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ABSTRACT: Second harmonic generation decay has been used to follow the orientational relaxation of
dipolar chromophores either dissolved in (guest—host) or chemically attached to (side chain) an amorphous
polymer host. The guest—host system investigated is the chromophore lophine-1 in a polyimide host
and the side-chain system is the dye molecule Disperse Red 1 chemically attached to a poly(methyl
methacrylate) backbone. The relaxation at any given temperature is characterized by a functional form
arising from a lognormal distribution of relaxation times. From the temperature dependence of the
parameters in this function, we can obtained activation enthalpies and entropies for the relaxation process
in these two polymer systems. These quantities can be related to other quantities such as the isobaric
coefficient of thermal volume expansion and the activated volume. Also investigated is the effect of aging

on the relaxation process.

I. Introduction

During the last decade, numerous studies of the
orientational decay of second-order nonlinear optical
chromophores imbedded in polymer matrices have been
reported.! These chromophores may either be dissolved
in a polymer host (guest—host systems) or covalently
attached to the backbone of the polymer. If the chro-
mophore is appended to the chain, the covalently bonded
chromophore—polymer system is frequently referred to
as a side-chain system. To obtain a macroscopic me-
dium with second-order nonlinear optical (NLO) proper-
ties, the dipolar chromophores are aligned in the
polymer by external electric field poling at or near the
polymer glass transition temperature Tgy. In the absence
of the poling field, however, the polymer will slowly lose
its nonlinearity as the chromophores reorient to the
isotropic equilibrium state. This poled-order decay can
be conveniently monitored by following the decay of the
second harmonic generation (SHG) resulting from the
orientation of the NLO chromophores.2=*4 The study of
such relaxation processes with SHG is both a critical
tool for evaluating the utility of NLO polymers in
practical applications and a powerful experimental
technique for investigating the physics of polymer
dynamics at temperatures below Ty and over many
orders of magnitude in time.

It is commonly observed that poled-order decay in a
polymer matrix below Ty deviates significantly from
exponentiality, implying a complex underlying relax-
ation process. This nonexponential decay behavior has
been described by a variety of functional forms, with
the Kohlrausch—Williams—Watts (KWW)> or stretched
exponential function being the most widely used.*®
Other functions used to describe this decay have in-
cluded a sum of two exponentials,2” a sum of two
stretched exponentials,® a combination of exponential
and stretched exponential,® and a sum of a stretched
exponential and a constant.1® Experimental decay data
are rarely collected over a wide enough time range to
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make an unambiguous distinction among these various
functional forms, primarily because the length of time
required to make such a distinction becomes unrealisti-
cally long the further one moves away from Tg. This is
a well-known problem in the study of amorphous
systems and it occurs in both time and frequency
domain studies.’® Recently, Torkelson and co-workers!?
have extended the time over which SHG decays have
been measured to shorter times in a variety of guest—
host polymer systems and used the stretched exponen-
tial function to describe the decay. The stretched
exponential function is given by

d 112
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where I(t) is the SHG intensity at time t and d(t) is the
second harmonic coefficient.1® The great advantage of
eq 1 over many other functional forms for fitting
experimental decay data is its simple analytical form
and the fact that it requires only two parameters to
describe the normalized decay, Txww, the time it takes
the decay to reach 1/e of its value at t = 0, and fSxww, a
guantity indicating how much the decay rate “slows”
down with time. As a result, a variety of microscopic
models have been proposed to identify the origin of this
functional form.14.15

