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ABSTRACT Polymer relaxation and phyaical aging phenomena at temperatures well below the glass transition 
have been examined in corona- and contact-poled, doped poly(methy1 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).2-5 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 
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 stabil i ty are  important in the  practical 
consideration of these materials6 and will be affected by 
physical aging.7-13 

The physical behavior of the polymer matrix is affected 
by sample history. Physical or sub-?', annealing, 
changes segmental relaxation times and is characterized 
by a slow densification of the matrix, with a decrease in 
the amount12 and redi~tributionl~ 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),7,s di la t~metry,~ dielectric relaxation,1° 
and mechanica111J2 and thermal13 testing. Molecular 
sensitivity to physical aging has been investigated by 
photochromic,14Js X-ray scattering,16 NMR,17 and forced 
Rayleigh scattering1* techniques. Photochromic studies14 
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(methy1 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 models10J3J9*20 involve multiordering 
parameter equations, all containing a distribution of 
structurally dependent characteristic relaxation times.13 
Statistical thermodynamics has been used to develop 
molecular  model^^^^^^ that relate Tg to molecular and 
composition parameters but do not predict the temporal 
dependence of thermodynamic properties.lQf 

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-aminc~4'-nitroazobnzene (disperse orange 3, D03).Sv4 
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.3~~ DO3 

(Aldrich) is purified by Soxhlet extraction with spectroscopic grade 
acetone to isolate the dye. Films (1.5-2.5 pm thick, 4 wt % dye) 
are prepared as previously described.3~4 Dopant aggregation is 
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not observed spectroscopically.4c Tis for the doped materials 
are measured (Perkin-Elmer DSC-2,lO "C/min heating rate) as 
ca. 85 "C for PMMA, 88 "C for PS, and 95 "C for PC (M, = 
17 300, M, = 28 OOO). 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.4c 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 
photochromic14 and dilatometric9 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 f i i s  are treated 
at 100 "C for 1 h. The corona discharge experiment and the SHG 
test apparatus have been described." The square root of the SHG 
intensity is proportional to the magnitude of the second harmonic 
coefficient d333 (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.4~ 

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 & l o % .  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.3-6 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 l a  illustrates the dependence of 
dfh /d& 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 r a h  of d&/& 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, dfilmldg (=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 (0) or 
aged for 1 h (0) or 10 h (A) before poling. Dashed line indicates 
time when electric field is removed. d f b  is the second harmonic 
coefficient of the doped film and is related to the angle between 
electric field lines and the dopant molecular axis. dfilm/dq (where 
dQ is the second harmonic coefficient of a quartz reference) is 
proportional to [IfiIm/IQ]'/', where Ifih 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, 
dfilm/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 d*/dQ). The values of d f j / d Q  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 la, 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, dfh/dQ decreases from 0.35,0.18,0.11, 
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0.03, to 0.02, respectively, a t  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 A3.3*5J4) This 
supports the case tha t  the dopant orientation and 
disorientation relate to the polymer relaxation behavior. 

Similar conclusions about the role of physical aging were 
reached in photochromic s t ~ d i e s ' ~ ~ ~ d  in PS and PMMA 
films. In the case of the PMMA studies,14d i t  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 
studieslkvd 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 c~ns idered .~  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 a t  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 m h 4 c  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.4c Since the SV 
effects are similar for all three thermal histories, the change 
in magnitude of dfilm/dQ is primarily due to polymer 
characteristics associated with the changes caused by the 
physical aging and should be independent of space charge 
effects. 

Figure l b  illustrates the dependence of dfilm/dQ 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 (drh/dQ for quenched films ~ 0 . 3 5  
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 f i lm~ .~~4  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 dfilm/dQ 

It is interesting to note that the aging process affects 
t he  dopant  rotat ion in the  PMMA matrix more 
significantly than i t  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 dfilm/dg at  the time 
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Figure 2. Effect of aging temperature on the dependence of d h /  
de versus time for PMMA + 4% DANS films physically aged 
before corona poling (poled at 25 O C ,  40 min). Aging temperatures 
of 25 (O),  40 (a), and 60 O 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 
Schwarzlg found relaxation rates in homopolymer PMMA 
and PS to be similar a t  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 TB. 
This illustrates the sensitivity of this technique a t  
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.9 Changes in the specific 
volume of PS of <0.001 cm3/g over aging times of lo6 s 
a t  25 "C and =0.001 cm3/g over aging times of =103-104 
s a t  95 " C  are ob~erved .~  In enthalpy relaxation studies 
on PMMA,ga annealing temperatures of Tg - 25 "C to Tg 
were used, with annealing times of 0-lo00 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 a t  92 "C showed significant 
changes in enthalpy relaxation after 3 h.8b,c 

