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ABSTRACT: Polymer relaxation and physical aging phenomena at temperatures well below the glass transition
have been examined in corona- and contact-poled, doped poly(methyl methacrylate) (PMMA), polystyrene,
and bisphenol A polycarbonate films using in situ second harmonic generation (SHG). The local polymer
microenvironment has been studied by examining dopant orientation and disorientation in samples physically
aged before or during poling as a function of aging time and temperature. The dopant orientation, related
to the observed SHG intensity, is sensitive to the surrounding local mobility and free volume. Films aged
before corona poling showed decreased SHG intensities upon application of the electric field, due to decreased
mobility and local free volume reducing rotational mobility of the dopant in the matrix. No SHG intensity
could be observed in doped PMMA films aged for 100 h at 25 °C before poling, indicating that the regions
of local free volume and mobility sufficiently large to allow mobility of the dopant are removed. Samples
aged during corona and contact poling showed improved temporal stability of the SHG intensity after the
electric field was removed, indicating changes in free volume and chain mobility surrounding the dopant.
The effect of the corona poling used to orient the dopants on the measured intensity is discussed in terms

of a field-induced surface/space charge region within the polymer film.

Introduction

Polymer mobility and relaxation phenomena can be
studied at temperatures well below the glass transition
temperature (T) using nonlinear optical (NLO) methods
such as second harmonic generation (SHG).25 Amorphous
polymers doped with NLO chromophores are examined
using in situ SHG to provide the sensitivity to study the
relaxation of the polymer segments and local free volume
around the dopants. By examining modifications to the
doped systems, including dopant size and physical aging,3-5
it has been shown that information can be obtained on
basic physical properties and relaxation behavior of the
polymers. Secondary properties such as mechanical and
chemical stability are important in the practical
consideration of these materials® and will be affected by
physical aging.?-13

The physical behavior of the polymer matrix is affected
by sample history. Physical aging,822 or sub-T; annealing,
changes segmental relaxation times and is characterized
by a slow densification of the matrix, with a decrease in
the amount!? and redistribution4 of the local free volume,
here designated as the space not occupied by the packed
polymer chains. Aging has been examined by a variety
of experimental techniques, including differential scanning
calorimetry (DSC),”8 dilatometry,® dielectric relaxation,©
and mechanicall!\12 and thermal®® testing. Molecular
sensitivity to physical aging has been investigated by
photochromic,1415 X-ray scattering,'® NMR,17 and forced
Rayleigh scattering'® techniques. Photochromic studies!4
have shown that the amount and distribution of free
volume both change during aging, with larger pockets of
free volume decreasing in size more rapidly than smaller
pockets in polystyrene (PS) and poly(methyl methacry-
late) (PMMA). The polymer chains pack more efficiently
during this temperature-dependent densification, slowing
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chain relaxations and decreasing the cooperativity of the
motions, thereby decreasing chain mobility. Both
phenomenological and kinetic and thermodynamic models
have been examined in considering glassy behavior. The
phenomenologial models1%13.19.20 inyolve multiordering
parameter equations, all containing a distribution of
structurally dependent characteristic relaxation times.!3
Statistical thermodynamics has been used to develop
molecular models?*23 that relate Ty to molecular and
composition parameters but do not predict the temporal
dependence of thermodynamic properties.19f

In this work, physical aging is examined in poled
amorphous polymers doped with NLO dyes using in situ
SHG to give a sensitive measure of dopant orientation in
the amorphous polymer matrix. (Since 4 wt % dye is
doped into the matrix, this test may not probe pure ho-
mopolymer relaxations.%) It has been shown that physical
aging during contact poling improves the short-term
stability of dopant orientation and that increasing the
dopant size increases the temporal stability of dopant
orientation in the matrix. This paper further considers
in situ experiments where the polymers are aged before
and during poling and explores the effect of aging time
and temperature on dopant orientation. The amorphous
polymers studied include PS, PMMA, and bisphenol A
polycarbonate (PC) doped with well-characterized NLO
dyes such as 4-(dimethylamino)-4’-nitrostilbene (DANS)
and 4-amino-4’-nitroazobenzene (disperse orange 3, D03).3+4
This work should give insights on the dynamics of dopant
orientation in the amorphous matrix and the changes
induced by modifying the local microenvironment
surrounding the dopant by physical aging.

