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ABSTRACT: Second harmonic generation (SHG) is used to monitor rotational, reorientation dynamics of
disperse red 1 (DR1) doped at 2 wt % in poly(isobutyl methacrylate) (PIBMA) and poly(ethyl methacrylate)
(PEMA). A delay-trigger approach is employed in conjunction with conventional measurements to monitor
dynamics from 10~ s to as long as necessary, permitting characterization of rotational reorientation above
and below T;. The dynamics of the orientation component of the second-order macroscopic susceptibility,
x@, is shown to be sensitive to (cos 6), where 4 is the angle between the direction vector of the applied dc
field and that of the chromophore dipole moment. Both in poling-onset-mode and temporal decay experiments,
the time dependence of the orientational component of x® can be represented by a Kohlrausch-Williams-
Watts equation, from which average rotational reorientation time constants, (), may be determined. By
comparison of SHG and dielectric relaxation measurements in PIBMA, which exhibits only an a-relaxation,
and PEMA, which exhibits distinct «- and S-relaxations at temperatures 7 < 1.15-1.17T, the rotational,
reorientation dynamics of DR1 are shown to be coupled with the a-relaxation dynamics in these polymers.
(7) values are obtained over a seven decade range and fit well to WLF equations above T but deviate below
T,; scaling the () data using the reduced variable T/ T reveals good overlap for the two polymers, indicating
similarity in the cooperativity of the a-relaxations in PIBMA and PEMA. The implications of the coupling
of nonlinear optical dopant reorientation to the polymer a-relaxation for the design of temporally stable SHG

polymeric materials are discussed.

Introduction

The study of polymers for second harmonic generation
(SHG), the conversion of light of frequency w to 2w, is over
adecade old.1-® The interest in using polymers for second-
order nonlinear optics (NLO) is related to the production
of inexpensive alternatives to inorganic crystals for fre-
quency doubling in laser and optical data storage appli-
cations and for electro-optic devices.*® A majorstumbling
block in the application of polymers for SHG has been the
temporal decay’ of the second-order macroscopic suscep-
tibility, x@, related to the square root of SHG intensity;
this temporal decay is evident in glassy thermoplastics
and thermosets containing doped”® or covalently
attached®14 NLO chromophores. Inordertoobtain SHG
properties in an amorphous polymer, it is necessary to
make the polymeric system noncentrosymmetric by ap-
plying a poling field, resulting in a net orientation of NLO
chromophore dipoles.! However, upon removal of the
poling field, randomization of NLO chromophore orien-
tation occurs over time,” resulting in a decrease in x® and
SHG intensity.

The basis for the randomization of chromophore ori-
entation has been the subject of significant inquiry.
Several studies”15-17 have indicated qualitatively that the
decay in x@ is associated with glassy polymer relaxations
while others!819 have postulated the presence of different
effects, but few details have been provided. Recently, we
developed a new protocol? (partly based on ref 21) for
SHG measurement in which the laser pulse is triggered
from 200 us to 0.5 s after switching the dc-poling field on
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(onset measurement) or off (decay measurement); when
used in conjunction with normal time-domain measure-
ments, dynamics can be monitored over almost 10 orders
of magnitude intime. Given that both rubbery and glassy
polymer dynamics occur over a very broad range of time
scales, our approach provides significant advantages over
previous SHG studies in accurately describing the rota-
tional dynamics of the NLO chromophores and comparing
the dynamics to those of the polymer matrix.

In the present work, a direct comparison of SHG decay
dynamics to the a- and 8-transition dynamics of polymers
can be achieved by a combination of SHG and dielectric
relaxation measurements on NLO-chromophore-doped
poly(isobutyl methacrylate) (PIBMA) and poly(ethyl
methacrylate) (PEMA). For the polymers and chro-
mophores, disperse red 1 (DR1) and 4-(dimethylamino)-
4’-nitrostilbene (DANS), discussed here, it will be shown
that the chromophore rotational, reorientation dynamics
are directly coupled to the polymer a-relaxation dynamics
associated with the glass transition. The implications of
this coupling in the design of temporally stable second-
order NLO polymers are important from several stand-
points, Technologically, the necessity of using a polymer
with a T} high in comparison to use temperature will be
explained in terms of the temperature dependence of the
average rotational, reorientation relaxation time, (7}, in
the glassy state. Scientifically, the approaches described
here demonstrate how SHG can be used as a new technique
to examine quantitatively and in detail the a-transition
dynamics of polymeric systems over a very broad dynamic
range. While a variety of approaches, including photon
correlation spectroscopy,?224 dielectric,2>22 mechani-
cal, 2930 NMR, 3132 fluorescence anisotropy decay,33-% ex-
cimer probe fluorescence,3¢:37 and singlet and triplet
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transient grating3® along with photobleaching®®4% have been
used to investigate polymer dynamics, many of the studies
have been limited to a small regime of polymer behavior.
In contrast, the SHG approach potentially will allow the
study of polymer dynamics over a several hundred degree
range in temperature.

Second Harmonic Generation Applied to Polymer
Dynamics Investigations

Given that SHG experiments have only very recently
been modified? to allow subsecond measurement of the
temporal decay or onset of SHG intensity, relatively little
attention has been given to the SHG technique by polymer
physicists. Here we provide a brief background explaining
how SHG measurables can be used to determine quan-
titatively the temperature and polymer dependencies of
the NLO-chromophore average rotational, reorientation
relaxation time constant. In turn, we indicate how
chromophore rotational, reorientation dynamics may be
correlated to polymer dynamics. (For a more general
treatment of nonlinear optics, see refs 41-44.)