In order to attribute physical meaning to the param-
eters that arise from any of these decay functions, one
must be confident that the decay function itself correctly
describes the data. Since, in practice, for measurements
below Tg, it is often not possible to follow the decay over
a wide enough dynamic range in ®(t), one must look
for other ways of discriminating among the various
functional forms. One way of doing this is by studying
the temperature dependence of the fitting parameters
associated with a given functional form. This implies
of course that the model in question is described by
physically meaningful parameters with predictable tem-
perature dependences. This is certainly the case for a
functional form that has been used recently to describe
SHG-relaxation and isomerization processes in poly-
mers.1617 In this model the relaxation process is as-
sociated with a Gaussian distribution in the logarithm
of the relaxation times, which in turn arises from a
Gaussian distribution of activation free energy barriers.
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This functional decay form is referred to as the Wagner
or lognormal function.’®19 In this paper we will show
that orientational relaxation in both guest—host and
side-chain polymer systems can be described by using
the Wagner function. We will attempt to describe the
temperature dependence and the effect of physical aging
on the relaxation parameters of the Wagner model and
compare the predictions from this model with experi-
mental results on both guest—host and side-chain NLO
polymers. In addition we will calculate activation
entropies, enthalpies, and thermal expansion coef-
ficients from the temperature dependence of the relax-
ation parameters.

I1. Lognormal Distribution (Wagner) Function?®

The normalized second harmonic decay may be con-
sidered to arise from a continuous distribution of
exponential relaxation times:

®(t) = [ W(in7) exp(~tr) dInT (2)

The normalized distribution function in the log of the
relaxation times, W(In 7) (a lognormal distribution), is,
in this model, given by

P(ln 1) = exp(—u?) (3)

1
oo
where u = In(t/tm)los. oc is the half-width of the
Gaussian distribution at the point where ¥(In 1) has
fallen to 1/e of its maximum value. 7, is the most
probable relaxation time, corresponding to the value of
7 at the maximum of the Gaussian distribution. Sub-
stituting eq 3 into eq 2, one obtains

D(t) = %{ [exp(—u?) exp(—xe M) du ()

where x = t/t,. Equation 4 is sometimes referred to as
the “after-effect function”. This integral cannot be
solved analytically and must be evaluated numerically.
Tabulations of the integral have been made.192° Like
the stretched exponential function, this function re-
quires only two variables, 7y and og, to fit the experi-
mental decay data.

In order to evaluate the temperature dependence of
m and og, certain assumptions must be made concern-
ing the underlying mechanisms responsible for the
relaxation processes under investigation. Assuming
that the relaxation process below Ty is described by a
distribution of thermally activated processes, the rela-
tionship between an individual 7 and the temperature
T can be expressed in terms of an Arrhenius equation:

In(r) = In(zy) + E/RT (5)

where 14 is a constant, E is an activation energy, and R
is the molar gas constant. This was the temperature
dependence for 7 assumed in a previous study of
relaxation processes in polymers.1”

Alternatively, one can use an expression derived from
Eyring’s absolute reaction rate theory:2!

In(x) = InQ27h/KT) — ASIR + AHIRT  (6)

with AS and AH the activation entropy and enthalpy,
respectively. Both quantities are usually assumed to
be temperature independent. The relationship between
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the activation energy determined experimentally from

eq 5 and the activation enthalpy determined from eq 6
iSZZ

E=AH+RT ©)

This expression can be shown by comparing the value
of the slope obtained from a plot of In(z) vs 1/T using eq
5 to one obtained from a plot of In(zT) vs 1/T using eq
6. Frequently, AH > RT, so that, in many cases, E ~
AH.

In the following analysis we will use the Eyring
equation (eq 6) to investigate the temperature depen-
dence of the relaxation parameters 7, and og, because
it permits one to use familiar thermodynamic variables,
entropy and enthalpy, to characterize the relaxation
process. We will show below that these quantities can
in turn be related, in an interesting way, to quantities
such as the thermal expansion coefficient. However, one
cannot distinguish between egs 5 and 6 simply from
measurements of the temperature dependence of the
relaxation process. In ref 17 we have in fact used eq 5
to interpret experimental data.