The effect of aging temperature on PMMA + 4 !% DANS 
films aged before poling at  25 OC is illustrated in Figure 
2. Samples are aged at  25, 40, or 60 "C for 10 h before 
corona poling a t  25 "C for 40 min. As the  aging 
temperature increases, the maximum magnitude of d%/ 
de 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 d*/dp'""" time in PMMA + 4% DAN8 
(poled at 60 O C ,  30 min). Fi ms are quenched (0) 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 a t  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, dnhldg 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.14 found that in PMMA most of 
the loss of the local free volume fraction between 280 and 
600 As during aging occurred within a few hours (when 
compared to a 200-h t iqe 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 
OC. 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 d n h / d g  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 a t  higher temperatures allows 
more dopant orientation due to greater segmental mobility, 
generating larger SHG intensities than in films poled at 
25 "C. dfih/dg 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 
a t  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, d f b / d Q  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 d f b / d Q  data 
are fit conveniently (with no implied physical significance 
for the parameters") with a biexponential function of the 
form4= 

(1) 
When fitting the decays in Figure 3a using eq 1, 81 - 0.16 
for all three conditions, and T I  increases from ~ 0 . 2 8  to 

y = 8, exp(-t/T,) + 8, exp(-t/T2) 
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Figure 4. Effect of aging temperature on the dependence of d&/ 
de versus time for PMMA + 4% DANS films physically aged 
before corona poling (poled at 60 O C ,  30 min). Aging tempera- 
of 25 (o), 40 (a), and 60 "C (A) are examined. Dashed line 
indicates time when applied electric field is removed. 

~0.85 h while r2 increases from about 10 to 20 h with 
increasing aging times. These results imply that heating 
the films, even below Tg, 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 9% 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 d r i / d Q  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 a t  60 "C, and the intensity 
magnitudes were smaller. dfih/dg at the time the field 
is removed decreases from ~ 0 . 4 2  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 a t  60 "C 
and a t  25 "C. As with the systems poled a t  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 a t  higher temperatures. 
Figure 4 shows the dependence of d r j / d Q  with time for 
PMMA + 4% DANS aged a t  25,40, or 60 "C for 10 h 
before poling for 30 min a t  60 "C. It is interesting to note 
that the films corona poled at 60 O C  show increasing dpilml 
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 a t  25 "C and 
aged before poling at higher temperatures. For the films 
aged for 10 h at 25 and 40 "C and then poled a t  60 "C, 
this may be due to a memory effect13 involved in the 
temperature jumps from the 110 "C erasure of thermal 
history to the aging temperatures well below Tg 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 d r j / d Q  may be due to the 
longer time scale components of the relaxations induced 
by the aging a t  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 a t  the poling 
temperature.'* Since the poling time is only 30 min, the 
systems aged a t  lower temperatures do not have the time 
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For samples aged above 25 "C, as the temperature 
increases, dfih/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. dfilm/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 d&/dQ values of films aged 
at  40 "C decrease most rapidly initially following the 
temperature jump, but the overall greatest decrease in 
dfilm/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.4c 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 d f j / d Q  between 0.18 and 0.32 when poled at  60 "C but 
between 0.10 and 0.12 when poled a t  25 "C). dfilm/dg 
continued to decay during aging, with the rate of decay 
similar in the films aged at 25 and 40 "C ( d h / d Q  decreases 
~ 2 5 % )  and a slower rate in the film aged at  60 "C (dfilm/ 
de decreases -15%). For data normalized to the time of 
aging begins, dfilm/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 (dfib/dQ - 0.21). The greatest 
temporal stability of dfilm/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 a t  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 0C.9 

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 a t  different temperatures, i t  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 5. Effect of aging temperature on the dependence of d h /  
de versua time for PMMA + 4 %  DANS films physically aged 
during corona poling (poled at 40 min, 25 "C). Aging temperatures 
of 25 (O), 40 ( O ) ,  and 60 "C (A) are examined. The long- 
dashed line indicates the end of the 25 "C pole and the ahort- 
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. I t  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,4c 
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 
dnb/dQ for PMMA + 4 wt 5% DANS films aged during 
corona poling (poled a t  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 OC, 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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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 a t  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 a t m ~ s p h e r e . ~  This 
makes interpretation of the SHG behavior based solely on 
polymer relaxations difficult. 
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Figure 6. Effect of physical aging during contact poling on the 
dependence of d f i ( t ) / d W ( t = O )  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 (0) and aged 10 h at 25 O C  (0). 

