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ABSTRACT: Simulations of the electric field poling process for second-order NLO-active polymeric
materials containing dipolar chromophores were performed by modeling the time-dependent dynamics
of a dipole interacting with an externally applied field and subsequent force-free relaxation, employing
several modifications of the Smoluchowski equation. The model examines chromophore dipole alignment/
relaxation processes in both two- and three-dimensional space. The 3-D model predicts that at field-on
equilibrium, the ratio, R, of the second-harmonic coefficients, dss/ds1, approaches 3.0, in accord with static
statistical—mechanical models. In contrast, the 2-D model predicts R ~ 6.0. The dimensionality in which
the rotational diffusion process is confined also determines the rate of dipolar alignment/relaxation, with
a slower rate predicted in the 2-D case. Suitability of the rotational diffusion model for the alignment
and relaxation dynamics of appended NLO chromophores in poled polymer films is also examined. At
temperatures at or above the glass transition temperature, T, experimentally measured ds; relaxation
kinetics of a prototypical chromophore-functionalized polymer, N-(4-nitrophenyl)-(S)-prolinoxy poly(p-
hydroxystyrene), (S)-NPP-PHS, are well described by the bi-exponential expression predicted by the 3-D
model. Below Ty, however, the dynamics are not well modeled as simple 3-D rotational diffusion, the
apparent result of complex dynamical matrix interactions. Under all conditions examined, the
experimental ds; relaxation dynamics can be described approximately using the 2-D model. The
temperature dependence of the relaxation rate above T, is well described by the Williams~Landel~
Ferry (WLF) equation, while below Ty, the reorientation process is Arrhenius-like. The ds; growth kinetics
are found to be accurately approximated using expressions derived from the 3-D rotational diffusion model.
Below T the experimental activation energy determined from field-on polarization is identical within

experimental error to that determined for field-off depolarization.

Introduction

Understanding motion in polymers is a significant
problem because of both the technological consequences
and the intrinsically challenging physics.12 It is of
particular importance in second-order nonlinear optical
(NLO) polymers,3~11 where the kinetics of growth and
decay of the second-harmonic signal in response to the
initiation or cessation of electric field poling is inti-
mately dependent upon the rotational relaxation rate
of the NLO-active chromophore. This relaxation is in
turn related to its molecular characteristics and to the
nature of the encapsulating polymer matrix. Phenom-
enological fits to glassy polymer behavior, such as the
Kohlrausch—Williams—Watts (KWW) function,1213 are
useful primarily for correlating material properties and
providing information on polymer structure—property
relationships.’* Advancement toward a fuller under-
standing of such relationships is limited by the lack of
appropiate analytical theories and computational mod-
els to establish connections between local dynamics and
macromolecular structure.

Much attention has been devoted to understanding
second-order poled polymers employing molecular-
statistical models.15-21 These are static models, how-
ever, predicting only steady-state characteristics achieved
after extensive poling. As a result, if the sample has
not been poled for a sufficient time, discrepancies
between experiment and theory develop. More impor-
tantly, such models provide no insights into the kinetics
during or after electric-field poling; these knowledge
base parameters are crucial for the design of optimized
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polymers ultimately suitable for second-order NLO
applications.

The goal of the present study is to develop and to
evaluate the simplest model for dynamics (isotropic to
anisotropic and vice-versa) under electric field poling.
This process is modeled using the Smoluchowski diffu-
sion equation, for a dipole in an electric field in both
two- and three-dimensional space. The only potential
arises from the applied field. The computer-simulated
electric field poling/postpoling relaxation profile of the
second-harmonic coefficients and their constituent mo-
ments can then be accurately evaluated. Both Smolu-
chowski dynamics?? and other dynamical approaches
based on diffusion? have been discussed recently; one
aim of this work is to evaluate these diffusion-model
results by direct experimental comparison.

Experimentally, we report here time-resolved rota-
tional orientation (i.e., alignment) and reorientation (i.e.,
post electric field relaxation/decay) studies on the model
side-chain chromophore-functionalized polymer system,
(S)-NPP-PHS, conducted using second-order nonlinear
optical (SHG) spectroscopy. These experimental studies
are compared to the modeling results permitting evalu-
ation of the dynamic three- and two-dimensional rota-
tional diffusion models as appropriate theoretical frame-
works for description of appended chromophore motion
in the polymer. Additionally, the results of such analy-
sis are compared to results obtained earlier by employ-
ing the empirical KWW function.?¢

Experimental Section

Preparation of Polymer Films. The poly(p-hydroxysty-
rene), PHS, randomly functionalized with the chromophore
4-(4-nitropheny!)-(S)-prolinol ((S)-NPPOH), henceforth re-
ferred to as (S)-NPP-PHS, was synthesized and purified as
previously described!* and was characterized by standard
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Figure 1. Time—temperature profile for contact (A) and
corona (B) poling measurements.

analytical and spectroscopic methodologies. Glass transition
temperatures, T, defined here as the midpoint of the transi-
tion, were measured by differential scanning calorimetry as
146 and 134 °C for 12% and 36% functionalized polymers,
respectively (Perkin-Elmer DSC-7, 10 °C/min heating rate).
Polymer films were fabricated by dissolution of the polymer
powder in freshly distilled THF, followed by multiple filtration
through a 0.5 um syringe filter. The solutions were then cast
onto indium tin oxide (ITO)-coated glass substrates in a
laminar flow class 100 clean hood. After slow evaporation of
solvent at room temperature, the films were heated under
vacuum above the glass transition temperature overnight to
ensure removal of all traces of solvent and other volatiles that
might deleteriously plasticize the polymer matrix. Film thick-
nesses were determined with an a-Step stylus profilometer
(Tencor Instruments).

Contact Poling with in-Situ SHG Monitoring. Thin
filmse of 36% and 12% functionalized (S)-NPP-PHS were
contact poled with in-situ SHG monitoring using the apparatus
and configuration previously described.’* The temperature-
dependent transients were collected on annealed (S)-NPP-PHS
thin films by maintaining the same film temperature, T},
during both poling (growth) and postpoling (decay) with a
constant applied field strength, E;, and poling time, ¢z, This
isothermal timing cycle is presented schematically in Figure
1A. Due to the variety of conditions employed in the experi-
ments discussed herein, the specific poling parameters are
provided in the accompanying text. Each sample was irradi-
ated with p-polarized fundamental light (1064 nm), and the
p-polarized second-harmonic light generated from the samples
was measured. The second-harmonic intensity (532 nm) was
recorded using the p—p configuration (Iyp).

Corona Poling with in-Situ SHG Monitoring. The
annealed (S)-NPP-PHS thin films were corona poled in-situ,
using the apparatus and configuration previously described.!4
The samples were nonisothermally poled, i.e., poled at elevated
temperatures with decay measurements made at room tem-
perature, using the timing sequence illustrated in Figure 1B.
This procedure involves heating the polymer film to the
selected temperature, T, and after thermal equilibrium is
established, applying the corona voltage (+5.0 kV). Upon
completion of poling (¢z, = 30 min), the film samples are cooled
to room temperature at a rate of ca. 10 °C/min in the presence
of the field. SHG data are taken after 30 min of room
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temperature storage. SHG measurements were conducted at
1064 nm in both the p—p and s—p polarized geometries. Each
sample was irradiated with linearly p-polarized fundamental
light (1064 nm) and the p-polarized second harmonic light (532
nm) generated from the samples measured.