From eq 6 it is clear that the resulting distribution
in T must be due to either a distribution in AS, in AH,
or in both quantities. In order to obtain a relationship
between og and the distribution widths of AS and AH,
one can use the following, easily demonstrated theorem:1°
If two variables x and y are linearly related, i.e. x = ay
+ b, and if the values of x have a Gaussian distribution,
then the values of y will also be distributed in a Gaussian
manner, with distribution widths

0,

y = ox1al (8)

and most probable value
Ym = (Xm - b)/a (9)

First consider a distribution in AS alone. According
to the above theorem, oz = o0s/R, where os is the
distribution parameter for a Gaussian distribution
around a mean activation entropy ASp,. In this case,
og is temperature independent. When one considers a
distribution in AH alone, o = on/RT, where oy is the
distribution parameter for a Gaussian distribution
around the most probable activation enthalpy AH,. A
plot of og vs 1/T would, in this case, yield a straight
line passing through the origin.

In the more general case of a distribution in both
activation entropy and enthalpy, i.e. a distribution in
thermally activated free energy barriers, one needs to
make an additional assumption regarding the relation-
ship between the two distributions. One such assump-
tion is that both AS and AH depend linearly on some
other system variable p, that itself has a Gaussian
distribution with mean py, and width . This variable
might, for example, be average intermolecular distance.
If these relationships are expressed by

AS=c+ up AH=d + vp (10)

then
AS,, =c+up, AH,=d+vp, (11)

with ¢, d, u, and v constants. By using egs 6, 8, 10, and
11, one obtains
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o =qlT =kt~ & (12)

where os = oy|ulv| is the width of the distribution of
activation entropies. Note that in the special case where
¢ =d =0, the ratio u/v as obtained from AS,/AH, must
be equal to the value obtained from os/oy. This can be
an important test of the self-consistency of the analysis
of the temperature dependence of relaxation times in
terms of the Eyring model.

Another case to consider is the situation in which
entropy and enthalpy are completely independent and
their distributions are not related to each other via some
other system variable. In this case, it can be shown
that?®

06 = [(0g/R)? + (0/RTY2 (13)

Equation 13 cannot be used to fit the experimental data
without the use of physically unrealistic imaginary
values for os/R. In all cases, the most probable relax-
ation time is given by

In(r,)) = In(27h/KT) — AS, /R + AH,/RT (14)

where m refers to the most probable value. In the case
where no distribution is present in either AS or AH, as
expected ASy, = AS and AH, = AH.

In real polymer systems the situation is complicated
by slow changes in the specific volume,?? the enthalpy,?*
or other system properties. These relaxation processes
are referred to as structural relaxation, physical aging,
stabilization, or annealing. The area has recently been
reviewed by Hodge.?> Several approaches have been
used to take aging processes into account. The approach
that we use here was proposed by Narayanaswamy.?6
In this approach, one treats the polymer relaxation at
a temperature T, below the glass transition tempera-
ture, as if it consisted of two parts; a fraction x at
equilibrium at temperature T and a fraction (1 — x) at
equilibrium at a fictive temperature Tt. In place of eq
6, one then writes the Eyring equation as

In 7 = In(27h/KT) —
ASIR + x0H/RT + (1 — x)AH/RT(t,) (15)

were T¢(ty) is the fictive temperature which is a function
of annealing time t,. X is a partitioning parameter that
divides AH into the two parts described above. As the
annealing time increases T¢(t,) — T and eq 15 — eq 6.
It is clear that whenever a distribution in AH is present
and eq 15 describes the dependence of the decay time
on annealing time, then the distribution parameter og
will also be dependent on annealing time. We can
consider the same cases as before:

for a distribution in AH alone

0g = oy[X/IRT + (1 — X)/[RTt,)] (16)
for a distribution in both entropy and enthalpy, where
both quantities are dependent on a third material

parameter

OH
og = E[X/T + (1 — x)/[T(t,) — ulv] (17)

and if enthalpy and entropy are completely independent

Macromolecules, Vol. 29, No. 19, 1996

06 = {(05/R)* + [04(/RT + (1 — X)/RT(t.)I*} l/(218)

In all cases, the most probable relaxation time is

In(z,)) = InQxh/KT) —
AS, /R + AH_[X/RT + (1 — x)/RT(t,)] (19)

Note that in the first two cases, oc and In(rm) depend
in exactly the same way on aging time t,. This relation-
ship will be shown to occur for the experimental data
presented below.