In the presence of two optical fields and a static dc field
the molecular polarization at frequency 2w is given by*

p2w) = B(PE*)(F°E®) + viju(FPE ) E)PE®) (1)

wherel, J, k,and [ refer to the molecular coordinate system,
ikt is the molecular third-order nonlinear hyperpolar-
izability, E“ is the optical field at frequency w, EY is the
applied dc field, and f<(f/°) is the local field factor at
frequency w (0). Since SHG measurements are done on
macroscopic samples that consist of many individual
molecules, the macroscopic polarization at frequency 2w
can be written as

P = x DB By @)

where I,J, and K are the lab axes and x®},k is the second-
order macroscopic susceptibility. For the chromophores
employed in this study there is one predominant molecular
tensor component, B333, where 3 is the direction of the
dipole moment.*

If 6 is the angle between the applied dc field and the
dipole moment, u, then the microscopic susceptibility is
related to the macroscopic susceptibility,'® x@, by

X(z)zzz = N(fzw)zfzzwmaaa(msa 0) + 733sefz0Ez0(COS4 61 )

27 2w
X2, = —([—)‘[“‘[3333((005 ) — (cos® 8)) +

Yaaaef LE,(cos® 6 sin® 6)] (4)

where N is the number density of chromophores, f; is the
local field factor in direction i, and z is the direction of the
applied de field, E.,%. Assuming that the angular distri-
bution of the dipole orientation is described by the
Boltzmann formula, then

E % cos 6 @
f exp 2T 6 sin 6 d¢ &
°f cos f
f exp 2T sin 6 dé

where k is the Boltzmann constant and T is absolute
temperature. Using eq 5 and the approximation that the

{cos™ §) =
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defieldissmall (uE,%f,% kT << 1),eqs 3 and 4 can be written
as

B
K@, = NEd ] e
= NE,%G.%%,f, “3333 Y

where vy = v3333/5. During experiments the SHG intensity
is measured, which is related to the macroscopic suscep-
tibility!® by the following:

2o @ P (8a)
2w @, P (8b)

where I, is the SHG intensity polarized in the z direction
generated by the incident light polarized in the z direction
and I,, is the SHG intensity polarized in the z direction
generated by the incident light polarized in thex direction.

The first terms in brackets in eqs 6 and 7, u8333/5% T and
uB333/ 16k T, respectively, are due to the orientation of the
chromophores; the second terms in brackets in eqs 6 and
7, v and /3, respectively, are due to the electric-field-
induced third-order effect. For all practical purposes, this
latter effect appears instantaneously upon application of
the dc field and disappears instantaneously upon its
removal.4? v is usually smaller than uBs33/5k T, is difficult
to measure, and in most past studies has been neglected.
However, in demonstrating a quantitative relationship
between the temporal decay of the SHG quantity x@, and
thereby chromophore orientation, to polymer dynamics,
it is necessary to account for v. We recently reported a
method,*8 using the delay-trigger technique described in
the Experimental Section, which can determine the relative
contribution of v to the overall value of x@. This relative
contribution depends on the chromophore used, not on
the polymer in which it may be doped; limited studies®4®
with several chromophores reveal that the relative con-
tribution of 4 can account for as much as 20% of x@ in
the presence of the dc field.

Once the orientation component of x® has been
determined by appropriately subtracting out the relative
contribution of v, the temporal decay of x® at a given
temperature can be related to any of a variety of models
or theories proposed to explain the non-single-exponential
relaxation behavior of amorphous polymer systems. We
have used the Kohlrausch-Williams-Watts (KWW) equa-
tion%® to model the dynamics:

s = el

where y is the relaxation parameter of interest, in this
case the normalized orientation component of x?, and 7
and By are KWW parameters. 8y can take values between
0 and 1; 8w = 1 corresponds to a single-exponential
relaxation process while 8, < 1 indicates a distribution of
relaxation times.’! The KWW equation has been chosen
in this study for several reasons. First, it has been
extensively used to model dielectric relaxation in amor-
phous polymers and supercooled liquids,? enthalpy,5®
quasi-elastic light scattering from ionic glasses and poly-
mers melts,?224 volume relaxation in amorphous poly-
mers,’ NMR relaxation,5s etc. Secondly, the quality of
the present SHG data does not justify using a more
complicated expression for the relaxation behavior. The
use of the KWW expression is sufficient for the present
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purpose of demonstrating a quantitative relationship
between polymer segment dynamics and the temporal
decay or onset of x@. (More detailed and exacting studies
may allow for the most appropriate relaxation relationship
to be distinguished;? this will be the subject of future
study.) If a SHG polymeric system exhibits a relaxation
of the orientation component of x@ which may be fit
adequately to eq 9 at a variety of temperatures, then a
comparison of polymer dynamics to the decay of x® may
be achieved by defining an average rotational, reorientation
relaxation time constant, (7):
1
™(3)

(n={" exp(—(f)ﬁ') dt=—p=" (10)

where I'is the gamma function. This approach of defining
{7)is similar to that used in a variety of polymer dynamics
studies, including those using light scattering??-2¢ and
dielectric relaxation.5

By determining the temperature and polymer depend-
encies of (7}, describing the average rotational, reorien-
tation relaxation times for NLO chromophores doped in
polymers, a direct comparison may be drawn to polymer
dynamics. For example, in the rubbery state (T; < T <
T, + 100 °C), polymer segment dynamics associated with
the a-relaxation follow the Williams-Landel-Ferry (WLF)
equation.’® If a simple correlation exists between (7) and
the a-relaxation processes in the rubbery state, then

(r) \ _ -C(T-T)
10g(<T>T') = 02 + T_ Tg (11)

where C; and C; are WLF parameters, and {7)p, is the
average rotational relaxation time at T Besides the
a-relaxation which is associated with a cooperative motion
of a number of segments along the chain backbone,?? some
polymers also exhibit a 8-relaxation often associated with
restricted motion of a side group. If a correlation exists
between (7) and the S-relaxation processes, then one
should see an Arrhenius temperature dependence of {(7)
both above and below Tj.