Data Analysis. Linear and nonlinear least-squares analy-
sis of the various SHG signal components was performed using
a commercially available software package (Kaleidagraph,
Version 2.1, Synergy Software, Reading, PA). The best model
is defined as that meeting the following criteria: (1) the
simplest model (i.e., having the minimum number of adjustable
parametrs), (2) smallest residual/goodness of fit, and (3)
smallest uncertainties in the fit parameters as determined by
nonlinear least-square analysis.

Theory

Static Description of Electric Field Poling. SHG
is a sensitive probe of molecular orientation. Therefore,
by examination and analysis of the bulk NLO response
of a poled chromophore-functionalized polymer, infor-
mation can be cbtained on the orientational distribution
of the NLO-active chromophore units. In samples
where a polar axis (i.e., imposed C.., symmetry) has been
induced (poled polymers), the relationship between
macroscopic and microscopic second-harmonic proper-
ties for quasi-one-dimensional molecules (i.e., in which
the dipole moment is directed along the symmetry axis

such that the 3,,, component dominates) is given by only

two independent nonvanishing components of xﬁfg.%

This is in contrast to the general case where there are
18 relevant second-order NLO coefficients.

12 = NB,.ff*f*(cos’ 6) o))

1ys o .
& = Ky = GNBueaf [ f(c0s 0 sin’ 6) =

%Nﬂzzf‘”f"’f‘“[(cos 8) — (cos® B)] (2)

In the above equations, ., xf;;, and y? are the

macroscopic second-order susceptibility tensors, N is the
chromophore number density, ... is a component of the
molecular hyperpolarizability tensor, 5, and (cos 8) and
{cos? ) are angular averages which describe the degree
of polar order achieved during poling. Thus, to model
second-harmonic generation in poled polymers, the first
and third moments, {cos 8) and {cos® 6), must be
evaluated. A static theoretical description of dipolar
alignment in the presence of an electric field can be used
to calculate these orientational order parameters at
equilibrium. A variety of statistical-mechanical de-
scriptions have been published.5-20 Four of these, the
isotropic model,!516 the Ising model, 1516 the SKS (Singer—
Kuzyk—Sohn) model,!” and the MSVP (Maier—Saupe—
Van der Vorst—Pickens) model!®1? consider only isolated
dipoles. The major difference among them is the choice
of single particle potential. Recently, Wang has pro-
posed another statistical—mechanical model which in-
cludes the effect of pair orientational correlation.20.21

The molecular-statistical model describes the interac-
tion of an isolated, uniaxial molecule with its environ-
ment. The permanent dipole, 4, is at an angle, 6, with
respect to the field, and its energy in the field is given
by

V() = —uE cos 6 3)

Using the Boltzmann distribution, the net moment is
given as



6298 Firestone et al.

Jore“ % 2(6) sin 6 d6

T .
j;) e 9 gin 9 do

&0))og = @

Here u = uE/kT, k is the Boltzmann constant, T is the
thermodynamic temperature, « is the dipole moment of
the uniaxial molecule, E is the strength of the applied
field, 8 is the spherical polar angle between the molec-
ular dipole axis and the direction of the field (Figure
2), and (@) is either cos 9 or cos® 6.

Evaluating the integrals in eq 4 analytically and
considering the limit of small dipolar alignment (£ < 1
MV/cm) permit the determination of a ratio of the
macroscopic second-harmonic susceptibility tensors (eq

5). (Note these are generally referred to as “d coef-
ficients”, with dss and ds, representing /% and

Y2 respectively). This model provides

(2 3
d
o 31 §(<COS 6) — (cos3 6))

valuable information on the polar parameters and,
ultimately, on the bulk second-order NLO properties
corresponding to the thermodynamically stable config-
uration. This approach, however, provides no informa-
tion on what occurs during the approach to steady state
or subsequent to cessation of poling. We address these
limitations by developing and evaluating the simplest
diffusion models for the time evolution of the poling and
postpoling processes. We examine their appropriate-
ness for the description of appended chromophore mo-
tion during and after electric field poling, as experi-
mentally measured by SHG. The diffusivities obtained
upon analysis of the experimental rise and decay
transients are then used to evaluate the kinetics and
thermodynamics of dipolar relaxation. Comparisons are
made to the results obtained by previous studies em-
ploying the empirical KWW function.?4

Dynamic Rotational Diffusion. Brownian mo-
tion,?627 the continuous changes in both polymer shape
and position induced by thermal agitation, is the
simplest way to picture time-dependent phenomena in
polymers, including diffusion. The present work details
the application of the Smoluchowski diffusion equation
(the strongly damped Fokker—Planck eguation in co-
ordinate space) to describe the temporal behavior of an
NLO-active dipole immersed in a viscous matrix (amor-
phous polymer) during and after electric field poling.
Specifically, the rotational motion of rodlike molecules
in the presence or absence of a static external electric
field is examined. Examination of the rise and decay
transients for a given system permits exclusion of
alignment and relaxation mechanisms inconsistent with
the data and provides information on the actual molec-
ular mechanism. The present pragmatic model is
admittedly oversimplified, since actual relaxation pro-
cesses in polymers occur on many time scales;1,12:13:28-34
complex memory-kernel approaches,3? rather than the
simple damping with a single, constant rotational
diffusion coefficierit as employed here, are a more
appropriate framework to describe relaxation and trans-
port in such systems. Our aim here is to apply and test
the simplest rotational diffusion model, to compare both
its successes and its failures with observed poling
dynamics.

Dynamic Two-Dimensional Rotational Diffu-
sion. The rotational diffusion of a rigid rotor in a plane
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Figure 2. Three-dimensional rotational diffusion model of a
polar molecule in the presence of an external field. 6 is the
spherical polar angle between the principal molecular dipole
axis, u, and the field, E. ¢ is the azimuthal angle.

containing the external electric field is described by the
2-D Smoluchowski equation?® where Dy is the rotational
diffusion coefficient. This equation gives the time
evolution of the

5A6,t)
ot

_  2[3f6.8)
=D Ragl 96

8V(6) £

00 kT )
probability, £6,t), that the molecular axis is pointing in
the direction 6. The interaction Hamiltonian, V(6), of
the molecule with the applied field depends upon the
polar angle between the molecular axis and the field
(Figure 2), and is given by eq 3. Appendix A presents
the detailed solution.