Experimental Section

The NLO dopants have been previously characterized.34 D03
(Aldrich) is purified by Soxhlet extraction with spectroscopic grade
acetone to isolate the dye. Films (1.5-2.5 um thick, 4 wt % dye)
are prepared as previously described.34 Dopant aggregation is
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not observed spectroscopically.4c T,’s for the doped materials
are measured (Perkin-Elmer DSC-2, 10 °C/min heating rate) as
ca. 85 °C for PMMA, 88 °C for PS, and 95 °C for PC (M, =
17 300, M,, = 28 000). Immediately prior to testing, the thermal
history of each samples is erased by heating the film to 110 °C
for a minimum of 3 h. Samples are quenched to room
temperature (25 °C) over a 1-3-min period following this
treatment. If the sample is to be aged before poling, aging is
immediately initiated in an oven ex situ (outside of the beam
path). The sample is then poled in situ.4¢ Samples aged during
poling are placed in the beam path following the erasure of
thermal history, and poling followed by aging is immediately
started. Quenched samples are poled immediately following
thermal history erasure. Poling times are arbitrarily chosen to
allow sufficient dopant orientation to obtain high signal-to-
noise ratios.

Aging times and temperatures were chosen based on
photochromic!4 and dilatometric® studies. Films are aged at 60,
40, or 25 °C. Several aging times are examined in order to select
conditions that are both sufficiently long to affect measurably
the polymer system yet short enough to be experimentally
practical, particularly for samples aged in the beam path. Aging
times of up to 100 h in samples aged before poling are examined,
with the majority of the films annealed for 0, 1, 3.2, or 10 h before
poling. Films aged during corona poling are annealed in situ for
3.2 h. The films aged during contact poling are annealed ex situ
for 10 h at 25 °C. Corona-poled films are poled at either 60 °C
for 30 min or 25 °C for 40 min, and contact-poled films are treated
at 100 °C for 1 h. The corona discharge experiment and the SHG
test apparatus have been described.4c The square root of the SHG
intensity is proportional to the magnitude of the second harmonic
coefficient dga3 (referred to as d) and related to the angle between
the applied field and the axis of the dopant parallel to the
molecular dipole moment.4c

Sample-to-sample variation can be significant, particularly in
samples aged for short duration (1-3 h) at 25 °C before corona
poling at 25 °C. In these films the SHG intensity can vary up
to £10%. The sample-to-sample variation in films aged during
poling is slightly lower. Error limits for each film are equal to
or smaller than the size of the symbols in the figures.

Results and Discussion

Aging is performed before and during poling for several
temperatures and times to obtain a relative measure of the
physical behavior. Changes in the SHG intensity growth
or decay with time are related to differences in the ability
of the NLO dopant to rotate freely in the polymer
matrix.3-5 Variations in the local microenvironment
surrounding the dopant can be studied as a function of
aging history.

Aging before Poling: Investigation of Local Free
Volume Surrounding the Dopant. Samples that are
aged before poling are annealed in an oven prior to
application of the orienting field in situ. Figure 1 examines
the effect of physical aging for 0, 1, and 10 h at 25 °C before
poling in PMMA and PS + 4 wt % DANS films corona
poled at 25 °C. Figure la illustrates the dependence of
dsim/dq* with time for PMMA + 4 wt % DANS films aged
before poling (poled for 40 min at 25 °C). The corona
discharge applied at zero time creates an electric field
gradient across the film capable of orienting the polar
dopants in regions of sufficient local free volume in the
field direction that generates the increased SHG intensity.
The shape of the normalized growth rates of dgm/dq during
poling is similar for the three aging times. This indicates
that the dopant rotation mechanism during poling does
not change substantially with aging before poling, but the
decreased magnitudes indicate that the amount of free
volume available of sufficient size for the dopants to be
able to rotate is decreased. For films aged for 1 h at 25
°C before poling, deim/dq (=0.18) is ca. half the value of
the quenched film value (~0.35) at the time the electric
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Figure 1. Effect of physical aging at 25 °C before corona poling
in (a) (top) PMMA + 4% DANS (4-(dimethylamino)-4’-
nitrostilbene) (poled at 25 °C, 40 min) and (b) (bottom) PS +
4% DANS (poled at 25 °C, 50 min). Films are quenched (O) or
aged for 1 h (0) or 10 h (A) before poling. Dashed line indicates
time when electric field is removed. dgim is the second harmonic
coefficient of the doped film and is related to the angle between
electric field lines and the dopant molecular axis. dgim/dg (where
dq is the second harmonic coefficient of a quartz reference) is
proportional to [Iaim/Ig]'/2, where Isim and Iq are the SHG
intensities of the sample and the quartz reference, respectively.