If an average chromophore rotational, reorientation
relaxation time can be accurately defined, then the final
issue of importance is whether the reorientation dynamics
depend on the tensor component of x? being measured,
i.e., x@,,, v8 x@,,.. This issue has been addressed in a
recent theoretical study by Wu.%? Wu indicated from his
solution of the transient diffusion equation based on a
simple model proposed originally by Debye®? (for freely
floating dipoles in a viscous medium) that both x@,,, and
x®,.. should show similar transient dynamics. A com-
parison of eqs 3 and 41841 may at first seem to be in conflict
with Wu’s conclusion in that the orientation component
of x®,,, is seen to depend on (cos? §) while that of x@,,,
is dependent on a combination of {cos 8) and (cos® 6).
However, (cos® §) may be expressed as

(cos® ) = 2(Py(cos B)) + 2(Pycos ) (12)

where P; and P; are the first and third Legendre
polynomials, respectively. Equation 12 suggests that the
orientation components of x?,,; and x?,,. will exhibit
temporal decays upon removal of a dc field with two
characteristic time constants, r; associated with P; and 73
associated with P, with the time constant r, = (n(n +
1)D)-!, where D is the rotational diffusion coefficient for
the decay. However, according to Wu'’s prediction for low
dc fields, the amplitude associated with 3, the fast decay,
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is very much smaller than that associated with r;. Thus,
within experimental error the decays of the orientation
components of x@,,, and x@,,, are predicted to beidentical
with a decay time of 7y = (2D)-1. The same conclusions
can be reached about the onset of the orientation com-
ponents of x@,,, and x@,,.. This indicates that both the
decay and onset processes described by Wu are dominated
by {cos 8) even though eq 3 states that x®,,, is related
linearly to {cos®0) while eq 4 states x?,,. is related linearly
to a combination of {(cos® #) and (cos 8).

If Wu’s theory is applicable, it may be concluded that
x®,,. and x@,,. should exhibit the same dynamics, with
an average rotational relaxation constant (r) describing
the decay and onset for both quantities. In section A of
the Results and Discussion, the similarity in decay and
onset dynamics for x@,,, and x@,,, is demonstrated,
showing that the relaxation processes measured by SHG
are independent of the tensor component of x® being
measured, as suggested by Wu’s theory. In sections B
and C of the Results and Discussion, SHG relaxation
dynamics are compared quantitatively to polymer dy-
namics of two polymer systems demonstrating that NLO
chromophore reorientation dynamics are coupled to the
a-transition dynamics of the polymers tested. It is also
demonstrated how dielectric relaxation measurements
(known to be sensitive to {cos 8)8%) on NLO-chromophore-
doped polymers, where the dielectric relaxation is pre-
dominantly associated with the mobility of ester side
groups of the polymers under study, may be compared to
the SHG relaxation measurements.

Experimental Section

(A) Sample Preparation. Poly(isobutyl methacrylate)
(PIBMA; M, = 300 000, M, = 140 000) and poly(ethyl meth-
acrylate) (PEMA; M, = 340 000, M, = 126 000) were obtained
from Scientific Polymer Products. Dispersered 1 (DR1; Aldrich)
was recrystallized using toluene. For SHG studies, polymer +
2wt % DR1 was dissolved in spectroscopic grade chloroform and
spin coated onto a quartz substrate which was patterned with
planar chrome electrodes using standard photolithographic
techniques. The gap between the two chrome electrodes was
800 um.®! The films were dried below T for 24 h and above T,
for 12 hunder vacuum. The final film thicknesses were 5-10 um,
The T,’s of the doped films were 61 and 53 °C for PEMA and
PIBMA, respectively, while those of the homopolymer for PEMA
and PIBMA were 64 and 57 °C, respectively. T;'s were measured
as the onset temperature of the heat capacity change with a
Perkin-Elmer DSC-7 at a heating rate of 10 °C/min. Samples
for dielectric relaxation were prepared by spin coating polymer
+ dye onto a glass substrate sputtered with a gold layer. The
films were dried below T for 24 h and above T for 12 h under
vacuum. After drying, another gold layer was sputtered on top
of the polymer film.

(B) Experimental Technique-SHG. SHG measurements
employed a Q-switched Nd-YAG laser (10-Hz frequency) with
a 1.064-um fundamental beam. SHG intensities were obtained
relative toquartz. Aschematicofthe instrumentation is provided
inref7b. Therotational dynamics can be monitored by recording
the SHG intensity either upon application of a dc field (poling-
onset mode) or removal of a dc field (decay mode).

(i) Poling-Onset-Mode Measurements. Thethermal history
of the polymer film doped with the chromophore is removed first
by heating the sample above T} followed by cooling it quickly to
the temperature where the measurement is to be done. Inorder
to monitor dynamics from 200 us to 0.5 s, a new delay-trigger
approach was used (partly based on information in ref 21) as
shownin Figure 1a. Thelaser is triggered witha 10-Hzfrequency,
as indicated by numbers 1-9 in Figure 1a. In order to monitor
the second-order macroscopic susceptibility, x®, at agiven time,
e.g. 50 ms, after application of the de-poling field, the dc field
(V =~ 2500 V across an 800-um gap) is switched on 50 ms before
the second laser pulse scans the sample. (The dc field used in
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Figure 1. (a) Poling-onset-mode technique to monitor SHG
transient dynamics from 104t00.5s. (b) Delay-trigger technique
to monitor SHG transient dynamics from 10~ to 0.5s. Refer to
the text for further details.

this study is 1-2 orders of magnitude less than those used in
many other SHG studies, where the goal is often to achieve large
x@ values.”?11) Afterward, the dc field is switched off again for
aperiod greater than 5 times the period during which the dc field
was applied. This was done to ensure that x® returned to zero
before repeating the measurement. Asthe boxcar integrator used
in these measurements collects data from the photomultiplier
tube for all laser pulses, a gate was employed before the computer
interface allowing only laser pulses 2, 6, etc. to be collected. One
hundred pulses were collected for each decay time accessed in
order to optimize the signal-to-noise ratio.