A ratio of the second-order NLO or d coefficients, R,
of 6.00 is predicted for the 2-D model in the low-field
limit by substituting eqs A6 and A7 into eq 5,

(cos® 6)
%[{cos 6) — (cos® 6)]

3(f a1 1)
8 1
l[l(fq + f1) _ §(f—1 + fl)}
22y fo 8\ fo
This value has been observed experimentally for chro-
mophore molecules bound to certain linear polymers.3¢
In these systems, having chromophore-functionalized
linear polymers with small spacer units, it has been
proposed that movements of the tethered dipoles are
constrained to two dimensions, that is, to a plane
perpendicular to the polymer backbone. In actuality,
however, many systems do not behave in a perfectly 2-D
manner, but rather incorporate some degree of 3-D
character. Therefore, experimentally, one would expect
to observe a range of R values between 3.0 (completely
isotropic as predicted by the 3-D static model) and 6.0
(completely 2-D), depending upon the system. A full
range of R values has been reported in the literature;
however, the majority are close to B = 3.0.37-4% A fuller
discvﬁsion will be presented in a forthcoming contribu-
tion.
Once the poling phase of the cycle has been completed,
the second-harmonic coefficients decay as the molecules

R=

~ 6.00 (7)
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rotationally diffuse toward an isotropic distribution. The
2-D diffusion equation then becomes

2
RO _ R0

= v (8)

Using the same analysis described in Appendix A for
the field-on case, we find

df, ()
dt

~Dn*f, (®) 9

Thus, field-free decay or simple rotational diffusion is
described by first-order kinetics. Solving this dif-
ferential equation yields

fo®) = £,,(0) e Prm™ (10)

This integrated rate law describes the decay process as
multiple exponential, with each term in the expansion
having a characteristic relaxation constant, k, = Dgm’2.
Thus, the decay of the second-order NLO coefficients is
effectively governed by the rotational diffusion coef-
ficient, Dg. Substitution of the appropriate f,(¢)’s, from
eq 10 into eq A7 yields the following relationship
describing the time-dependent dynamics of the third
moment of 0 (e<d33)

(cos® O)(t) _ f-1(0) + £1(0) a4
(cos® 6)(0)  £-3(0) + 3F_4(0) + £5(0) + 3£,(0)
f0) + 150 e 0% (11)

f-5(0) + 3f_1(0) + £5(0) + 3f,(0)

All variables retain their usual meaning, and the £,
coefficients at ¢ = 0 are those found immediately prior
to field removal. Here, the first component of the
relaxation dynamics is characterized by the third-order
Legendre polynomial possessing an average relaxation
time, p3 = (9Dg)~1. The slow relaxation component is
characterized by the first-order Legendre polynomial
with a relaxation time rp; = (Dg)~1. Equation 11 can
be further simplified by re-expressing the pre-exponen-
tial coefficients as Wy and W3, respectively, resulting in
a generalized form describing the postpoling relaxation
dynamics in two-dimensional space.

I(t)pp - —Dgt —9Dgt
A ,I(O_)pp = Wle + W3e (12)

In a fashion similar to that described above, an
equation describing the field-free relaxation dynamics
of the d3; second-harmonic coefficient in 2-D space may
be derived. In two dimensions, ds; is related to the
probability coefficients according to the following equa-
tion:

dy = —21-[(cos 6) — (cos® 8)] =

ftfo fst3fat3f+fy
o, &

(13)

With substitution of the required f,,/(¢)’s according to eq
10 and recognition that the f,,(¢) values are symmetric
about fy(¢) (Ge., f1 = f-1 and f3 = f-3), eq 13 yields the
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following function describing the time-dependent, post-
poling dynamics of the dg; second-harmonic coefficient:

IOy _d®s _ AO 5, +
NIO),,~ 40y 70 - £0)°
()
£1(0) — £3(0)

e 0% (14)

For nonlinear least-squares fitting, eq 14 can be simpli-
fied by re-expression of the pre-exponential coefficients
as W, and Ws, respectively, resulting in a generalized
bi-exponential function identical to that derived for dss
decay confined to two-dimensions (eq 12),

It),,
10),,

- Wle—DRt + Wse—gDRt (15)

Dynamic Three-Dimensional Rotational Diffu-
sion. In three dimensions in the presence of an electric
field (i.e., an axially symmetric system, Figure 2), the
rotational diffusion of a rigid rod is described by*

18068 1 & { Oaﬂe,t) f6,t) 3V

Dr - 30 30 kT 30

Dy & smoal™ } (16)

Here, A6,t) is the probability of obtaining the dipole
vector in an orientation 8 at time ¢£. The hydrodynamic
parameter of interest is Dg, the rotational diffusion
coefficient. The potential energy, V(0), is again de-
scribed by eq 3. As shown in Appendix B an analytic
solution to the rotational diffusion equation can be found
by expansion in orthogonal functions.

A ratio of the second-harmonic coefficients, R, of 3.00
is predicted for the low-field, three-dimensional model
by substituting eqs B7 and B8 into eq 5,

fi
(cos® ) N 5_f;

l _ 3 - 1 f1 f1
21(cos 6) — (cos® ) 5[370 _5_100]

R=

~3.00 (17)

Upon sudden removal of the electric field, the dipolar
chromophores disorient by Brownian motion, and the
second-order NLO signal decays. Since the chro-
mophores are released from the aligned state (i.e., the
orienting field), the diffusion equation reduces to

df,

d—’t" = —Dpm’(m’ + 1)f,, (18)
Integration yields

fm'(t) — fm'(o) e—DRm'(m'+1)t (19)

where f,(0) is the initial value of the probabilities. The
integrated rate law describes the decay process for each
m’ as a simple exponential, with each Legendre poly-
nomial possessing a characteristic relaxation constant,
k., equal to Dpm/(m’ + 1). Substitution of the required
time-dependent probabilities into eqs B10 and Bl1
yields an expression for the {cos3 6) («d33) depolarization
dynamics.
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(cos® 6)(t) _ THhO)  opy N
(cos® )(0) 2f5(0) + T,(0)

2f3(0)

—12Dgt 2
27,0) + 7,0 20

The f,, values at ¢t = 0 are those found immediately prior
to field termination, since the above equation describes
only the post electric field relaxation. Equation 20
indicates that the fast component of the chromophore
relaxation dynamics is characterized by the third-order
Legendre polynomial, Ps(cos 6), with an average relax-
ation time of 7p, = (12Dg)~1, while the slower component
is characterized by the first-order Legendre polynomial,
Pi(cos 0), with a relaxation time of tp, = (2Dg)"1. The
form of eq 20 resembles the empirical bi-exponential
function frequently discussed in studies of NLO polymer
dynamics,*~!! and eq 20 thus provides some theoretical
justification for fitting the chromophore randomization
process after electric-field removal to a sum of expo-
nentials.

Recasting the pre-exponential coefficients in eq 20 as

T£,(0)

W= 250 + 75O

(21)

and

2f3(0)

Wy = 2£,(0) + 7£,(0)

(22)

we find, for the 3-D rotational diffusion,

I(t)Pp —2Dgt -12D.
— 2 + ” Rt
N o W e We (23)

with W’; and W’3 contributions to the total decay from
the fast and slow components.

Analysis of the Field-Free (cos 6) Decay. It
follows from eqs B11 and 19 that

{cos B)(¢) _ _-2Dg 24)
{cos 6X0)

This equation predicts that the decay of {cos 8) will be
a single exponential characteristic of the first-order
Legendre polynomial, with a relaxation time 7; =
(2Dg)1.