I11. Experimental Section

The guest—host polymer system used in this study consists
of the optically nonlinear chromophore lophine-1 dissolved in
the commercially available soluble poly(ether imide) Ultem.
This system has been used and described in several previous
poled-order relaxation studies.®?” Chromophore and undoped
polymer were dissolved together in anisole, and the solution
was filtered and spin-coated onto indium tin oxide (ITO) coated
guartz substrates, yielding good optical quality films (2—4 um
thick). The polymer-coated substrates were placed in an oven
at about 170 °C for 2 h to remove residual solvent. The
concentration of chromophore in the polymer host was 20 wt
%, and the glass transition temperature as measured by
differential scanning calorimetry (DSC) was 174 °C. No
indication of phase separation in the polymer samples was
observed.

The side-chain polymer was PMMA—DR1, frequently used
as a model system to study polymer relaxations.# Thin films
of good optical quality were prepared by a procedure similar
to the one described for the guest—host system. The chro-
mophore concentration in this polymer was 25 wt % and the
glass transition temperature as determined from DSC was 131
°C.

Two types of poling techniques, contact electrode and corona,
were used for the guest—host system. The PMMA—-DR1
samples were all corona poled. For the contact electrode poling
experiments two polymer/ITO-coated quartz plates were fused
together in a sandwich configuration by placing them together
in an oven held at a temperature slightly above T,. Electric
fields obtained in these contact poling experiments were
typically 50 V/um. For the corona poling experiments, a grid
was used to control the positive surface potential of the sample.
Fields of up to 200 V/um could be achieved in this way.

Before poling, the previous thermal history of the polymer
film was erased by heating above the glass transition tem-
perature for ¥/, h. After poling, the sample was cooled quickly
to the temperature where measurements were to be made and
the electric field removed. In the corona poling experiments,
the samples were poled a few degrees below Tg, until complete
poling was achieved as determined by a leveling off in intensity
of the poling-induced SHG (typically after about 20 min). The
poling process was continuously monitored by recording the
SHG signal from the samples. After removal of the positive
surface charges by wiping the polymer surface with ethanol,
the SHG decay was monitored for an appropriate length of
time. In general, the same procedure was used with electrode
poled samples. In this case, charges were removed, after
poling and bringing the sample to the measurement temper-
ature, by shorting the high-voltage electrodes.

Annealing experiments were performed on the guest—host
system, using the electrode-poling technique. After poling
slightly above T, to avoid annealing effects during poling, the
samples were cooled quickly to the temperature where the
annealing and subsequent orientational decay was to be
monitored. Annealing took place with the electric field on. In
our experiments, the annealing temperature was 135 °C and
annealing times ranged from 0 to 5 h.

The light source used in the SHG experiments was a CW
diode pumped Q-switched Nd:YLF laser operating at a wave-
length of 1047 nm (10 ns pulse width; 500 Hz repetition rate).
After passing through a polarizer, the beam was focused onto
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Figure 1. Decay of d(t)/d(0) = [I(t)/1(0)]¥2 for 20 wt % lophine-1
in Ultem at 157 °C. The solid line is a fit of the data to the
lognormal decay function eq 4, and the dashed line, a fit to
the Kohlrausch—Williams—Watts function, eq 1.

the sample. The generated SHG signal was isolated by means
of an IR filter and an interference filter and analyzed using a
boxcar integrator. To improve the signal to noise ratio, the
SHG from the polymer film was referenced to the signal from
the quartz sample on a shot-by-shot basis.

The decay of the orientation was monitored at several
temperatures for corona and contact poled samples. No
dependence of the decay characteristics on the strength of the
poling field was observed, and this agrees with the fact that
very similar decay curves were observed for both poling
techniques at a given temperature. For measurements near
Ty, as much as 90% of the decay curve was followed; for the
slowest relaxation decay processes (the lowest temperatures),
as little as 5% of the decay was measured. All decays were
measured within a time window short enough so that anneal-
ing effects could be ignored. Relaxation times determined from
orientational decays for different samples of the same polymer
at the same temperature were found to be reproducible to
within about 20%. The reproducibility of the widths of the
lognormal distribution was even better and found to vary by
no more than 10%. The values of the width and relaxation
time measured were not found to vary significantly when the
same decay curve was fit over different time ranges.