The lower limit of 200 us for the data acquisition was due to
the limitation of the high voltage power supply used in this study
since the rise and fall times of the high voltage pulse were slightly
less than 30 ps.#2 The higher limit of 0.5 s was chosen for
expedience, as the 0.5 s measurement required approximately 6
min to achieve when all 100 repetitions of the measurement were
included. It should be noted that a 1-2% error exists in our
relative x‘» measurements as the high voltage supply employed
here was switchable from 2500 V to ~25 V; the latter quantity
was used as an approximation of complete removal of the field
(0 V). The measurements from 20 s onwards were done by
switching on the the dc field permanently and averaging 100
laser pulses to achieve a high signal-to-noise ratio. Thus by using
the delay trigger in combination with the conventional poling
approach, we can monitor rotational dynamics over a broad range
of time from 10~ to potentially 106 s.

(ii) Decay-Mode Measurements. Ideally, decay-mode stud-
ies are to be done isothermally by applying a dc-poling field until
the SHG intensity (or equivalently the NLO-chromophore
orientation) reaches steady state and then removing the dc field
and monitoring the temporal decay of SHG intensity (chro-
mophore disorientation). However, achieving a steady-state SHG
signal below T requires much time, as long as several days at T
- 30 °C. In order to reduce the time required to reach steady
state, the following procedure is employed. The sample is heated
above T, and a de-poling field is applied until steady state is
achieved; with the dc field applied, the sample is then quenched
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Figure 2. Comparison of rotational dynamics using SHG in
PEMA + 2wt % DR1 with decay at 40 °C (x®@,,, (0), X%, (0))
and poling-onset at 74 °C (x@,;; (A), XPser (X)). x9y is the
susceptibility normalized with respect to the value at ¢ = 0 before
switching off the dc-poling field.

to the temperature at which the decay measurements are to be
done. The dipole orientation after quenching with the dc field
on is assumed to have reached the steady-state orientation at
that temperature since no further increase in the SHG intensity
is observed.

The poling conditions used in this study were 80 °C for 10-15
min for PIBMA + DR1 systems and 73 °C for 5 min for PEMA
+ DR1 systems. The decay-mode measurement from 200 us to
0.5 s is done using the delay-trigger approach as shown in Figure
1b. Figure 1b is similar to Figure 1a except that the dc field is
switched “off” instead of “on” and vice versa. The measurement
from 20 s onward was done by switching off the dc field
permanently and averaging 100 pulses to achieve a high signal-
to-noise ratio. Similar to the poling-onset mode, we can use the
combined approaches to monitor dynamics over eight to ten
decades in time.

(C) Experimental Technique—Dielectric Relaxation. Af-
ter heating the polymer + dye to the test temperature, dielectric
relaxation was measured from 5 to 10 Hz using a Hewlett Packard
4192A impedance analyzer.

Results and Discussion

(A) Comparison of x@,,, and x®.5, One of the
predictions of Wu'’s analysis®® of the rotational dynamics
of noninteracting NLO chromophores freely floating in a
viscous liquid is that, within experimental error, the
dynamics for both onset and decay of x@,,, and x%,,, are
identical and thus depend only on (cos 8) (or the first
Legendre polynomial of (cos 6)). An important reason
for determining whether the onset and decay of x?,,, and
x@,, are identical for systems under investigation here,
i.e., NLO chromophores doped into rubbery or glassy
polymers, is that a direct comparison of dielectric relax-
ation, dependent on (cos 6),%0 to SHG relaxation is then
justified. Under circumstances in which the measured
dielectric relaxation is associated with the polymer a (8)
transition dynamics, it is then possible to determine
whether SHG relaxation, and thereby the relaxation of
NLO-chromophore orientation, is related to that of the «
(B) transition. Such a circumstance is obtained in the
dielectric relaxation of PIBMA2% (PEMAZ),

Figure 2 compares x?,,; and x?,,, for a PEMA + 2 wt
% DR1system. The decay and onset-mode measurements
followed the protocol described in the Experimental
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Figure 3. Decay data in PIBMA + 2 wt % DRI at 40 (0), 58
(), and 69 °C (a). x@y is the susceptibility normalized with
respect to the value at t = 0 before switching off the dc-poling
field [x(z)zu/ X(Z)nt(t=0)] .

Section. The decay data were taken in the glassy state at
40 °C, while the onset data were taken in the rubbery
state at 74 °C. In both cases, the data in Figure 2 are
shown as x®y which represents the ratio of x@ (for zzz
or zxx) normalized to that measured just before switching
off the dc field, in the case of decay-mode data, or that at
steady state, in the case of onset-mode data. Figure 2
indicates that x@,,, and x?,., dynamics are identical
within experimental error regardless of whether the data
are taken in decay or onset mode or whether the polymers
are in the rubbery or glassy state. Also of importance is
the fact that at all times x@,,,/x®,., = 3.0, as predicted
by eqs 6 and 7. This is a strong indication of the validity
of Boltzmann statistics (eq 5) in describing the distribution
of chromophore orientation in these systems.

The identical nature of the dynamics associated with
x@,,, and x@,,. in the rubbery and glassy states dem-
onstrates excellent agreement with the analysis by Wu%®
for the simple system of noninteracting dipoles floating
freely in a viscous fluid. Given the identical nature of
x®,,, and x®@,,, dynamics in both the onset- and decay-
mode measurements, in parts B and C below all the SHG
data are for measurements of the zzz tensor only. (For
simplicity, x?,,, will be abbreviated as x®@.)