Analysis of the Field-Free Decay of ds;. From eqs
B8 and B11 we see that

dg = %[{cos ) — (cos® §)] = %lfo - §];-3—f0] (25)

Then from eqs 19 and 25,
10, _dWs _ O g,
10),, d(0)5; Tf(0) — 3£,(0)
7£1(0) — 3£3(0)

e—lZDRt (26)

In the above equation, the f,(0) values are those found
immediately prior to field termination. Renaming of the
pre-exponential coefficients as
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7f1(0)

WII —_
and
“3f3(0)
WI/ _
3= 7.0) - 37,0) 28)
then gives
I(t)sp

— rr  —2Dgt v0 —12Dgt
10),, W”.e + We (29)

The pre-exponential coefficients W”’; and W”; can be
viewed as the fractional contributions of the fast and
slow components of the total decay; eq 29 is identical
in form to that derived previously for ds; relaxation (eq
23). The specific differences between field-free ds; and
d3; dynamices reside solely in the explicit form of the pre-
exponential coefficients.

Analysis of the Field-on Growth of (cos® 8). As
detailed in a preceding section, eq B7 provides an
analytic solution to the 3-D rotational diffusion equation
of a dipole in the presence of an external electric field.
Unlike the field-off case, this recursion formula couples
the probability coefficient, f;,(¢), to both f,+1(¢) and
Fw—1(). Therefore, the equation cannot be straightfor-
wardly integrated. Solutions may be obtained, however,
by assuming a specific uE/kT ratio (which will be defined
as a dimensionless poling parameter, u) and solving

D = TAT*A0) (30)

In this equation, th_) is a vector of the probability
coefficients of interest, T is a matrix of eigenvectors,

A is a diagonal matrix of eigenvalues, and A0) is the
initial value matrix (£,(0) = 20, with ¢;; the Kroneker
delta). Multiplying the matrices on the right side of eg
30 results in the following general expressions for the
fo, f1, and f3 probability coefficients:

fo®) = Woge'®P® + W ehP% + W™ + Woseﬁ?;tl)

f1(8) = WioehP% + W, e 4 W e + W13313(D§t2)

fo(t) = Wyoe"P® + Wy, eh P + WyyehPW + Wasei%f*; :

In these expressions, An, is the mth eigenvalue. The
particular solutions will depend on the u parameter
determining the degree of coupling between Legendre
polynomials.

We consider first the case of a small poling parameter,
u = 0.1. Here f3(¢) makes a negligible contribution
relative to f1(¢) and fo(f). In addition, all terms greater
than the second exponential term in the expression for
f1(#) and all terms greater than the first exponential in
the expression for fy(¢#) may be neglected. These ap-
proximations simplify to

fo(t) — W00e0.033DRt (34)

fl(t) — Wlon.033DRt _ Wlle—2.01DRt (35)
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Substitution of these expressions into eq B10 yields the
following general relationship describing the growth of
the second-harmonic signal ({cos® 8)), at small u (0.1):

(cos® 6)®) _ Wio _ Wi
(cos® 0)0) Wi~ Wy Wy—-Wy

e 20Drt  (36)

Renaming the ratios of constants, W11/(Wio — W11) and
Wio/(Wig — Wi1) as Wy and N, respectively, results in
an expression suitable for nonlinear least-squares analy-
sis,

(cos® O)(t) _

——— =N - W,e 2% 37
{cos® B)0)

so at small u, the chromophore alignment dynamics are
predicted to be exponential.

If the u parameter is increased to 0.5, neglecting all
terms for which the pre-exponential coefficients are less
than 10~! followed by generalization of the remaining
pre-exponential coefficients gives

folt) = Wooe ™ + Wy e~ 2% (38)
fi(t) = Wyge" ™ + W e~ 2% (39)
Thus, for u = 0.5,

1~ (W, + Wy)e >

{cos® 8)(¢) -N
- 1+ Wle—Z.QDRt

{cos® 6)(0)

(40)

Although increasing u causes the SHG rise function to
change in form, the behavior is still dominated by a
single exponential.

In the limit of a large poling parameter (i.e., large
fields), we have

fo(t) - WOOeZ.ZDRt + W01e—2.2Dgt

fg(t) —_ __W31e—2.ZDRt + W32e—6.5DRt

For an increased poling parameter, a larger number of
exponential terms must be included to accurately char-
acterize the growth of the SHG signal, implying greater
coupling or mixing of the higher order Legendre poly-
nomials. This is consistent with previous results which
showed that increasing field strength increased the
distribution of relaxation times (i.e., decrease in the
KWW g parameter for the fitting function applied to the
SHG signal transients).2

Results and Discussion

We evaluate herein the appropriateness of the two-
and three-dimensional rotational diffusion models de-
rived above for describing appended chromophore mo-
tion during and after electric field poling. The results
are interpreted using free volume arguments. Further-
more, the diffusivities obtained upon analysis of the
experimental decay and rise transients are used to
evaluate the kinetics and thermodynamics of dipolar
relaxation. Comparisons are made to the results ob-
tained by previous studies employing the empirical
KWW function.24.50-52

The diffusion process governing the time-dependent
second-harmonic intensity (I, o ds3) following re-
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Figure 3. Theoretical growth and decay transients of the
pertinent dynamical quantities {cos 8) and {cos® 6) based upon
the three-dimensional rotation diffusion model. Simulation
parameters: u =2.34 x 1002 Cm, E =2.50 x 10" V/m, T =
423 K, Dglon) = Dg(off) = 1.45 x 1075 rad?s. The arrow
indicates time of field termination.

moval of the external field (i.e., relaxation dynamics)
can be analyzed by applying the first-order kinetic
description from the 3-D rotational diffusion model. The
rise and decay transients of the second-harmonic d
coefficients, ds; and ds3, as revealed through their
constituent moments, {cos #) and {cos® 6), for u = (UE/
kT) = 0.1 are plotted in Figure 3. In this plot, the
assumed rotational diffusion coefficient (Dg = 1.5 x 1075
rad?s) is the same for both signal growth and decay.
(Nearly identical diffusivities would correspond to iso-
thermal poling, without aging above T;). The maximum
values of the moments of cos 6 at steady state ({cos® )
= 0.40 x 1071, Y[{cos 6) — {(cos® 6)] = 0.13 x 10~1)
correspond exactly to those values predicted using the
simple, static statistical model. Comparison of the
transients generated by the 3-D model to those using
the 2-D model (Figure 4) show that the correlation times
for both the rise and decay curves in the 2-D model are
significantly longer (Figure 4). Although (cos? 6) («<d33)
approaches the asymptote at a lower rate, the same
plateau value is eventually attained. In contrast, the
steady-state value of the first moment is substantially
lower in the 2-D model than in the 3-D model.

