at lower temperatures.
The behavior of charge flowing out of the sample

apparently depends (strongly) on the heating rate.
When the sample was heated slowly, at a rate of 0.25
°C/min (Figure 8), the current increased steadily from
the beginning of heating and reached a maximum
around 85 °C (which is below the Tg of the polymer).
The current then decreased and reached a plateau

around 115 °C; this same current level was maintained
until around 150 °C, beyond which the current went
through a second decrease. When the polymer was
heated more rapidly, at a rate of 0.75 °C/min (Figure
9), the current increased steadily from nearly the
beginning of the temperature ramp, reaching a maxi-
mum around the Tg of the polymer and then maintain-
ing a nearly steady-state level after that.
It is possible that part of the current measured during

the time that an SHG signal was present (Figures 8 and
9) was depolarization current. However, as pointed out
in our earlier work,25 and as consistent with the
theoretical analysis of Köhler, et al.40 the magnitude of
the depolarization current depends on the heating rate.
If the heating rate is small compared to the dipolar
reorientation rate, as was the case here, then only a
small depolarization current will be detected, as there
is then sufficient time for the dipoles in the sample to
achieve partial uniformity. In any case, depolarization
current is expected to be absent after the SHG signal
decay is complete; the current is then expected to be
due entirely to the release of trapped charge. As
discussed above, charge injected into the system will be
trapped to different extents (i.e. shallow and deep
trapping) but will diffuse out of the polymer at a rate
that depends upon the material’s inherent charge-
storage capacity and its bulk resistivity.41 The applica-
tion of energy (heat) to the system will naturally
accelerate this diffusion process. One would then expect
that at a low enough heating rate, charge diffusion
would occur at lower temperatures for the same reason
as given for the SHG signal intensity decrease under
the same conditions. Thus, in our experiments, when
the heating rate was slow (0.25 °C/min, Figure 8), there
was enough time for the shallowly tapped charge to
diffuse out of the polymer on its own accord; i.e. the
natural rate of diffusion of this charge was faster than
the heating rate. This diffusion of nondeeply trapped
charge is probably the origin of the current plateau that
occurs below Tg in Figure 8. However, more deeply
trapped charge requires application of energy to be
removed and it was therefore not released until above
the polymer system’s Tg; this is the origin of the second
current plateau in the 0.25 °C/min measurement.
Above Tg the polymer chain motion is rapid, and with
a faster heating rate (0.75 °C/min, Figure 9) charge is
forced out of the polymer sample more quickly. In this
case, the diffusion of nondeeply trapped charge and
deeply trapped charge overlap and a continuous band
is observed, as shown in Figure 9.
One notes in Figures 8 and 9 that the current

resulting from the diffusion of injected charge had not
gone completely to zero by 160 and 170 °C, the temper-
atures at which the respective experiments were stopped.
Our samples decomposed at temperatures above 170 °C,
so this was our temperature limit. However, if special
care had been taken to conduct the experiments in an
inert atmosphere to avoid oxidation of the polymer
samples, one would expect the current to have decayed
to a zero value as the temperature was raised further
and as all the charge trapped in the polymer was
released. However, as the instrumentation necessary
to perform this experiment is rather elaborate, it was
not carried out in the present study.

Summary and Conclusions

To summarize, we have carried out a detailed inves-
tigation into the behavior of surface and trapped charge

Figure 9. Normalized SHG signal and current from a poled
5 wt % chromophore II/(washed) PMMA film as it was heated
at a rate of 0.75 °C/min from 45 to ca. 170 °C. Poling of the
film began at 120 °C (above Tg) and the film was allowed to
cool, with the field still applied, to the starting temperature.
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in thin films of a guest-host, nonlinearity active
polymer. We have shown that, as a polymer sample is
poled for the first time, the current through the sample
is very large but gradually decreases to a plateau level.
When the sample is poled again after its initial, first
poling, the current through the sample starts out at a
much lower level and more quickly reaches the plateau
level. We have attributed these results to the ac-
cumulation of charge which is injected into the sample.
Furthermore, we have confirmed the gradual lengthen-
ing of the SHG signal relaxation time as the polymer
film is successively poled and have provided evidence
to associate this “memory” effect with the poling current
and to the accumulation of trapped charge in the
polymer matrix.
By studying the current through the samples during

the poling process, we have found that the plateau
current depends on temperature and is related to the
mobility of the charge. By simultaneously monitoring
the current through the sample and the SHG signal
from the sample, we have been able to show that the
drop-off in the SHG signal is strongly correlated to the
removal of surface charge. We have attributed the
sharp decrease in the SHG signal to the reorientation
of NLO chromophores near the surface of the sample.
The slow decay of the remaining SHG signal has been
associated with the relaxation of the chromophore
dipoles oriented in the interior of the sample. The
reorientation of these chromophores has been shown to
be greatly retarded by the presence of trapped charge.
Finally, we have shown that release of trapped charge
depends upon heating rate and that charge continues
to be released high above the glass transition temper-
ature of the sample after the SHG signal has decayed
completely away.

Acknowledgment. This work was supported by the
Office of Naval Research, the National Science Foun-
dation (DMR 912933), and the Center for Mater-
ials Research and Analysis at the University of
NebraskasLincoln. The authors would like to acknowl-
edge Jeffrey Woodford at the University of
NebraskasLincoln for his assistance in writing the
least-squares fitting program.