(B) Temperature Dependence in PIBMA. Figure 3
shows the SHG decay-mode measurements for the PIBMA
+ 2 wt % DRI system at 40, 58, and 69 °C. The decay-
mode data are represented as x®y, which is x@ normalized
to its value just before switching off the dc field. It is
apparent that the decay dynamics are non-single-expo-
nential and very sensitive to temperature, trademarks of
dynamics associated with the a-transition in glass-forming
systems,®8

For measurements at 40 °C, within 200 us of the removal
of the dc field, x®x has decreased to a value of 0.84,
signifying a 16% decrease in x®y as compared to that
before removal of the dc field. Much of this decrease is
associated with the electric-field-induced third-order
effect. In a previous study*® we have demonstrated that
for DR1 therelative contribution of this effect to the overall
x@ with the electric field applied is 12+ 2%, independent
of the polymer matrix. With appropriate subtraction of
this contribution, the temperature dependence of the decay
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(Figure 3 data corrected for the electric-field-induced third-order
effect.) (x@Pno = XP,22/(0.88x@,,,(¢=0)) for decay-mode data.)
The solid curves are fits to the KWW equation.

dynamics associated with the orientation component of
x@y, here designated x®ng, can be determined as shown
in Figure 4. Noteworthy is the dramatic difference in the
dynamics associated with NLO-chromophore rotational
reorientation above and below T,. At 69 °C, 16 deg above
T,, virtually all of the SHG properties, and thus chro-
mophore orientation, have relaxed away within 1 s of the
dc-field removal. However, at 40 °C, 13 deg below T,
roughly three-quarters of the orientation component of
x® has been retained at 1 s; at 2000 s approximately the
same x@yq is achieved at 40 °C as after only 0.2 s at 69
-]
C

As shown by the solid curves in Figure 4, the decay in
x@no may be modeled by the KWW equation (eq 9).
Several points should be noted about these fits. First,
when a broad enough range of dynamics is accessed, as in
the case where data are taken from 10~ to 104 s, it is not
possible to model the data by a mono-, bi-, or even
triexponential equation, as has often been done in the
SHG polymer literature™10.1213.6588 when measurements
have been taken in the absence of short-time (<1 s) data.
Instead, only a model whichrepresents a continuous broad
distribution of relaxation times can provide an appropriate
description of the dynamics in such a system. Secondly,
it is necessary that the electric-field-induced third-order
effect be subtracted out appropriately before applying the
fit to the KWW equation. If this is not done, then any
attempt to fit the data (such as the data for x®y in Figure
3) by a KWW equation will be in error because those data
include the instantaneous decay associated with the third-
order effect which is unrelated to the orientation relaxation.
Furthermore, this subtraction allows for appropriate
normalization of the data, which is not possible by simply
normalizing data to avalue of 1 at the shortest experimental
decay time (often 1 s or longer in other studies’8:6467), [t
is evident from the present study that orientation decay
has occurred at 40 °C (T - 13 °C) on the time scales of
1 ms and less, and by 1 s at least 30% of the orientation
component of x@ has decayed away at that temperature.

The temperature dependence of the KWW parameters
for decay-mode x@yo data from 30 to 80 °C is given in
Table I. 7is a strong decreasing function of temperature
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Figure 5. Poling-onset datain PIBMA + 2wt % DR1 at 51 (0),
63 (O), 80 °C (A). x@no is the orientation component of x@y,
the susceptibility normalized with respect to the steady-state
value (at the measurement temperature) with the electric field
applied. (x@no = [X@,2./ (0.88x?,,,(t==)) - 0.12/0.88] for the
poling-onset data.) The solid curves are fits to the KWW
equation.

Table I. Kohlrausch-Williams-Watts Parameters and
Average Rotational Time Constants ({r}) as Functions of
Temperature from the Decay-Mode Measurements for the

PIBMA + DRI System

temp (°C) 7 (8) B (1) (s)
30 1700 0.24 50,000
40 120 0.24 4000
51 11 0.247 300
58 0.8 0.29, 8
63 0.18 0.345 0.8
69 0.04 0.354 0.2
74 0.007 0.40g 0.02
80 0.003 0.42; 0.01

for all temperatures while 8y is a strong increasing function
of temperature only above T,. Average rotational relax-
ation time constants, {1), calculated using eq 10, are also
given in Table I. {7) is a very strong decreasing function
of temperature in the rubbery state, decreasing by 4 1/,
orders of magnitude in going from Ty - 2 °C to Ty + 27
°C. The temperature dependence of (7) is reduced but
nevertheless substantial in the glassy state with (r)
decreasing by more than 2 orders of magnitude in going
from T - 23 °C to Ty - 2 °C.

Very similar conclusions about NLO-chromophore ro-
tational dynamics can be achieved from poling-onset-mode
measurements. Figure 5 shows the poling-onset-mode
results for the PIBMA + 2 wt % DR1 system at 51, 63,
and 80 °C. Here the x@Nodata are equal to the orientation
component of x® normalized to the steady-state value (¢
~» ) with the field applied; the 12% contribution of the
electric-field-induced third-order effect*34% to x® has been
accounted for in these data. The solid curves in Figure
5 are best fits to the KWW equation (eq 9) with the
resulting values of 7, 8w, and () shown in Table II. The
values of (7) are in good agreement with those obtained
from the decay-mode measurements. Similar agreement
between decay-mode and onset-mode data was observed
previously?® in a PIBMA + 3 wt % DANS (4-(dimethyl-
amino)-4'-nitrostilbene) system. Inthe case of onset-mode
data, it should be noted that results are not reported below
Tg. While such measurements are possible, for onset-
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Figure 6. Dielectric relaxation data in PIBMA + 1wt % DR1
at 103 (0), 113 (O), 124 (4), 134 (<), and 145 °C (X). €'/e'n is
the dielectric loss normalized by the maximum value at the peak.

Table II. Kohlrausch-Williams-Watts Parameters and
Average Rotational Time Constants ({r)) as Functions of
Temperature from the Poling-Onset-Mode Measurements

for the PIBMA + DRI System

temp (°C) 7 (8) Bw {r) ®
51 5 0.225 200
63 0.12 0.31s 0.9
74 0.008 0.39% 0.03
80 0.002 0.464 0.006

mode data it may take days to reach and confirm the
steady-state value of x® with the electric field applied.
This problem does not arise with the decay-mode data, as
the steady-state value of x@ after removal of the dc field
is known to be zero.

Dielectric relaxation measurements have also beendone
in the rubbery state for a PIBMA + 1 wt % DR1 system.
(This system has the same T as the systems doped with
2 wt % DRI used in the SHG studies. Limited compar-
isons of dielectric relaxation measurements for systems
doped with 1 and 2 wt % DRI reveal nearly identical
dielectric relaxation responses.) Figure 6 illustrates the
temperature dependence of the dielectric loss component,
¢’, normalized to the maximum value of ¢’ at the peak.
As expected, the peaks shift to higher frequency with
increasing temperature.