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 
dfilm(t)/dfilm(t=O) (t = 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, dfilm for the quenched 
samples decreases ca. 40 % . dfih 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- 
i n a t i ~ n . ~  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.3-6 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 Tg.6,24 

The polymer relaxations and corona discharge induced 
surface/space charges both affect the measured temporal 
stability of dopant orientation. The kinetic aspecta of these 
effects are intimately interrelated and may prove difficult 

Summary 

In situ SHG is sensitive for probing amorphous polymer 
physics a t  temperatures well below Tg 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 alignment when 
poling is subsequently performed below Tg,  where the 
mobility is relatively low. Changes in the observed dopant 
orientation, related to SHG intensity and dfilm, due to 
physical aging effects are observed even at short aging time 
scales (after 1 h at  room temperature). Aging a PMMA 
+ 4 w t  % 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 &I,. 

Poling at higher temperatures increases the magnitude 
of dtll, 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. 

Acknowledgment. We gratefully acknowledge the 
support of Unisys and the Materials Research Center at 
Northwestern University (Grant DMR88-20280); J.M.T. 
also gratefully acknowledges the support of the NSF 
through its Presidential Young Investigator Program, and 
H.L.H. acknowledges a fellowship from IBM. We 
appreciate helpful discussions with Dr. S. G. Grubb and 
Ms. S. J. Bethke of Amoco Technology Corp., Dr. L. M. 
Hayden of Unisys, and Dr. G. Boyd of 3M. 



3654 Hampsch et al. Macromolecules, Vol. 23, No. 15, 1990 

Rei 
(1) 

(4) 

(7) 

(9) 
(10) 

(12) 

brences and Notes 
(a) Department of Materials Science and Engineering. (b) 
Department of Physics and Astronomy. (c )  Department of 
Chemical Engineering. 
This work was presented in part at  the American Physical Society 
Meeting, St. Louis, March 1989. 
(a) Hampsch, H. L.; Yang, J.; Wong, G. K.; Torkelson, J. M. 
Polym. Commun. 1989,30,40. (b) Hampsch, H. L.; Yang, J.; 
Wong, G. K.; Torkelson, J. M. Macromolecules 1988,21,526. 
(a) Hampsch, H. L.; Wong, G. K.; Torkelson, J. M.; Bethke, S. 
J.; Grubb, S. G. R o c .  SPZE 1989,1104,268. (b) Hampsch, H. 
L.; Torkelson, J. M.; Bethke, S. J.; Grubb, S. G. J. Appl. Phys. 
1990,67,1037. (c) Hampsch, H. L.; Yang, J.; Wong, G. K.; Tor- 
kelson, J. M. Macromolecules, preceding paper in this issue. (d) 
Bethke, S. J.; Grubb, S. G.; Hampsch, H. L.; Torkelson, J. M. 
Proc. SPIE, in press. 
Hampsch, H. L. Ph.D. Thesis, Northwestern University, 1990. 
Williams, D. J., Ed. Nonlinear Optical Properties of Organic 
and Polymeric Materiakr; ACS Symposium Seriea 233; American 
Chemical Society: Washington, DC, 1982. Chemla, D. S.; Zyss, 
J., Eds. Nonlinear Optical Properties of Organic Molecules and 
Crystals; Academic Press: New York, 1987; Vols. 1, 2. 
Hodge, I. M.; Berens, A. R. Macromolecules 1985, 18, 1980. 
Hodge, I. M. Macromolecules 1983,16,898. Hodge, I. M.; Hu- 
vard, G. S. Macromolecules 1983,16,371. Berens, A. R.; Hodge, 
I. M. Macromolecules 1982,15,756. Hodge, I. M.; Berens, A. 
R. Macromolecules 1982,15, 762. 
(a) Tribone, J. J.; OReilly, J. M.; Greener, J. Macromolecules 
986,19,1732. (b) Petrie, S. E. B. J. Macromol. Sci.-Phys. 1976, 
812, 225. (c) Marshall, A. S.; Petrie, S. E. B. J.  Appl. Phys. 
1975,46,4223. 
Greiner, R.; Schwarzl, F. R. Rheol. Acta 1984,23,378. 
(a) Matsuoka, S.; Fredrickson, G. H.; Johnson, G. E. In Mo- 
lecular Dynamics and Relaxation Phenomena in Glasses, Dorf- 
muller, Th., Williams, G., Eds.; Springer-Verlag: Heidelberg, 
1987. (b) Matsuoka, S.; Williams, G.; Johnson, G. E.; Anderson, 
E. W.; Furukawa, T. Macromolecules 1985,18,2652. (c) Mat- 
suoka, s.; Bair, H. E.; Bearder, S. s.; Kern, H. E.; Ryan, J. T. 
Polym. Eng. Sci. 1978,18,1073. (d) Matsuoka, S.; Bair, H. E. 
J. Appl. Phys. 1977,48 (lo), 4058. 
McKenna, G. B.; Kovacs, A. J. Polym. Eng. Sci. 1984,24,1138. 
Crisman, J. M.; McKenna, G. B. J. Polym. Sci., Polym. Phys. 
Ed .  1987, 25, 1667. Heijboer, J. In Static and Dynamic 
Properties of the Polymeric Solid State; Pethrick, R., Rich- 
ards, R., Eds; D. Reidel Publishing Co.: Amsterdam, 1982. 
(a) Struik, L. C. E. Physical Aging in Amorphous Polymers and 
Other Materials; Elsevier: Amsterdam, 1978. (b) Struik, L. C. 