As shown in Figure 5, the characteristic time with
which the dynamical quantities approach the asymp-
totic values and the maximum values are achieved
depends strongly on the magnitude of the poling field
strength (i.e., u). Figure 6 shows that the third moment
saturates at high fields, z > 20 (10 MV/cm) with
deviations from linearity observed at approximately 1.3
MV/em. This theoretical prediction of deviation from
linearity at high field strengths, agrees well with
previous experimental findings.* Theoretical predic-
tions of the pre-exponential coefficients, W’y and W’s,
can readily be examined under various simulation
conditions by explicit determination of the f;, values and
applying eqs 21 and 22. The results, summarized in
Table 1, indicate that W’;, hence the probability coef-
ficient fi, is dominant, with only minor contributions
arising from W’;3 (i.e., f3). Changes in simulation pa-
rameters such as temperature and field strength are
only minor perturbations on the relative contributions,
although a slightly more pronounced increase in the W’s
contribution is found with increasing field strength.

Analysis of Experimental Field-Free Decay of
{cos3 8). To examine experimentally the validity of the
general functional form predicted by the 3-D diffusion
model, a series of isothermal SHG relaxation transients
(i.e., decay transients for which the same temperature
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Figure 4. Comparison of the time-dependent behavior of the
{cos® 8) and (cos 6) orientational order parameters as calculated
using the 2-D and 3-D rotational diffusion models. Simulation
parameters: u = 2.34 x 1002 Cm, E = 2,50 x 10" V/m, T' =
423 K, Dgr(on) = Dg(off) = 1.45 x 1075 rad¥s. The arrows
indicate time of poling field termination.
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Figure 5. Dependence of transient behavior of {(cos® 6) on
electric poling field strength. For all runs: u = 2.34 x 10°%°
Cm, T =423 K, Dg(on) = Dg(off) = 1.45 x 10-% rad¥s. For u
=0.05,E =1.25 x 10" V/m; u = 0.1 (u = uE/kT), E = 2.50 x
107 V/m; u = 0.5, E = 1.25 x 108 V/m; u = 1.0, E = 2.50 x 10%
V/m. The arrow indicates time of poling field termination.

is maintained both during and after poling) for a poled,
functionalized NLO polymer (Figure 7) were fit to eq
23. Table 2 shows that W3 (which describes the mag-
nitude of the fast component) approaches unity at poling
temperatures well above T,. The temperature depen-
dence of Wy and Wj is illustrated in Figure 8. The
transient behavior behavior at 153 °C (20 deg above Ty)
of 36% functionalized (S)-NPP-PHS indicates that the
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Figure 6. Field-dependent behavior of (cos® 8). Simulation
parameters: u = 2.34 x 107% C m, T = 423 K, Dg(on) = Dy-
(off) = 1.45 x 1075 rad¥s.

Table 1. Theoretically Predicted Changes in the
Pre-Exponential Coefficients of Eq 23 As Determined by
Computer-Modeled Electric Field Poling Using the
Three-Dimensional Rotational Diffusion Model

temp poling field diffusion coeff,

(°C)  strength, E (V/m) Dg (rad?¥s) Wye W'ge
130 2.5 x 107 1.5 x 105 1.00 1.57 x 1075
50 2.5 x 107 1.5 x 1075 0.999 1.29 x 1073
130 2.5 x 108 1.5 x 1075 0.945 0.0550
50 2.5 x 108 1.5 x 1075 0.929 0.0712

@ Coefficients calculated by insertion of appropriate probability
coefficients into eqs 21 and 22. The f1(0) and £3(0) values used
were those theoretically determined immediately prior to field
cessation.

relaxation dynamics are nearly completely dominated
by single exponential decay. The general experimental
form agrees well with theoretical predictions (Table 1).
Our simple 3-D Smoluchowski theory, however, predicts
that the relaxation dynamics should be single exponen-
tial, characteristic of Pi(cos 8), whereas experimentally
we apparently find it characteristic of Ps(cos 8). The
fits are, however, not definitive in the region in which
either W’; or W’3 exceeds 0.9. In this range, a single
term dominates. Figure 7B plots the same data shown
in Figure 7A semilogarithmically. It is clear, as the
numbers in Table 2 suggest, that at the highest tem-
peratures, a single exponential fits the data rather well;
in the absence of information on the diffusion coef-
ficients, it is then impossible to say simply from curve
fitting, whether Wi or W3 is dominant in this regime.
Thus, in the nearly single exponential regime, distinc-
tions between f3 and f; behavior cannot be clearly drawn
from SHG relaxation dynamics alone.

The relaxation transients collected between 153 °C
and T are best fit by a bi-exponential function with a
dominant W3 contribution (Table 2). The diminished
contribution from Wi may arise from the fact that at
temperatures sufficiently far above Ty (i.e., in the
rubbery state), the polymer is sufficiently fluid to allow
the fast relaxation processes to dominate. As the
temperature decreases, however, contributions from the
slow rate processes become increasingly significant
until, at 20 deg below Ty, the W; contribution dominates.
Thus, decreasing temperature leads to progressive
hindrance of chromophore rotation, which can be inter-
preted as a reduction in free volume to below the critical
size required for unimpeded chromophore reorientation.

At temperatures at and below T (115—~134 °C), the
transient dynamics become substantially more complex.
The results of least-squares analysis (Table 2) show not
only significant contributions from both Legendre poly-
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Figure 7. (A) Experimental SHG decay transients collected
at various temperatures above and below T, for contact-poled
(E;, = 1.1 MV/cm,; tg, = 16 min) 36% functionalized (8)-NPP-
PHS films. Lines are nonlinear least-squares fits to eq 23.
Error bars for data points are equal to or less than the symbol
dimensions. The 134 °C data have been omitted for ease of
viewing. (B) Semilogarithmic plot of the data of Figure 7A.

Table 2. Summary of Nonlinear Least-Squares Fitting of
Data Presented in Figure 7 to Eq 23°

temp goodness
(°C) Ws W1 Dg (rad?min) of fit

115  0.29(0.44) 0.59(0.44) 0.028(0.031) 0.961
129  0.55(0.10) 0.34(0.11) 0.059(0.003) 0.990
134 0.52(0.16) 0.43(0.20) 0.14(0.01) 0.981
137  0.65(0.08) 0.33(0.08) 0.16(0.01) 0.995
142 0.84(0.06) 0.16(0.06) 0.29(0.02) 0.996
149 0.88(0.01) 0.12(0.01) 0.52(0.02) 0.999

153  0.998(0.001) 0.0016(0.001) 0.58(0.003) 0.999

@ Numbers in parentheses are standard deviations.

nomials, Pi(cos 8) and Ps(cos 8), but also that the
weighting coefficients, W, and W3, do not sum to unity
as expected. (The SHG intensity was normalized to
unity at ¢ = 0, and therefore, the sum of the weighting
coefficients should equal unity). This may indicate that
a bi-exponential function (eq 23) is not appropriate and
that additional exponential terms are required to ad-
equately describe the glassy state relaxation dynamics.
A further indication of the inadequacy of the bi-
exponential form at lower temperatures is found both
in visual inspection of the fits and in the fit statistics
(i.e., uncertainties in the fit parameters and the residual/
goodness of fit parameter). These observations clearly
indicate a breakdown of the simple rotational diffusion
models.