Dielectric relaxation data may be analyzed using a
variety of models; however, to remain consistent with the
analysis of SHG data, the KWW equation (eq 9) has been
employed in this case. The complex permittivity, ¢*, can
be expressed as a one-sided Fourier transform or a pure
imaginary Laplace transform of the time derivative of the
normalized response function, ¢(t):52

6*6(: f——f =f [%] et dt 13)

where e*(w) = ¢ (w) — i¢”(w), € and ¢. are the limiting low
and high frequency permittivities, respectively, and the
response function ¢(t) is taken to be the KWW function.
Theoretically, it is possible to obtain 7 and 8y as functions
of temperature using eq 13 and the data in Figure 6.
However, the data in Figure 6 are not over a broad enough
range of frequency to allow unambiguous determination
of 7 and 8+. An alternative approach is to plot the data
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Figure 7. Dielectric relaxation data in PIBMA + 1wt % DR1
from Figure 6 with the x axis now as log(f/fx), where fy, is the

frequency at which there is a maximum in ¢”. The solid curves
correspond to fits using the KWW equation with a 85 = 0.5.

in Figure 6 as a function of f/fn, where f, is the frequency
at which there is a maximum in ¢”. This approach will be
useful if By may be approximated as being independent
of temperature over the temperatures of interest.

Figure 7 shows that when data taken at different
temperatures are plotted as a function of f/fn, a single
master curve with excellent overlap of data results. The
solid curve corresponds to a fit using eq 13 with 8 = 0.5
for all temperatures. In order to determine the KWW
parameter 7 for each temperature, it is necessary to know
the product (27f1)7.68% Inthe case of a single-exponential
response function, this product is unity; however, for a
response function modeled by the KWW equation, it will
be a function of 3y. In the case of 8y = 0.5, @rfw)7 =~
0.74.%8 Given that fn, is a function of temperature, it is
possible to determine 7 and, using eq 10, (7).

Figure 8 illustrates the temperature dependence of (7)
obtained from SHG and dielectric relaxation techniques
for the PIBMA + DRI system. Also appearing on the
figure are results from the earlier study? on the PIBMA
+ 3 wt % DANS system and values of {7) obtained from
dielectric relaxation data for neat PIBMA by Ishida et
al.?6 assuming that 8, = 0.5. Several important points
must be noted from these results. First, very good
agreement is observed between the () values obtained
by SHG and dielectric relaxation. This indicates that the
rotational dynamics of DR1 as measured by SHG are
similar to the rotational dynamics of the polar side group
of PIBMA as measured by dielectric relaxation. Secondly,
the dynamics above T clearly cannot be described by an
Arrhenius dependence given the strong nonlinearity
observed in the dependence of (7) on 1/T. Thirdly, the
agreement in the DR1 and DANS data indicates that the
dynamics of the chromophores are very similar; this is
expected given the similar sizes of the chromophores and
the identical Ty's of the two systems.

The solid curve in Figure 8 corresponds to a WLF
equation (eq 11); from a fit to the data above Ty, C; = 13,
C,=58°,and (7)1, ~100s. While the WLF equation fits
the SHG and dielectric relaxation data very well above
Tg, there is significant deviation below Tg, where the
experimental values of {7) are far below those predicted
by the WLF equation. This is expected, as the WLF
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Figure 8. Temperature dependence of the average rotational
time constant, (7}, above and below T}, in PIBMA + 2wt % DR1
from poling-onset (O) and decay (O) data, PIBMA + 3 wt %
DANS (a),% PIBMA + 1 wt % DR1 (X) (dielectric relaxation
measurement), and PIBMA (<) (dielectric relaxation measure-
ment from ref 26 using 8y = 0.5). Solid curve corresponds to a
fit using the WLF equation.

equation applies only to the equilibrium rubbery state;58
the quenched glass has a higher free volume and thus
relaxation times smaller than those of the theoretical
equilibrium state below T;. Such effects below T, have
been observed by a variety of studies including dielectric
relaxation spectroscopy of poly(vinyl acetate),’® thermally
stimulated discharge measurements in polysulfone,’™ and
translational, small-molecule tracer diffusion measure-
ments in a range of polymer matrices.” The value of ()T,
is in good agreement with values of relaxation times
obtained by other techniques in amorphous polymers,
including light scattering,2® NMR,”, and calorimetric
measurements.5?

It is noteworthy that the deviation in the values of {7)
from the extrapolation of the WLF equation below T
observed in our studies is in significant conflict withresults
reported by Goodson and Wang™7 who studied a poly-
(methyl methacrylate) + 3 wt % DANS system (T ~ 85
°C). They reported that the temperature dependence of
79, the slow decay component resulting from a biexpo-
nential fit to x® decay data, was found to follow the Vogel-
Tammann-Fuicher (VTF) equation (equivalent to the
WLF equation) from T - 30 °C to T, + 20 °C. Further-
more, the time scales for the decays observed by them at
Ty + 13 °C (83 8) and T + 20 °C (27 s) are orders of
magnitude beyond the relaxation times observed at
comparable temperatures above Ty in our present and
previous studies? or by other measurements,?373

The reduced but nevertheless significant and apparently
Arrhenius temperature dependence of (7) below T} has
important implications in the design of temporally stable,
doped second-order NLO polymers. For example, if
technological application mandates no more than a 5-8%
loss in x®@yo over a 4-year period, then a device could
require a (7) greater than 10! s. (This calculation”
assumes Oy = 0.24 as in the case of the glassy PIBMA +
2wt % DR1system.) While thislarge value of {r) imposes
severe device requirements, it may be possible to predict
the conditions necessary to achieve this long-time per-
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formance using the approaches described in this study.
For example, if studies were to reveal an Arrhenius
temperature dependence of (7) in the glassy state of the
polymer + dye system under consideration, with B,
constant over a broad range of T, then it should be possible
to predict the glassy state temperature meeting the
required objective for device application. Although the
exact temperature dependence of (7) in the glassy state
has yet to be determined, it is clear from the present studies
that technological applications would require the use
temperature to be far below Ty (possibly <T; - 150 °C)
for the case of thermally quenched, doped polymer systems.