field is removed. After 10 h of aging at 25 °C before poling,
dfim/ dq (=~0.03) when the field is removed is ca. an order
of magnitude lower than that achieved in the quenched
film. Thus, significant changes in the ability of the dopant
to be oriented can be observed after only a short time of
aging at 25 °C.

After the applied electric field is removed, the second
harmonic coefficient decays as dopants in areas of sufficient
free volume are able to rotate out of their poling-
induced alignment and can no longer contribute to the net
SHG intensity. The shapes of the decay curves are similar
upon normalization, indicating that the time dependence
of the decay is not a function of aging before poling. This
implies that the dopants that reside in regions of sufficient
mobility or local free volume rotate in a similar fashion
independent of the number of dopants able to rotate. As
aging proceeds, the segmental mobility and local free
volume decrease, reducing the number of dopants in regions
of sufficient local free volume able to rotate into orientation
(decreasing dsim/dq). The values of dgim/dq following the
removal of the applied corona field are relatively stable,
with 20~30% of the initial signal lost over the first 3 h.
At longer times the signal continues to decay.

In addition to the films aged for 0, 1, and 10 h studied
in Figure 1a, films aged for 3.2, 32, and 100 h before corona
poling (poled at 25 °C for 40 min) were also examined. As
the aging time before poling increases, the shapes (although
not magnitudes) of normalized growth and decay curves
are similar. As the aging time before poling increases from
0,1, 3.2,10, to 32 h, dgim/dq decreases from 0.35, 0.18, 0.11,
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0.03, to 0.02, respectively, at the time the field is removed.
No SHG intensity could be measured for a sample aged
for 100 h before poling, indicating that no or very few
regions of local free volume large enough for the dopants
to rotate into orientation at room temperature are available.
Thus, physically aging PMMA for 100 h at 25 °C can
remove almost all of the regions of free volume in the size
range capable of allowing motion of the DANS dopant.
(The size of the DANS molecule is ~200 A3.3514) This
supports the case that the dopant orientation and
disorientation relate to the polymer relaxation behavior.

Similar conclusions about the role of physical aging were
reached in photochromic studiesl4cd in PS and PMMA
films. In the case of the PMMA studies,!4d it was
determined that physically aging PMMA at 60 °C for 100
h could result in the virtually total loss of regions of local
free volume or mobility that are sufficient in size to allow
diphenylstilbene to isomerize. Furthermore, these
studies4ed revealed that the effects of physical aging were
most significant at shorter times, in agreement with the
results of this study.

When the dopant orientation and disorientation are
examined, both polymer physics and corona-induced
surface/space charge effects must be considered.* There
should be no significant difference in the effect of charge
decay in samples aged before poling since the corona field
is applied for the same length of time at the same
temperature. Preliminary studies of surface voltage (SV)
on films aged before poling indicate no measurable
differences in the magnitude and rate of the SV decay in
films quenched or those aged for 1 or 10 h at 25 °C before
poling at 25 °C for 40 min.4¢ The SV remains constant
for about 15 min and then decreases almost linearly, so
that 2.5 h after the corona field is removed, the SV is ca.
45 V. The significance of the small magnitude of the SV
and its persistence to the observed temporal stability of
dopant orientation has been discussed.* Since the SV
effects are similar for all three thermal histories, the change
in magnitude of dgm/dg is primarily due to polymer
characteristics associated with the changes caused by the
physical aging and should be independent of space charge
effects.