The Kohlrausch—Williams—Watts (KWW) equation
is an empirical function which has been applied to
evaluate the SHG decay in a variety of NLO polymer
systems.245051 The KWW function (eq 41)

ot) = e—(t/r)ﬂ (41)

describes relaxation behavior as a distribution of relax-
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Figure 8. Plot of W; and W3 (Table 2), the fraction of dipoles
undergoing slow and fast relaxation processes, respectively,
as a function of temperature from T for 36% functionalized,
contact-poled (S)-NPP-PHS. The coefficients were obtained
by a nonlinear least-squares fit of the data to eq 23.

ation processes where ¢(f) represents the normalized
relaxation function, 7 is the average or most probable
relaxation time, and S is a constant between 0 and 1
which indicates the breadth of distribution of 7’s. For
poled (S)-NPP-PHS films, we find that the dispersion
index f increases with increasing temperature, indicat-
ing that the distribution of relaxation times sharpens
with increasing temperature.?459-52 This parallels the
above findings employing the rotational diffusion mod-
els, i.e., monoexponential decay characterized by a single
relaxation component (W3, 73) at film temperatures
substantially above T, (153 °C). These observations
suggest the presence of one discrete/homogeneous mi-
croenvironment about the chromophore. As the tem-
perature is lowered further toward Ty, S decreases,
signaling additional relaxation processes. The data in
this temperature range (149—137 °C), however, remain
well modeled by the theoretically derived bi-exponential
form. Below T, the multiplicity of chromophore mi-
croenvironments increases dramatically, as indicated by
a decrease in B as well as deteriorating fits to eq 23.
The broadening of the distribution of rotational relax-
ation rates arises because the locally differing microen-
vironments of the chromophore relax at different rates.
This kinetic matrix effect manifests itself as a deviation
from first-order kinetics. Thus, the KWW g parameter
is actually providing us with a measure of the chro-
mophore relaxation dynamics deviation from first-order
kinetic behavior.

One possible interpretation of these results is based
on free volume considerations. Specifically, W3 and W1
may be viewed as the fractional contribution of the total
decay from the fast and slow motion/decay components.
Therefore, the fraction of fast and slow second-harmonic
signal decay can be used to characterize the relaxation
kinetics. The minimum microvoid volume (free volume)
required for rotational diffusion about the dipole mo-
ment axis for NPP can be estimated by considering
rotation of the chromophore which has a volume of ~190

3, Clearly then, the minimum microvoid volume
required for movement of the rigid dipole must exceed
190 A3, According to Cohen and Grest’s53-55 free volume
model, microvoids having greater than the critical
volume and termed “liquid-like”, while islands with less
than this volume are termed “solid or glasslike” cells.
Molecular displacement or rotation is believed to occur
only in the “liquid-like” cells. It is possible, therefore,
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Table 3. Above-Tg Relaxation (Post Contact Poling) SHG
Kinetic Parameters for 36% Functionalized (S)-NPP-PHS
(Decay Transients Presented in Figure 7)

temp (°C) 103Dy (rad?/s)e 13 ()t
134 2.3(0.2) 36.2
137 2.7(0.1) 30.9
142 4.8(0.3) 17.4
149 8.7(0.3) 9.6
153 9.7(0.05) 8.6

@ Dr, values obtained by nonlinear least-squares fitting of data
(Figure 7) to eq 23. ® Obtained via eq 42.

by employing a biphasic analysis, such as that provided
by eq 23, to estimate the fraction of dipoles occupying
“liquid-like” regions (i.e., the Ws fraction) and “glasslike”
regions (i.e., the W fraction) in the polymer matrix. For
example, for 36% functionalized (S)-NPP-PHS poled at
153 °C, essentially 100% of the dipoles apparently
occupy “liquid-like” regions. This interpretation, how-
ever, is not required to explain bi-exponential behavior
for rotational relaxation, which arises directly from free
angular diffusion (eq 23).

Temperature Dependence of Field-Free SHG
Decay above T,. An examination of decay transients
using eq 28 yields the hydrodynamic parameter, Dg. The
rotational diffusion coefficients found for 36% function-
alized (S)-NPP-PHS above T, summarized in Table 3,
are substantially smaller than that previously reported
by Dhinojwala et al.50 for guest—host systems (Dg ~ 2.5
x 1078 to 100 rad? s~1), indicating that the guest—host
systems have less constrained orientational freedom
than do side-chain functionalized polymers. In addition,
the derived diffusivities for the present covalently
appended chromophores exhibit significantly less tem-
perature sensitivity above T (Table 3) than the simple
dispersed chromophore-polymer systems.’® These re-
sults quantitatively underscore the benefit of tethering
the NLO chromophore to the polymer backbone as a
means of reducing the dipolar relaxation rate and
thereby stabilizing the field-induced second-order non-
linearity.

From the rotational diffusion coefficients, values of
the fast relaxation time, 73, the dominant decay com-
ponent above T, can be calculated via the expression

~1__1
Tk, 12D (42)

The resultant relaxation times for 36% functionalized
(S)-NPP-PHS, also summarized in Table 3, show that
73 decreases as the temperature of the sample ap-
proaches T,. These results are consistent with the
increased segmental mobility and local free volume
expected when the polymer is heated to or above Tj.
These induced changes in the polymer matrix above T
facilitate chromophore rotation, as reflected in the
increasing diffusivity parameters (Table 3).

The temperature-dependent behavior of the experi-
mentally recorded decay transients above Ty can be
examined further using the Williams—Landel—-Ferry,
WLF, equation®® where 7 is the relaxation time (here,
73) and C; and C; are empirical “constants” the magni-
tudes of which,

«T)  ~Cy(T-Tp

log AT) Co+T-T,

(43)

determined by fitting various data collected on a large
number of polymers, are frequently estimated to be
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Figure 10. Temperature dependence of the apparent activa-
tion enthalpies, AH,, calculated using eq 44, describing the
above-T; relaxation dynamics of 36% functionalized (S)-NPP-
PHS.

17.44 and 51.60 °C, respectively. (The actual values of
C, and C; vary greatly from one polymer to another,
however, and must be measured for the specific polymer
of interest.)” Since the WLF equation is generally only
valid above T}, the present analysis was applied only
to the decay transients collected between 134 and 153
°C (Figure 9). The WLF parameters obtained from such
an analysis are C; = 1.94 and C; = 39.1 K. It has been
suggested that the differences might be expected since
the “universal” WLF parameters describe the macro-
scopic relaxation behavior of a polymer, whereas in the
present case the local relaxation, i.e., the actual free
volume around the chromophore, is predominant.5?
From these WLF parameters, an apparent enthalpy of
activation, AH,, for viscoelastic flow can be calculated
from the expression?%58

_ 2.303RC,C,T?