The excellent agreement between SHG data (reflective
of chromophore dynamics) and dielectric relaxation results
(reflective of polymer dynamics) above T as well as the
deviation in SHG results from WLF behavior below T
indicate that the rotational dynamics of the nonlinear
optical chromophore DR1 are directly coupled to polymer
dynamics. In order to reach this conclusion definitively,
it was necessary that both very fast (<10-% s) and very
slow (>103 s) dynamics be accessed and that the contri-
bution of the electric-field-induced third-order effect of
x® be adequately taken into account. In the absence of
such information, several other pictures were recently
proposed in order to explain the NLO-chromophore
orientation mechanism below T;. Boyd et al.!® proposed
that NLO chromophores in glassy polymers are surrounded
by excess free volume and that the dipoles may be
constrained within the voids. Kuzyketal.® proposed that
an additional elastic force is present below T in glassy
polymers which constrains NLO chromophore mobility.
Given the data available to those researchers, the pictures
developed were consistent with their results. However,
when a more complete experimental analysis is achieved,
itisseen that it is unnecessary toinvoke these very specific
models and instead that the general picture related to
polymer-segment and -chain dynamics is sufficient to
explain the behavior.

The dielectric relaxation data for PIBMA are indicative
of the a-relaxation, i.e., the cooperative segmental mobility
of a small number of repeat units in the chain backbone
of the polymer;?® no S-transition is apparent in the
dielectric spectrum™ for PIBMA. (This in turn implies
that the onset of mobility for the large polar side group
in PIBMA is coincident with segmental mobility of the
PIBMA backbone.) Thus, one may conclude from these
results that both DR1 and DANS rotational, reorientation
dynamics are coupled to the motions associated with the
a-transition in PIBMA. Similar indications have been
reached for other NLO chromophore—polymer SHG stud-
ies,1¥17 but none of the previous studies has quantitatively
shown the connection as demonstrated in the present
study. Other experimental techniques have also rendered
similar conclusions regarding the coupling of dopant and
polymer rotational dynamics. For example fluorescence
anisotropy decay studies by Hyde and Ediger3® have
indicated that the rotational motion of anthracene in
polyisoprene is sensitive to the a- and not the S-motion.
However, polyisoprene exhibits only a weak §-relaxation.
Given that as well as the fact that PIBMA studied here
exhibits no GB-relaxation, it is important to study NLO-
chromophore rotational dynamics in a polymer exhibiting
both strong a- and j-relaxations in order to conclude
convincingly that for DR1 the rotational dynamics are
coupled to a- and not to B-relaxations. Such a study can
be achieved with PEMA.

(C) Temperature Dependence in PEMA. Figure 9
shows the decay-mode results for x@ng in a PEMA + 2

Macromolecules, Vol. 26, No. 22, 1993

1.2 el g st gvvid ool 4oy sl vl gy

08

FRS H  H  TY S S S

0.2

LIS B R i S B B

R S T N S T

0.0 + i
107 107 107 107 1 10 10% 10° 10¢
time(s)

Figure 9. Decaydatain PEMA + 2wt % DR1 at 30 (0), 49 (Q),
and 69 °C (a). x@yo is the orientation component of the

macroscopic susceptibility [x@,,./(0.88x®,,,(t=0))]. The solid
curves are fits to the KWW equation.

12JlJAflilillILJIJIALlJAAI'lIIJ

[\
PO V00 Y N S W S T Y
T T

[V
@

[\
o

P\ i

i

[
EN
1

-3.6 -2.¢ -1.0 0.0 1.0 2.9 3.0
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dielectricloss, ¢’ (¢/m). The solid curves correspond to fits using
the KWW equation with a 8, = 0.4.

wt % DR1 system at 30, 49, and 69 °C. (These data were
obtained from decays of SHG intensities in a manner
similar to that used for the data given in Figure 4.) The
solid curves correspond to fits using the KWW equation
(eq9). Similar trends are observed in the decay dynamics
as for the PIBMA + DRI system in that they cannot be
described by mono-, bi-, or triexponential decays and that
they are a strong function of temperature near 7. Decay-
mode data were obtained for the PEMA system from 30
t069 °C. Rotational dynamics of DR1 were studied above
69 °C using onset-mode measurements.

Figure 10 shows dielectric relaxation data for PEMA +
2wt % DRI as a function of temperature from 107 to 135
°C with the data plotted in a manner similar to Figure 7.
There is excellent overlap of the data onto a single master
curve, indicating that 8y is independent of temperature
for the temperatures studied. The solid curve in Figure
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10 corresponds to a fit using eq 13 and the KWW equation
(eq 9) as the response function with 8y = 04. It is
interesting to note that Patterson et al.22 obtained 8, =
0.4 at 120 °C in PEMA from photon correlation spec-
troscopy.

Using the results of the analyses of data in Figures 9
and 10, the temperature dependence of {r) from SHG
and dielectric relaxation measurements may be deter-
mined, as shown in Figure 11. Also shown in Figure 11
are results from dielectric relaxation studies by Ishida and
Yamafuji,? plotted assuming that 8, = 0.4. Similar to
the PIBMA + DR1 system (Figure 8), above T a strong,
non-Arrhenius temperature dependence of the SHG data
is observed. However, unlike the results for PIBMA +
DRI, there is not agood correspondence between the SHG
and dielectric data for 7' < 1.15-1.17T,; we believe the
dielectric data at these temperatures are associated with
the B-transition.”® In polymers exhibiting both a- and
B-relaxations, such as PEMA, it is known that at tem-
peratures somewhat above T the 8-relaxation merges into
the a-relaxation. It has been shown recently by Rossler™
that in supercooled, small molecule liquids there is a merger
of the f-relaxation with the a-relaxation near 1.2T%.
Similar results were also obtained in polystyrene” where
the a- and B-relaxations merge around 1.1-1.27,. Our
current results in PEMA support the experimental ob-
servations by Rossler” and Pschorn et al.”® It is also
noteworthy that the (r) values obtained for homopolymer
PEMA from photon correlation spectroscopy by Patterson
etal.?2are in good agreement with the (7) values in Figure
11 obtained from SHG measurements.