Figure 1b illustrates the dependence of dgim/dg with
time for PS + 4 wt % DANS films aged at 25 °C before
corona poling at 25 °C for 50 min. As seen previously in
the doped PMMA films, increasing the aging time before
poling decreases the number of dopants that can rotate,
decreasing the maximum signal. In terms of shape (but
not magnitude), upon normalization the PS data also show
similar growth rates during poling. The rate of dopant
orientation into alignment occurs more slowly in PS than
in PMMA. In all cases, the number of dopants able to
orient in PS is fewer than those able to rotate in PMMA
as indicated by the smaller magnitudes of the SHG signals
for each aging condition (dsm/dq for quenched films ~0.35
in PMMA but =0.2 in PS at the time the field is removed).
This has also been observed in contact- and corona-
poled, doped polymer films.3#* These results suggest that
on the size scale required for the dopant orientation,
PMMA is a more mobile matrix than PS, in agreement
with conclusions reached with photochromic probes.14
Solvatochromic effects may also contribute to differences
in the observed magnitudes of daim/dq

It is interesting to note that the aging process affects
the dopant rotation in the PMMA matrix more
significantly than it does in the PS matrix. When
comparing the quenched films to those aged for 10 h before
corona poling at 25 °C, we find that dfim/dq at the time
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Figure 2, Effect of aging temperature on the dependence of dgi,/
dq versus time for PMMA + 4% DANS films physically aged
before corona poling (poled at 25 °C, 40 min). Aging temperatures
of 25 (0), 40 (O), and 60 °C (A) are examined. Dashed line
indicates time when electric field is removed.

the field is removed for the aged films drops to 9% and
40% of that obtained by the quenched films in PMMA
and PS, respectively. The temporal stability of the dopant
rotation after the electric field is removed is greater in PS
than in PMMA., These results indicate that a greater
number of regions of local free volume or mobility large
enough to allow the DANS to rotate exist in the PMMA
matrix than in the PS matrix or, alternately, that the
mobility in PMMA is greater than that in the PS matrix
at 25 °C. Thus, dopant orientation and disorientation
results are consistent with results obtained by photochro-
mic and other techniques and can be directly related to
the polymer matrix relaxation behavior. Greiner and
Schwarzl® found relaxation rates in homopolymer PMMA
and PS to be similar at room temperature. However, their
study examined aging times of 12 days (as opposed to a
few hours), measuring bulk effects of the homopolymers
via dilatometry.

The experiments illustrated in Figure 1 indicate that
the in situ SHG technique is sensitive to physical aging
over short time scales. Significant changes in SHG
intensity, related to dopant orientation, are seen within
1 h of physical aging at room temperature, well below T.
This illustrates the sensitivity of this technique at
temperatures and under conditions that would be
impractical to study by many other techniques. Most
dilatometric studies see significant aging effects only after
time scales of hours or days.? Changes in the specific
volume of PS of <0.001 cm?3/g over aging times of 108 s
at 25 °C and ~0.001 cm3/g over aging times of ~103-10¢
s at 95 °C are observed.? In enthalpy relaxation studies
on PMMA % annealing temperatures of T — 25 °C to T,
were used, with annealing times of 0~1000 min. At these
temperatures, measurable changes in some enthalpy
recovery curves were seen over short time scales (1.67 h).
DSC studies of PS-aged at 92 °C showed significant
changes in enthalpy relaxation after 3 h.8b<

The effect of aging temperature on PMMA + 4% DANS
films aged before poling at 25 °C is illustrated in Figure
2. Samples are aged at 25, 40, or 60 °C for 10 h before
corona poling at 25 °C for 40 min. As the aging
temperature increases, the maximum magnitude of dfm/
dq decreases slightly (from 0.03 to 0.023 at the time the
field is removed), indicating that the number of dopants
able to orient with the field is a weak function of aging
temperature. This implies that aging at 60 °C anneals out
the greatest number of regions of local free volume or
mobility with the requisite space for the NLO dopants to
rotate and that the most efficient aging is thus achieved
by the samples aged at 60 °C. The normalized growth
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Figure 3. Effect of physical aging at 25 °C before corona polin
on the dependence of dgm/dq versus time in PMMA + 4% DAN