References and Notes

(1) Williams, D. J., Ed. Nonlinear Optical Properties of Organic
and Polymeric Materials; ACS Symposium Series 233; Ameri-
can Chemical Society: Washington, DC, 1982.

(2) Chemla, D. S.; Zyss, J., Eds. Nonlinear Optical Properties of
Organic Molecules and Crystals; Academic Press: New York,
1987; Vols. 1, 2.

(3) Burland, D. M.; Miller, R. D.; Walsh, C. A. Chem. Rev. 1994,
94, 31.

(4) Singer, K. D.; Kuzyk, M. G.; Sohn, J. E. InNonlinear Optical
and Electroactive Polymers; Plenum: New York, 1987; pp
189-204.

(5) Prasad, P. N.; Williams, D. J. Introduction to Nonlinear
Optical Effects in Molecules and Polymers; John Wiley &
Sons, Inc.: New York, 1991.

(6) Singer, K.; Sohn, J.; Lalama, S. Appl. Phys. Lett. 1986, 49,
248.

(7) Eich, M.; Sen, A.; Looser, H.; Bjorklund, G. C.; Swalen, J.
D.; Tweig, R.; Yoon, D. Y. J. Appl. Phys. 1989, 66, 2559.

(8) Singer, K. D.; Kuzyk, M. G.; Holland, W. R.; Sohn, J. E.;
Lalama, S. J.; Comizzoli, R. B.; Katz, H. E.; Schillin, M. L.
Appl. Phys. Lett. 1988, 53, 1800.

(9) Mortazavi, M.; Knoesen, A.; Kowel, S.; Higgins, B.; Dienes,
A. J. Opt. Soc. Am. B. 1989, 6, 733.

(10) Meredith, G. R.; VanDusen, J. G.; Williams, D. J.Macromol-
ecules 1982, 15, 1982.

(11) Katz, H.; Singer, K.; Sohn, J.; Dirk, C.; King, L.; Gordon, H.
J. Am. Chem. Soc. 1987, 109, 6561.

(12) Shi, Y.; Steier, W.; Yu, L.; Chen, M.; Dalton, L. Appl. Phys.
Lett. 1991, 58, 1131.

(13) Yitzchaik, S.; Berkovic, G.; Krongaus, V. Opt. Lett. 1990, 15,
1120.

(14) Gong, S. S.; Goodson, T., III; Guan, H.-W.; Wang, C. H.
Nonlinear Opt. 1993, 6, 92.

(15) Goodson, T., III; Gong, S. S.; Wang, C. H. Macromolecules
1994, 27, 4278.

(16) Boyd, G.; Francis, C.; Trend, J.; Ender, D. J. J. Opt. Soc. Am.
B 1991, 8, 887.

(17) Stahlein, M.; Walsh, C. A.; Burland, D. M.; Miller, R. D.;
Twieg, R. J.; Volksen, W. J. Appl. Phys. 1993, 73, 8471.

(18) Yitzchaik, S.; Berkovic, G.; Krongaus, V. J. Appl. Phys. 1991,
70, 225.

(19) Hampsch, H. L.; Torkelson, J.; Bethke, S.; Grubb, S. J. Appl.
Phys. 1990, 67, 1037.

(20) White, K. M.; Francis, C. V.; Isackson, A. J.Macromolecules
1994, 27, 3619.

(21) Hampsch, H. L.; Yang, J.; Wong, G. K.; Torkelson, J. M.
Macromolecules 1990, 23, 3640.

(22) van Turnhout, J. Polym. J. 1971, 2, 173.
(23) Sessler, G. M., Ed. Electrets; Springer-Verlag: Berlin, 1980.
(24) van Turnhout, J. Thermally Stimulated Discharge of Polymer

Electrets; Elsevier: Amsterdam, 1975.
(25) Pauley, M. A.; Guan, H.-W.; Wang, C. H. J. Chem. Phys. 1996,

104, 6834.
(26) Rao, V. P.; Jen, A. K.-Y.; Wong, K. Y.; Drost, K. J. Tetrahedron

Lett. 1993, 75, 1747.
(27) Pauley, M. A.; Wang, C. H.; Jen, Alex K.-Y. J. Chem. Phys.

1995, 102, 6400.
(28) Pauley, M. A.; Wang, C. H.; Jen, Alex K.-Y. J. Chem. Phys.

(in press).
(29) Maker, P. D.; Terhune, R. W.; Nisenoff, M.; Savage, C. M.

Phys. Rev. Lett. 1962, 8, 21.
(30) Pauley, M. A., unpublished result.
(31) Guan, H.-W., unpublished result.
(32) Mark, J. E.; Eisenberg, A.; Graessley, W. W.; Mandelkern,

L.; Samulski, E. T.; Koenig, J. L.; Wignal, G. D. Physical
Properties of Polymers, 2nd ed.; American Chemical Society:
Washington, D.C., 1993.

(33) Gaun, H.-W.; Wang, C. H. J. Chem. Phys. 1993, 98, 3463.
(34) Schüssler, S.; Richert, R.; Bässler, H.Macromolecules 1994,
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