The solid curve in Figure 11 represents a fit to a WLF
equation (eq 11 with C; = 14, C; = 62°, and ()1, =~ 100
s) for the SHG data above T, and the dielectric relaxation
data at T = 1.2T,. (At high temperatures, the dielectric
relaxation data are indicative of a-transition dynamics.)
The agreement between the SHG data and the high
temperature dielectric data in fitting a single WLF
equation and the significant disagreement between SHG
data and dielectric data for T < 1.15-1.17T; (where
dielectric data are indicative of S-transition dynamics)
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measurements (Figures 8 and 11) scaled using the reduced variable
Ty/T: PIBMA + DR1 (0) (SHG); PIBMA (O) (dielectric
relaxation from ref 26); PIBMA + 1 wt % DR1 (A) (dielectric
relaxation); PEMA + 2 wt % DRI (¢) (SHG); PEMA + 2 wt
% DR1 (*) (dielectric relaxation); PEMA (X) (dielectric relaxation
from ref 26).

strongly indicate that the rotational dynamics of DR1 in
PEMA are coupled to the a- and not the S-relaxation
dynamics.

(D) Scaling withthe Reduced Variable T,/ T. While
the major conclusion of this study is that the rotational
dynamics of NLO chromophores such as DR1 and DANS
are coupled to a-transition dynamics when they are doped
in polymerssuch as PIBMA and PEMA, other implications
of this work deserve notice. The () results from Figures
8and 11 indicative of the a-relaxation process can be shown
to fit well to a single master curve by scaling the data
using the reduced variable T,/T, implying similarity in
the cooperativity of the o-relaxation in PIBMA and
PEMA. This scaling has been used recently by Angells?
to compare macroscopic viscosity for glass-forming systems
(in his approach for classifying “fragile” and “strong” glass
formers) and by Roland and Ngai® to compare a-transition
dynamics for various molecular weights of polystyrene.
Rossler™ has also used a similar scaling approach em-
ploying T:/T where T is correlated with T,. Figure 12
combines the PIBMA and PEMA data from Figures 8
and 11 onto a single plot employing T,/ T as the abscissa.
The substantial overlap of datasensitive to the a-relaxation
for these two systems suggests similarity in the cooper-
ativity of the a-transition in these two polymers and that
these polymers are closer to the strong glass formers in
Angell’s classification scheme.®3 Further, these results
suggest that this scaling approach for similar types of
polymers may be very valuable in predicting a-transition-
based behavior without performing experiments. The
generality (or lack thereof) of this approach across polymer
types is the subject of current study; SHG results in
polystyrene, structurally very different from methacrylate-
based polymers, will be compared to those in PIBMA and
PEMA in the near future.8!

Summary

Employing a delay-trigger approach as well as conven-
tional SHG measurements allowing access to fast (104 s)
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as well as very slow dynamics, this study has demonstrated
quantitatively that the transient dynamics of x(?, e.g. the
temporal decay of x'® upon removal of the applied dc
field, are associated with two effects. The smaller effect
is due to the electric-field-induced third-order effect*®
which for all practical purposes is instantaneous. The
larger effect is due to the orientation component of x@.
In agreement with predictions by Wu,% x®,,, and x?,,,
dynamics were shown to be equivalent, implying that the
transient dynamics associated with the orientation com-
ponent of x® are sensitive to {cos 6), where 0 is the angle
between the direction vector of the applied dc field and
that of the NLO-chromophore dipole moment. Further-
more, x2,,,/x?,,, = 3.0, supporting the use of Boltzmann
statistics in describing the distribution of NLO-chro-
mophore orientation in rubbery and glassy polymers.

The time dependence of both the onset- and decay-
mode orientation components of x® can be represented
by the KWW equation. The KWW parameters deter-
mined from these fits reveal different temperature de-
pendencies near Ty, with 7 being a strong function of T
for T < Ty + 30 °C while By is a strong function of T from
Tg to Ty + 30 °C but nearly independent of T below T.
Using the calculated 7 and 8y parameters, average rota-
tional, reorientation relaxation times (7) are easily cal-
culable. In agreement with predictions of the WLF
equation, the temperature dependence of () is very strong
near Tg; below T, it is weaker but nevertheless substantial.
In PIBMA and PEMA, (7)r, is about 2 min, in reasonable
agreement with the time scale of enthalpy relaxation
(considered sensitive to all conformational relaxations)
normally associated with T, in calorimetric measure-
ments.5

Comparison of SHG results of DR1 and DANS dopant
reorientation in PIBMA and PEMA todielectric relaxation
results (sensitive to polymer dynamics and also associated
with (cos 8)%) revealed that the NLO dopant rotational
dynamics are coupled to the «a-relaxation associated with
the glass transition in these polymers. Reasonable fits
above T; of SHG and o-relaxation-sensitive dielectric
relaxation data to the WLF equation also support this
conclusion. As aresult of this coupling and the very broad
dynamic range afforded by this technique, SHG may
become an important new tool in studying a-relaxation
dynamics under circumstances not easily accessed by other
techniques. By scaling (r) data with the reduced pa-
rameter T,/ T, a substantial similarity of the cooperativity
of the a-transition in PIBMA and PEMA was revealed.
Forsecond-order NLO application of linear thermoplastics
to be achieved, the coupling of the chromophore and
polymer dynamics demonstrates the requirement to
understand the underlying polymer physics responsible
for the temporal decay of SHG in poled polymers.
Extensions of these studies to the effects of chromophore
size and concentration and covalent attachment?®? of the
chromophore to the polymer are underway.
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