(poled at 60 °C, 30 min). Films are quenched (O) or aged for 1
h (0) or 10 h (A) before poling. Dashed line indicates time when
electric field is removed.

curves during poling are independent of aging temperature
for aging before poling at 25 °C. The shapes of the
normalized growth and decay curves are similar, as with
the samples aged before poling discussed above. In all
cases, dniy/dq is small. This is due to the difficulty for
the dopants to rotate into alignment at 25 °C in the films
aged for 10 h before corona poling. The effect of aging
temperature has also been examined by photochromic
techniques. Victor et al.1¢ found that in PMMA most of
the loss of the local free volume fraction between 280 and
600 A3 during aging occurred within a few hours (when
compared to a 200-h time frame) and also found that aging
proceeded more efficiently at 60 °C than at 25 °C in films
with much smaller dopant concentrations than those used
here. This is in contrast to dilatometric studies® of ho-
mopolymer PMMA aged for 12 days that indicate the
maximum relaxation rate occurs at temperatures near 30
°C. However, the photochromic and SHG studies examine
local as opposed to bulk properties and have been applied
in these studies at much shorter aging time scales.

Poling temperature will also affect the dynamics of
dopant orientation. Figure 3 illustrates the dependence
of dim/dq with aging time for PMMA + 4 wt % DANS
films aged at 25 °C for 0, 1, or 10 h before corona poling
at 60 °C for 30 min. The growth rate is much faster in
these films than in films corona poled at 25 °C, with a sharp
initial rise in signal intensity followed by a leveling off
within 10-15 min. Poling at higher temperatures allows
more dopant orientation due to greater segmental mobility,
generating larger SHG intensities than in films poled at
25°C. dfim/dq at the time the field is removed decreases
from ~0.8 to ~0.22 with increasing aging times. The
growth of the intensity occurs more rapidly at 60 °C than
at 25 °C due to the improved freedom for the dopants to
rotate along the field vector associated with increased local
free volume and segmental mobility. When the data are
normalized, the shape of the intensity growth curves during
poling is similar for all three aging times. After reaching
a maximum, dg, /dg decreases even with the electric field
still applied. This is due to space charge effects within
the film.4 The rate of decay of the SHG intensity after
the applied field is removed is greater in the samples poled
at 60 °C than in those poled at 25 °C. The dgm/dg data
are fit conveniently (with no implied physical significance
for tl:e parameters?®) with a biexponential function of the
form#*c

y = 0, exp(~t/ 7)) + 8, exp(-t/ 7)) v

When fitting the decays in Figure 3a using eq 1, 6; = 0.16
for all three conditions, and 7; increases from =~0.28 to
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Figure 4. Effect of aging temperature on the dependence of deim/
dq versus time for PMMA + 4% DANS films physically aged
before corona poling (poled at 60 °C, 30 min). Aging temperatures
of 25 (0), 40 (O), and 60 °C (A) are examined. Dashed line
indicates time when applied electric field is removed.

~0.85 h while 7, increases from about 10 to 20 h with
increasing aging times. These results imply that heating
the films, even below T, creates larger size regions of local
free volume or, alternately, allows greater mobility and
increases the dopant disorientation dynamics.

Studies were also performed examining the SHG
intensity with time for PS + 4 wt % DANS corona poled
at 60 °C after aging at 25 °C for 0, 1, or 10 h. The films
poled at 60 °C show a more rapid growth and greater
magnitude of dgim/dq during poling than those PS films
poled at 25 °C for each aging condition. The growth of
the SHG intensity was somewhat slower in the PS films
than in the PMMA films poled at 60 °C, and the intensity
magnitudes were smaller. dgm/dq at the time the field
is removed decreases from =0.42 to ~0.16 with increasing
aging times. Once the electric field is removed, the decay
of the SHG intensity occurs more slowly with time in PS
films than in PMMA films. However, the decay after the
field is removed is similar in the PS films poled at 60 °C
and at 25 °C. As with the systems poled at 25 °C, at 60
°C the PMMA matrix has greater mobility than the PS
matrix.