IV. Discussion

A. Fitting of the Decay Curves. Figure 1 shows
a typical decay of the square root of the normalized SHG
signal (®(t) in eq 2). These data were fit using eq 4
derived from the lognormal model. Also shown is a fit
to the stretched exponential or KWW function, eq 1. The
figure indicates clearly the difficulty one has in distin-
guishing between these two functional forms from the
experimental SHG decay data alone. As a matter of
fact, we observed that all of the functional forms
mentioned earlier46-10 can be used to fit the data. This
is a well-known problem in the study of relaxation
processes in amorphous systems. Unless one makes
measurements over a very broad dynamic range in the
decaying variable, one cannot distinguish among relax-
ation functions.!* The lognormal functional form, eq 4,
has been used in analyzing the data presented here for
several reasons: (1) it is mathematically reasonably
simple to work with and involves only two adjustable
parameters, (2) the adjustable parameters can be re-
lated to physically meaningful thermodynamic quanti-
ties, (3) the temperature dependence of the adjustable
parameters can be predicted, and (4) physical aging can
easily be incorporated into the decay process.

Since the stretched exponential of KWW form, eq 1,
is very widely used to describe relaxation processes in
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Figure 2. (a) Comparison of o obtained using eq 4 and Sxww
obtained using eq 1 to fit the same hypothetical decay data.
The hypothetical data were assumed to be an exact lognormal
decay and the KWW function was used to fit these data for
various values of og (see text). (b) Values of In(tkww/Tm) VS 0c
obtained from the fitting of the same data.

amorphous systems, it is useful to try to determine the
relationship between the parameters found using that
function with those obtained using the lognormal func-
tion. This will permit us to compare activation entro-
pies and enthalpies obtained from the lognormal model
with literature values obtained using the KWW func-
tion. Such a comparison is shown in Figure 2. In the
figure, Bkww and In(tkww/Tm) are both correlated with
oc. The data points were obtained by fixing 7, at 1,
varying og, and fitting the resulting decay function for
each og value to the KWW function. It is important to
point out that values obtained from these least squares
fits depend on the time range over which the fitting
procedure is carried out. This is of course due to the
fact that we are comparing different mathematical
functions. Here the fitting was carried out to t = 7.
From Figure 2a it is clear the Sxww is inversely related
to og; i.e. as Skww goes from 0 to 1 (pure exponential
decay), oc goes from « to 0. Figure 2b shows the
logarithm of the ratio of txww to 7 for different values
of os. For small values of o (06 < 2; corresponding to
Bkww = 0.6), the relaxation times obtained are nearly
equal, Tm ~ Txww. Even for larger values of og, the 7's
do not vary significantly when compared to the several
orders of magnitude variation in 7 observed with tem-
perature and to the experimental scatter in the 7 values
obtained for a given temperature. This means that
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Figure 3. Plots of In(zT) vs 1/T for PMMA—-DR1 (®) and
lophine-1 in Ultem (M). The solid line is a linear least squares
fit through the data points.

activation energies obtained from measurements of z-
(T), using either function to fit the experimental decay
data, should be equal within experimental uncertainties
and one can make meaningful comparison between
experimental data analyzed using the KWW and log-
normal decay functions.