= 44
(Cy+ T - T, “

a

where R is the ideal gas constant and all other variables
are as previously defined. The derived activation en-
thalpies increase rapidly with decreasing temperature
(Figure 10) from a maximum value of 39.0 = 4.0 kcal/
mol at T, (134 °C) to a minimum of 19.0 £ 2.0 keal/mol
at 153 °C. Note that the AH, values found in this
analysis (using the 3-D rotational diffusion-derived
relaxation times, 73) agree well with the results reported
previously?* which used the KWW-derived relaxation
times (44.5 + 4.5 kcal/mol at 134 °C and 10.8 £+ 1.1 kecal/
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Figure 11. SHG decay transients collected at various tem-
peratures at and below T, for contact-poled (E, = 0.83 MV/
cm; tg, = 20 min) 12% functionalized (S)-NPP-PHS (T, = 146
°C). Lines are nonlinear least-squares fits of the data to eq
23. Error bars on the data are equal to or less than the symbol
dimensions. (B) SHG decay transients collected at various
temperatures at and below Ty, for contact-poled (E, = 1.25 MV/
cm; ¢z, = 20 min) 36% functionalized (S)-NPP-PHS (T, = 134
°C). Lines are nonlinear least-squares fits of the data to eq
23. Error bars on the data are equal to or less than the symbol
dimensions.

mol at 153 °C). The nonlinear dependence of the
activation enthalpy on temperature has been postulated
to arise from cooperative intermolecular motions, specif-
ically, large scale cooperative main chain movement.5®
The nature of the motion occurring above T has been
investigated previously in substituted polystyrenes (PS)
using a variety of methods, including dielectric spec-
troscopy and 13C NMR.60-62 Although the exact nature
of these motions is not well understood, it is believed
that for PS and its derivatives, they principally involve
large amplitude movement in the phenyl rings (e.g., ring
flips) coupled to motion of the main chain carbons which
relieves local steric strain.0.61

Temperature Dependence of Field-Free SHG
Decay below Ty In the glassy state, conformational
changes of the polymer backbone involving multiple
atoms are largely arrested and only rotational or libra-
tional rearrangements of the side groups are important.!
As demonstrated previously,?4 the temperature-depend-
ent behavior of the sub-T} relaxation processes for NPP-
PHS obeys the Arrhenius law,

Ea
In(%) = In(A) —&= (45)

with temperature-independent activation energy, E.,.
The impact of increasing chromophore concentration on
the temperature dependence of the post electric field
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Table 4, Glassy State Kinetic Parameters

temp (°C) 102Dy, (rad?/s) 71 (8) 73 (8)
a. For 36% Functionalized (S)-NPP-PHS¢

134 , 4.11(0.15) 120.0 20.3

131 3.17(0.33) 158.0 26.3

128 2.58(0.27) 194.0 32.3

122 1.35(0.20) 375.0 61.2
b. For 12% Functionalized (S)-NPP-PHS?

146 2.33(0.25) 214.6 35.8

138 1.83(0.27) 273.2 45.5

131 1.48(0.22) 337.8 56.3

125 1.32(0.20) 379.8 63.1

¢ Determined by fitting experimental SH relaxation transients
(Figure 11B) to eq 23. ® Determined by fitting experimental SH
relaxation transients (Figure 11A) to eq 23.

Table 5. Comparison of Kinetic Parameters for
(S)-NPP-PHS at Two Functionalization Levels

functionalization E.® [kcal/mol  AS*? AGF?®
level (%) A? (571) (kJ/mol)]  [JAK mol)] (kJ/mol)

12 0.34 x 102 7.46 (32.0) —553.5 220.2

36 1.46 x 101! 24.6 (103.0) —-129.0 151.3

@ Values obtained from Arrhenius plots (Figure 12). Estimated
uncertainties, £10%. ® Calculated at 125 °C using transition state
theory, ks = («T/h)e@S*Rig~E+/RT)  Estimated uncertainties, +10%.

relaxation (randomization) was evaluated below Tg (in
the glassy state). Arrhenius plots for 12% and 36%
functionalized (S)-NPP-PHS were constructed using
nonlinear least-squares fits of SHG decay transients to
eq 23 (Figure 12). The 3-D rotational diffusion model
was used for this analysis. As demonstrated above,
such an analysis yields the diffusivity parameter, Dg,
and thus, the fast relaxation time, 73, and the corre-
sponding rate constant, k3 (eq 42). In a similar fashion,
the slow relaxation component, 71, and the correspond-
ing rate constant, k1, can be calculated by

1 1
=y = 2p, (46)
The resultant diffusivities and the slow and fast relax-
ation times are summarized in Table 4. Note that
although the values of the fast and slow relaxation
components differ by a factor of 6, their temperature-
dependent behavior should not.

Arrhenius plots for both 12% and 36% functionalized
(S)-NPP-PHS are presented in Figure 12, and the
resultant activation energies (E,) and frequency factors
(A) are summarized in Table 5. The activation energies
found here are comparable to those reported for other
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Figure 138. Second harmonic growth curves for contact-poled
36% functionalized (S)-NPP-PHS at a series of temperatures
(E, = 1.25 MV/ecm; tg, = 20 min; u ~ 0.5). Lines represent
nonlinear least-squares fits to eq 37. The poling field was
turned on at ¢ = 0.

Table 6. Summary of Kinetic Parameters Derived for
Contact-Poled 36% Functionalized (S)-NPP-PHS Film
Growth Profiles Fit to Eq 37¢

temp (°C) N W,

Dg (rad®min) goodness of fit

120 0.89(0.03) 0.76(0.05)  0.11(0.02) 0.962
125 0.98(0.02) 0.98(0.03) 0.14(0.01) 0.989
130 0.94(0.01) 0.99(0.04)  0.26(0.02) 0.988
135 0.94(0.01) 0.96(0.03)  0.38(0.02) 0.989

@ Numbers in parentheses are standard deviations on the
respective fit parameters.

systems®3 and are typical of those observed for small
molecular side-group motions (for which activation
energies are usually 220 kcal/mol for highly polar side
groups®). Moreover, these values compare favorably
with those reported for polystyrene measured by static
and dynamic mechanical techniques. Specifically, ac-
tivation energies of 30—33 kcal/mol have been deter-
mined for PS 8 relaxation by dielectric spectroscopy and
are postulated to arise from local mode relaxation.30:31
Thus, our analysis indicates that sub-Ty SHG can be
used to probe secondary relaxations, e.g., side-group
reorientation on a dynamically quiescent main chain.

Kinetic Analysis of Experimental Field-on/
Growth of (cos® ). The time dependence of the
increase in the SHG (cos? ) («<dg3) coefficient for contact-
poled 36% functionalized (S)-NPP-PHS, normalized to
the plateau values, is presented in Figure 13. Param-
eters obtained from the nonlinear least-squares fit of
the data to eq 37, the growth function for low field
strengths, are summarized in Table 6. The experimen-
tal data show excellent agreement with the theoretically
predicted mono-exponential function derived for SHG
growth/dipolar alignment, except at the lowest temper-
ature transient, 120 °C. The three higher temperature
transients agree not only with theoretical predictions
but also with prior analysis of the same growth tran-
sients using the empirical KWW function.?* Recall that
this analysis yielded a KWW S parameter of 1.0 (single
exponential behavior) for the two highest temperature
trials. These results demonstrate that the chromophore
alignment process between Ty and 125 °C is well
modeled as simple rotational diffusion of a rigid rotor
in the presence of an external dc field. The discrepan-
cies which arise at the lowest temperature indicate
deficiencies in this simple model, i.e., deviation from
simple first-order kinetics. It is possible that these
deviations reflect changes occurring in the polymer
matrix. More specifically, as temperatures fall below
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Figure 14. Arrhenius plot of temperature-dependent dipolar
alignment (field-on) for glassy state 36% functionalized (S)-
NPP-PHS. The line represents the least-squares fit of the data
to eq 45.
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Figure 15. (cos 6) transients determined by experimental
measurements of dszs and ds; and by applying eq 47 for 36%
functionalized (S)-NPP-PHS films which were corona poled
(+5.0 kV; tg, = 30 min) at various temperatures above and
below Ty and then cooled to room temperature prior to field
cessation. Transients were collected at 25 °C.