The effect of aging temperature before poling has also
been examined in films poled at higher temperatures.
Figure 4 shows the dependence of dfim/dq with time for
PMMA + 4% DANS aged at 25, 40, or 60 °C for 10 h
before poling for 30 min at 60 °C. It is interesting to note
that the films corona poled at 60 °C show increasing dea,/
dq magnitudes as the aging temperature increases (from
0.22 to 0.25 at the time the field is removed). This is the
opposite of the trend observed in films poled at 25 °C and
aged before poling at higher temperatures. For the films
aged for 10 h at 25 and 40 °C and then poled at 60 °C,
this may be due to a memory effect!® involved in the
temperature jumps from the 110 °C erasure of thermal
history to the aging temperatures well below 7 to the rapid
increase to the poling temperature (60 °C). The greater
restriction in mobility on the dopant orientation implied
by the smaller magnitude of dsim/dq may be due to the
longer time scale components of the relaxations induced
by the aging at the lower temperatures. The film
temperature is reduced from 110 °C to much lower
temperatures after the erasure of thermal history, and the
chain segments approach an equilibrium with time. When
the temperature is increased a second time, segments that
had reached equilibrium must reach a new equilibrium,
while those that had not achieved equilibrium continue
to relax until equilibrium is achieved at the poling
temperature.l3 Since the poling time is only 30 min, the
systems aged at lower temperatures do not have the time



3652 Hampsch et al.

( g% j
be &
0.08 -§ @ % DA A
- @
: o)

.04

0.12

E
e
SO T

£
o
ul
5

Sy

|
1
l
i
!
i
1
f
!
i
!
|
|
i

' N

0,00 by sy ——y

TIME™ (HOURS)
Figure 5. Effect of aging temperature on the dependence of dgir,/
dq versus time for PMMA + 4% DANS films physically aged
during corona poling (poled at 40 min, 25 °C). Aging temperatures
of 25 (0), 40 (O), and 60 °C (A) are examined. The long-
dashed line indicates the end of the 25 °C pole and the short-
dashed line indicates when the electric field is removed after the
aging at the different temperatures.

to recover to the expected mobilities. The film aged at
25 °C shows slightly greater temporal stability of dopant
orientation than the other films after the field is removed.
Upon examining the SHG intensity of doped glassy films
physically aged before corona poling, one can obtain
information on the local microenvironment surrounding
the dopant. The rate of the growth and decay of the SHG
intensity relative to the aging conditions is a measure of
the characteristic dynamics of the dopant rotation in the
matrix. Normalized shapes of intensity growth and decay
are relatively independent of aging before poling, implying
that the mechanism of dopant rotation is unaffected by
aging. The magnitude of the SHG intensity indicates a
relative measure of the number of dopants able to rotate
along the electric field vector, thus supplying a measure
of the regions of local free volume and the effect of aging
on the distribution of these regions. Since the corona
poling, aging time, and poling temperature are the same
within each set of experiments, there should be little
difference between the films due to space charge effects,
so data within a set can be compared in terms of polymer
relaxation behavior. It is more difficult to compare
experiments where corona poling was performed at 25 °C
to those where corona poling was performed at 60 °C due
to the temperature dependence of the charge effects.
Aging during Poling: Investigation of Orienta-
tional Disordering of Dopants. Experiments are
performed to examine the effect of physically aging the
glassy polymer matrix during poling. These experiments
are performed with the film poled for a given time at a
given temperature and then aged for set time and
temperature with the electric field maintained. The field
is maintained during aging so that the dopants do not
rotate out of alignment during the aging process. After
the film has been aged, it is cooled to 25 °C (if aged at a
higher temperature), and the electric field is removed. The
SHG intensity is measured throughout the experiment.
Figure 5 indicates the effect of aging temperature on
deim/dq for PMMA + 4 wt % DANS films aged during
corona poling (poled at 25 °C for 40 min). Aging
temperatures of 25, 40, and 60 °C are examined for an aging
time of 3.2 hr. Films are cooled to 25 °C before the applied
corona field is removed. Since all three films have similar
thermal histories and are poled under the same conditions,
they should show similar intensity behavior with time
during poling. After corona poling at 25 °C, the sample
is either maintained at 25 °C or heated to 40 or 60 °C over
a 5-min period and aged with the applied field maintained.
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For samples aged above 25 °C, as the temperature
increases, dgim/dq initially increases and then levels and
starts to decrease within the first 5-10 min. As the
temperature increases during poling, the magnitude of the
SHG intensity should increase due to greater local mobility
allowing more dopants the freedom to rotate into
orientation. dsim/dq of the film aged at 25 °C maintains
its magnitude for about 15 min and then begins to decay.
During the physical aging, the daim/dq values of films aged
at 40 °C decrease most rapidly initially following the
temperature jump, but the overall greatest decrease in
dfiim/ dq values occurs with films aged at 60 °C, followed
by films aged at 40 °C and at 25 °C. This decrease in signal
with the electric field still applied is due to real charge
effects built up in the polymer film and on the surface due
to the corona discharge.t The greatest temporal stability
after the applied field is removed is achieved in samples
aged at 60 and 40 °C. This implies that the segmental
mobility or local free volume surrounding the NLO dopants
decreases to a greater extent in films aged during corona
poling at the higher temperatures since the dopants have
less freedom to rotate out of alignment. This is consistent
with the results shown in Figure 2 of the films aged before
poling at 25 °C,