E. Polymer 1987,28,1869; (c) Struik, L. C. E. Polym. Eng. Sci. 
1977, 17, 165. 

(13) (a) Kovacs, A. J.; Aklonis, J. J.; Hutchinson, J. M.; Ramos, A. 
R. J. Polym. Sci., Polym. Phys. Ed. 1979,17,1097. (b) Hutchjn- 
son, J. M.; Kovacs, A. J. Polym. Eng. Sci. 1984, 24,1087. (c) 
Hutchinson, J. M.; Kovacs, A. J. J. Polym. Sci., Polym. Phys. 
Ed. 1976,14, 1575. (d) Kovacs, A. J. J. Polym. Sci. 1958,30, 
131. (e) Tant, M. R.; Wilkes, G. L. Polym. Eng. Sci. 1981,21, 
874. 

(14) (a) Victor, J. G.; Torkelson, J. M. Macromolecules 1988,21,3490. 
(b) Victor, J. G.; Torkelson, J. M. Macromolecules 1987,20,2951. 
(c) Victor, J. G.; Torkelson, J. M. Macromolecules 1987,20,2241. 
(d) Royal, J. S.; Victor, J. G.; Torkelson, J. M. Macromolecules, 
submitted. 

(15) Yu, W.-C.;Sung, C. S. P.; Robertson, R. E. Macromolecules 1988, 
21, 355. 

(16) Curro, J. J.; Roe, R.-J. Polymer 1984,25,1424. Roe, R.-J.; Curro, 
J. J. Macromolecules 1983,16,428. 

(17) O’Gara, J. F.; Jones, A. A.; Hung, C.-C.; Ingelfield, P. T. 
Macromolecules 1985, 18, 1117. 

(18) Zhang, J.; Wang, C. H. Macromolecules 1987,20,683. 
(19) (a) Chow, T. S. J. Polym. Sci., Polym. Phys. Ed. 1987,25,137. 

(b) Chow, T. S. J. Rheol. 1986, 30, 729. (c) Chow, T. S. 
Macromolecules 1984,17,2336. (d) Chow, T. S. J. Chem. Phys. 
1983,79,4602. (e) Chow, T. S. Polym. Commun. 1983,24,77. 
(f) Chow, T. S.; Prest, W. M., Jr. J. Appl. Phys. 1982,53,6568; 
(9) Chow, T. S. Macromolecules 1980,13, 362. 

(20) Yee, A. F.; Banked, R. J.; Ngai, K. L.; Rendell, R. W. J. Polym. 
Sci., Polym. Phys. Ed. 1988, B26,2463. Ngai, K. L. Commun. 
Solid State Phys. 1979,9, 127. Ngai, K. L.; Rajagopal, A. K.; 
Teitler, S. J. Chem. Phys. 1988,88, 5086. Plazek, D. J.; Ngai, 
K. L.; Rendell, R. W. Polym. Eng. Sci. 1984, 24, 1104. 

(21) Tant, M. R.; Wilkes, G. L. Polym. Eng. Sci. 1981,21,874. 
(22) (a) Robertson, R. E. Macromolecules 1989,23,111. (b) Rob- 

ertson, R. E. Macromolecules 1985,18,953. (c) Robertaon, R. 
E.; Simha, R.; Curro, J. G. Macromolecules 1984,17,911. (d) 
Robertson, R. E.; Simha, R.; Curro, J. G. Macromolecules 1986, 
18, 2239. Robertson, R. E. J. Chem. Phys. 1966,44,3950. 

(23) Grest, G. S.; Cohen, M. H. Adu. Chem. Phys. 1981,48,455. 
(24) (a) Singer, K. D.; Sohn, J. E.; Lalama, S. J. Appl. Phys. Lett .  

1986,49, 248. (b) Singer, K. D.; Kuzyk, M. G.; Sohn, J. E. J. 
Opt. SOC. Am. B 1987,84, 698. (c) Singer, K. D.; Kuzyk, M. 
G.; Holland, W. R.; Sohn, J. E.; Lalama, S. J.; Comizzoli, R. B.; 
Katz, H. E.; Schilling, M. L. Appl. Phys. Lett. 1988,53, 1800. 