B. Temperature Dependence of Relaxation Pa-
rameters. If orientational decay in NLO polymers can
be described by a Gaussian distribution of free energy
barriers, then, according to eq 14, a plot of In(zmT) vs
1/T should yield a straight line with slope related to the
mean value of the enthalpy AHn. From Figure 3, one
sees that the decay data for both guest—host and side-
chain polymers are consistent with the predicted tem-
perature dependence. As a consequence, one can di-
rectly calculate mean activation entropies and enthalpies
from the temperature dependences of the most probable
relaxation time using eq 14. From the results reported
in Figure 3, we obtain activation enthalpies of 39 + 7
kcal/mol for the lophine-1—Ultem guest—host polymer
and 71 + 10 kcal/mol for the side-chain PMMA—DR1
polymer. These values are within the range of values
found in other studies of orientational relaxations in
NLO polymers.28 These other studies used the KWW
function and the Arrhenius equation (eq 5) to determine
relaxation times and activation energies, but as we have
pointed out, these values should be in reasonable
agreement with activation enthalpies obtained using the
lognormal decay function to describe the experimental
data. Activation entropies were found to be 19 + 6 and
115 + 28 cal/(K/mol) for lophine-1-Ultem and PMMA—
DR1, respectively. These large positive entropies (and
enthalpies) are not unusual for polymer systems?! and
are often associated with a relaxation mechanism
involving complex cooperative interactions among poly-
mer subunits.??2 (The error margins quoted above are
standard errors assuming that eq 14 correctly describes
the data.)

The temperature dependence of og is shown in Figure
4. og varies significantly with temperature for both
polymer systems, indicating, in the model used here, a
broadening of the distribution of relaxation times with
decreasing temperatures. Recall that this broadening
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Figure 4. Plots of og vs 1/T for PMMA—DRL1 (®) and lophine-1
in Ultem (®). The solid line is a linear least squares fit
through the data points.

Table 1. Relationship among Experimentally
Determined Thermodynamic Quantities (All Values in

Units of K1)
ASw/AHm  fs/fu o ASm/AAHm
(x1073) (x107%) (x10™%)  (x107™%)
PMMA-DR1 16+£04 24+15 2.62 40+1.6
lophine 1-Ultem 05+02 20+1.1 1.1b 1.24+05

aWunderlich, W. In Polymer Handbook; Brandrup, J., Immer-
gut, E. H., Eds.; John Wiley and Sons: New York, 1989; p V/77.
b Pecht, M.; Wu, X. IEEE Trans. Compon. Packag. Manuf. Technol.
B 1994, 17, 632. Average of in-plane and out-of-plane coefficients.

is due to the presence of underlying distributions of
activation enthalpies and entropies which are them-
selves temperature independent. Both guest—host and
side-chain data are satisfactorily described by eq 12,
indicating the presence of a nearly Gaussian distribu-
tion in both activation entropy and enthalpy. Equation
12 also implies that AS and AH are linearly related to
a common system variable that itself has a Gaussian
distribution. In addition we noticed in Table 1 that the
ratio ASn/AHn, is of the same order of magnitude as og/
oy, indicating that enthalpy and entropy are, at least
approximately, directly proportional to a single variable
p (i.e. c and d in eq 10 are approximately zero).

Another way of evaluating the internal consistency
of the activation entropies and enthalpies found from
using the temperature dependence of the orientational
relaxation parameters is to use empirical relationships
that relate activated volumes to thermodynamic quanti-
ties. Eby?® has suggested using the following two
relationships3031

AV = BlaAS (20)
and
AV = 45AH (22)

to obtain a third relationship that does not contain the
activated volume AV:

ASIAH = 40 (22)

In these equations, g is the isothermal compressibility
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(not to be confused with the subscripted Sxww used
earlier as a parameter in the stretched exponential
decay function eq 1) and a is the isobaric coefficient of
thermal volume expansion. If eq 22 is valid for the NLO
polymers considered here, then the chromophore relax-
ation process can be related to a distribution in activa-
tion volume. Table 1 shows a comparison between
measured values of o for pure PMMA and Ultem and
values obtained from the chromophore relaxation data
using eq 22. The agreement is really quite good,
particularly when one notes that the thermal expansion
coefficient is measured in pure polymers and the
relaxation data are measured in polymers heavily doped
with chromophore molecules. Another point of com-
parison is to use eq 21 along with a knowledge of the
isothermal compressibility a to calculate the activated
volume AV. Using the value of g for PMMA from ref
29 for PMMA—DR1, one obtains a value of 705 cm3/mol
for AV in rough agreement with a value of 1427 cm3/
mol obtained using eqs 20 and 21 and activated energies
and enthalpies from dynamic mechanical analysis.?° The
value is not in such good agreement with the one
obtained by Brower and Hayden3? from measurements
of the pressure dependence of the chromophore orien-
tational relaxation time for the guest—host system DR1
in PMMA. These authors obtained a value of 86 cm?/
mol for AV.