Similar results are obtained when examining the
dependence on the aging temperature for films aged during
poling when the poling temperature is increased to 60 °C.
PMMA + 4% DANS films are poled at 60 °C for 30 min
and then aged for 3.2 h at 25, 40, and 60 °C with the electric
field still applied. Films were cooled to 25 °C following
aging before the field was removed. The magnitude of the
maximum intensity and the amount of decay during poling
were greater than in films poled at 25 °C (maximum values
of dgim/dq between 0.18 and 0.32 when poled at 60 °C but
between 0.10 and 0.12 when poled at 25 °C). dgim/dq
continued to decay during aging, with the rate of decay
similar in the films aged at 25 and 40 °C (dgim/dq decreases
~25%) and a slower rate in the film aged at 60 °C (d¢iim/
dq decreases ~15%). For data normalized to the time of
aging begins, dsim/dq at the end of the aging process
decreases for samples aged at 60 to 40 to 25 °C. When
the applied field is removed, the sample aged at 25 °C
shows the greatest signal (dgim/dq ~ 0.21). The greatest
temporal stability of deim/dq is seen in the sample aged
at 40 °C, followed by samples aged at 25 °C and then at
60 °C. As the films aged at 40 °C have the greatest
temporal stability, the most efficient aging takes place
under these conditions at this temperature. These results
are consistent with the dilatometric studies of homopoly-
mer PMMA, with the greatest relaxation rates observed
at 30-40 °C.°

These results are also consistent with the temperature
dependence of the real charges in and on the polymer film
during the poling and aging.* Since films poled at 25 and
60 °C were aged during corona poling for similar lengths
of time at different temperatures, it is reasonable to
attempt to identify differences in intensity decay behavior
during poling due to the thermal dependence of surface
and space charge effects as well as temperature-related
differences in polymer relaxation behavior when comparing
data from a range of samples.

Contact-poled films physically aged during poling have
also been examined. Figure 6 illustrates aging behavior
of contact-poled PC doped with 4 wt % DO3 over longer
time scales. Films were poled at 100 °C for 1 h at a field
of 0.5 MV /cm and then cooled to 25 °C with the field still
applied. Since contact poling generates a lower field than
corona poling, longer poling times and higher poling
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Figure 6. Effect of physical aging during contact poling on the
dependence of dgim(t)/dam(t=0) versus time over long time scales.
Measurement at time equals zero represents sample about 5 min

after removal of the electric field. Contact-poled PC + 4% DO3
quenched (O) and aged 10 h at 25 °C (O).

temperatures are required to obtain reasonable SHG
intensities. Contact poling is not performed in the beam
path. Data in Figure 6 represent the time dependence of
deitm(t) / dsim(t=0) (¢ = 0 is 5 min after the applied field
is removed) for films that were either quenched or aged
10 h at 25 °C with the field still applied. After ca. 150 h
following removal of the field, dgy, for the quenched
samples decreases ca. 40%. dg, for samples aged during
contact poling decays only 10% after 150 h; this decay
occurs after 5 h in the quenched sample. The greatly
improved temporal stability in this system is also related
to the ability of the DO3 to hydrogen bond to the polymer
matrix, an important effect currently under exam-
ination.5 A large number of dopants have been examined
in PC, PMMA, and PS matrices, and similar improvements
in temporal stability with aging during poling have been
seen in varying degrees.®>5 This effect should be common
to all amorphous polymers.

The effect of surface charge persistance in the contact-
poled films is negligible, since there is no charge layer
deposited on the film surface during poling. However,
space charge effects must still be considered but are likely
to be smaller in magnitude than in the corona-poled films.
In addition, the space charge effect is not likely to persist
over the longer experimental time scales used in the study
illustrated in Figure 6.

Aging during poling is thus seen to affect the temporal
stability of the SHG intensity decay and the optical
properties of the material after the electric field is removed.
This yields information about the dynamics of the dopant
disorientation, which in turn gives information about the
local segmental mobility and free volume environment
surrounding the dopant.

This technique will allow the measurement of dopant
rotation in the amorphous matrix with relative exper-
imental ease. In an attempt to measure independently
dopant orientation, various spectroscopic methods were
tried, including absorbance, fluorescence, and FTIR-
ATR dichroism. It was found when using conventional
equipment that the films were too thin and the number
of oriented dopants too low to measure accurately
orientation coefficients and net angles of orientation. From
SHG measurements it has been determined that roughly
10% of the available dopants orient in the field direction
during contact poling above T'.624

The polymer relaxations and corona discharge induced
surface/space charges both affect the measured temporal
stability of dopant orientation. The kinetic aspects of these
effects are intimately interrelated and may prove difficult
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to separate. There may be an interaction between the
highly polar dopants and the polar group in the PMMA
side chain that would affect relaxation. No sophisticated
theory has been developed for amorphous relaxation
behavior at temperatures well below the glass transition.
Corona poling effects must also be considered. The corona
discharge generated surface voltage persists over a relatively
long time scale following removal of the applied field,
resulting in a driving force capable of maintaining a degree
of dopant orientation over longer time scales. It has been
shown that the growth and decay as well as the magnitude
of the SHG intensity of doped films are a function of corona
polarity. The corona discharge characteristics also depend
on relative humidity and ambient atmosphere.# This
makes interpretation of the SHG behavior based solely on
polymer relaxations difficult.

Summary

In situ SHG is sensitive for probing amorphous polymer
physics at temperatures well below T, and has been used
to examine the effect of physical aging in doped PMMA
and PS films. The SHG technique is sensitive to small
changes in dopant orientation relating to the local mi-
croenvironment surrounding the NLO dopants, and the
stability of the dopant orientation depends strongly on the
microenvironment surrounding the dopant, including
segmental mobility and local free volume.

Aging the materials before poling decreases the amount
of free volume in the system and in particular decreases
the number of larger regions of local free volume or mobility
required for the dopants to rotate. This decreases the
number of dopants able to rotate into alighment when
poling is subsequently performed below T, where the
mobility is relatively low. Changes in the observed dopant
orientation, related to SHG intensity and dgim, due to
physical aging effects are observed even at short aging time
scales (after 1 h at room temperature). Aging a PMMA
+ 4 wt % DANS film for 100 h at 25 °C before poling
annealed out the mobility sufficient in size to allow dopant
disorientation, with no SHG signal observed upon corona
poling. Aging the material during poling allows the matrix
to densify around the oriented dopants, decreasing their
ability to rotate out of alignment once the electric field
is removed and improving the temporal stability of dgm.

Poling at higher temperatures increases the magnitude
of dsim at early poling times, with the greater segmental
mobility allowing larger numbers of dopants to orient
during poling. As the temperature is decreased from a
higher poling temperature to a lower one or during long-
time higher temperature poling, the SHG signal decays
even with the electric field still applied. This is caused
by space charge effects due to the corona-generated ions
deposited on the film surface. The implications of the
interaction between the corona-induced electric field and
the polymer matrix are particularly significant when
examining the kinetics of the dopant orientation processes
in amorphous matrices.
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