Several authors have successfully fit temperature
dependences of average relaxation time obtained using
eq 1 to non-Arrhenius functional forms.533 Using eq 4
to fit the data, we have found no substantial deviations
from Arrhenius behavior for the limited number of
samples examined.

The effects of physical aging in the guest—host
polymer lophine-1—UIltem on the relaxation parameters
Tm and og are shown in Figure 5 for aging and relaxation
at 135 °C. After an initial period of several minutes
within which neither parameter changes significantly,
both quantities increase with increasing aging time t..
It is also clear that both 7,, and og show a similar
functional dependence on aging time, as predicted by
the simple aging model described by egs 16, 17, and 19.
This is shown more clearly in Figure 6 where the
straight line in a plot of In 7, vs oc indicates the
similarity in the functional dependence of these two
guantities on aging time.

V. Conclusion

The results presented in this paper indicate that
poled-order relaxation in NLO polymers can be ad-
equately described by a model based on a Gaussian
distribution in the logarithm of the relaxation times.
This functional form allows one to obtain physically
meaningful thermodynamic quantities from the experi-
mental data. Activation enthalpies, entropies, and
volumes along with the widths of the Gaussian distribu-
tions in these quantities can be obtained from the SHG
decay data, and these quantities can be compared
among themselves for internal consistency and can be
related to independently measured values for other
guantities, such as thermal expansion coefficients.
Physical aging can also be described within this model.
Data for guest—host and side-chain polymer systems are
analyzed in this way and the lognormal distribution has
been found to describe the results adequately. The
agreement we observe between the predictions of the
model based on a Gaussian distribution of activation
energies and enthalpies should not be interpreted as
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Figure 5. Plots of In 7 (@) and oc (b) vs In t, for lophine-1 in
Ultem. The annealing temperature was 135 °C. The orien-
tational relaxation was also measured at 135 °C.
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Figure 6. Each of the data points represents a measured og
and In 7, for the same aging time t, for lophine-1 in Ultem.
meaning that the distributions are precisely Gaussian
and symmetric. Other functional forms for these dis-
tributions could perhaps also be used to describe the
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relaxation process. Nor should values of 7, greater than
3000 s be taken to indicate precise values for the
characteristic relaxation time. There are two reasons
for this. First, the decay measurements are made over
a time that is only a small fraction of t, and the error
margins in the determination of 7, become larger for
longer decay times. Second, as Figure 5 shows, anneal-
ing effects begin to affect the measured values at longer
times. Nevertheless, the thermodynamic quantities
determined from plots such as those in Figures 4 and 5
are not significantly different when only data for decay
times less than 3000 s are used.

Bendler and Shlesinger' have shown that the
stretched exponential function, eq 1, can be obtained
from an asymmetric exponential distribution in activa-
tion enthalpies and entropies. They assume a linear
relationship between these two quantities, equivalent
to our assumption that c ~ d =~ 0. They then obtain
the following relationship for the temperature depen-
dence of the stretched exponential Sxww:

Bww = akT/(1 — bT) (23)

where a and b are constants. This expression, which
goes to zero as T approaches zero, does not fit experi-
mentally measured values of fxww as a function of
temperature, even though the stretched exponential
function itself does fit the decay data. This would seem
to imply either that the actual distribution of activation
enthalpies and entropies is closer to the symmetric
Gaussian than the asymmetric exponential functional
form or that the approximation that ¢ ~ d ~ 0 is not
valid. The data presented here cannot distinguish these
two possibilities.

Determination of the exact functional relationship for
the decay of electric field induced polar order in poly-
mers awaits experimental measurements over a much
greater fraction of the decay process than has previously
been done. Such measurements may be complicated by
structural relaxations, i.e. aging processes, that are
simultaneously occurring and that will influence the
observed relaxation process.
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