T, the chromophore population shifts toward occupation
of “solid/glasslike” regions which require structural
adaptation of the polymer matrix to permit chromophore
alignment. Macroscopically, this is reflected as two
distinct processes, an initial fast response, caused by
the fraction of chromophores able to undergo local, side-
chain rotation, and a slower response which requires
global movement of the polymer.

The temperature-dependent behavior of induced SHG
activity during electric field poling can be examined
further via an Arrhenius plot (Figure 14). From the
rotational diffusion coefficients (Table 6) the kinetic
growth times, 71 (//2Dg) can be determined. The activa-
tion energy, E,, for the field-on poling dynamics is 24.8
=+ 2.5 kcal/mol, in excellent agreement with that deter-
mined for the field-off relaxation process (24.6 + 2.5
kcal/mol; Table 5). Agreement in activation energies for
both field-on and field-off dynamics has been reported
for one guest-host polymer.%5

Kinetic Analysis of Experimental Field-Free
Decay of (cos 6).. Independent measurement of the
post electric field relaxation behavior of dgs and ds;
permits examination of the experimental decay char-
acteristics of (cos #). The first moment is related to the
two measured SHG coefficients according to

(cos O)(¢) _ 9 dg () + dsg(8)

(cos 6)(0)  “dy,(0) + dg(0) 47
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Figure 16. (cos 6) decay transients presented in Figure 15
for 36% (S)-NPP-PHS plotted as ln {cos 6) to emphasize multi-
exponential decay character.
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Figure 17. SHG decay transients collected at various tem-
peratures above and below Ty, for corona-poled (+5.0 kV; tg,
= 30 min) 36% functionalized (S)-NPP-PHS films. Films were
cooled to room temperature prior to field removal and all data
collected at 25 °C. Lines are nonlinear least-squares fit of data
to eq 29.
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The relaxation behavior of the derived normalized {cos
#) temperature-dependent transients for 36% function-
alized (S)-NPP-PHS are presented in Figure 15. Con-
trary to expectations, for low fields, it was found that
none of these transients can be fit (Figure 16) to the
single exponential function, eq 24 predicted by the three-
dimensional rotational diffusion model. The discrep-
ancy is illustrated in Figure 16 for the highest (140 °C)
and lowest (110 °C) transient studies. The origin of this
discrepancy is unclear; it may, however, indicate the
appearance of additional relaxation modes due to the
time-dependent heterogeneity in the local microenvi-
ronment. Experimental deviations from the mono-
exponential behavior theoretically predicted for {cos 6)
have been previously reported by Meyrueix et al. on
other chromophore-functionalized polymers.56.:67

Kinetic Analysis of Experimental Field-Free
Decay of d3;. The validity of the theoretically predicted
field-free d3; relaxation function (eq 29) was examined
using SHG decay data collected on corona-poled 36% (S)-
NPP-PHS films. At all temperatures examined, the
experimental data could not be convincingly fit to eq
29, the generalized 3-D decay function. The data,
however, could be fit to the functional form derived from
the 2-D model (eq 15), as demonstrated in Figure 17.
The temperature dependences of W; and W3 are pre-
sented in Table 7, and for all temperatures studied, Wy
exceeds W3, in qualitative agreement with theoretical
expectations (Table 8).
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Table 7. Summary of Fit Parameters Obtained for ds;
Relaxation Dynamics of 36% Functionalized
(S)-NPP-PHS Collected at Various Temperatures®

temp 103Dy goodness
(°C) Ws Wi (rad?/min) of fit
110 0.26(0.04) 0.71(0.02) 1.10(0.06) 0.974
120 0.42(0.04) 0.57(0.03) 1.30(0.06) 0.991
128 0.31(0.05) 0.62(0.02) 1.70(0.13) 0.970
140 0.34(0.05) 0.53(0.03) 1.97(0.2) 0.962

a Parahleter obtained by fitting data (Figure 17) to eq 15.

Table 8. Theoretically Predicted Changes in the
Pre-Exponential Coefficients As Determined by
Computer-Simulated Electric Field Poling Using the
Two-Dimensional Rotational Diffusion Model

temp field strength, diffusion coeff,

°C) E, (V/m) Dg, (rad?/s) We W”se

130 2.5 x 107 1.5 x 1075 1.00 -4.58 x 10™*
130 2.5 x 108 1.5 x 1078 1.00 -0.004

50 2.5 x 108 1.5 x 1078 1.07 -0.072

¢ Coefficients calculated by insertion of appropriate probability
coefficients into eqs 14 and 15. The f1(0) and f3(0) values used
were those theoretically determined immediately prior to field
cessation.

Conclusions

Theoretical modeling and computer simulations of the
time-varying dynamics of an NLO chromophore dipole
interacting with an externally applied electric poling
field have been performed using the Smoluchowski
equation. The dynamic 2-D rotational diffusion model
predicts that the field-on equilibrium ratio of the two
second-harmonic coefficients, dzs/da; (R), will be 6.0. The
corresponding 3-D model predicts an R value of 3.0, in
agreement with that obtained using a static statistical—
mechanical model. Comparison of the computer-simu-
lated transients of the second-harmonic coefficients
using the 2- and 3-D models indicates that the growth
and decay dynamics should proceed more slowly in two-
dimensional space than in three, as might be expected
by simple geometric considerations. After electric field
removal, both 2-D and 3-D models predict mono-
exponential {cos 6) decay and bi-exponential ds3 and d3;
decay. In both models, the field-on dynamics of chro-
mophore alignment are not conveniently predicted
analytically. Approximations predict that at low field
strengths, dss signal growth is single exponential, and
with increasing field strength, the behavior is complex,
being more accurately characterized as bi-exponential.

The analytic functions derived by employing the
rotational diffusion model have been applied to experi-
mental SHG transients obtained on the prototypical
side-chain chromophore-functionalized polymer (S)-
NPP-PHS. Specifically, at the above Ty, the rotational
reorientation (field-off SHG) dynamics of the dss coef-
ficient are well described by the bi-exponential function
predicted by the 3-D model. Conformance to a bi-
exponential function might at first be argued to indicate
that at these temperatures, the free volume about the
chromophoric probe may be viewed as having a bimodal
distribution, i.e., liquid-like regions of high rotational
mobility and solidlike regions of low mobility. No such
assumption is needed, however, since the rotational
diffusion model, itself, predicts a bi-exponential. Below
Ty, the d3s relaxation dynamics no longer obey a simple
Smoluchowski equation, as indicated by the increasingly
poor fits to the predicted bi-exponential function for the
3-D model. Thus, in the glassy state (sub-T}), a relax-
ation mechanism of greater complexity must be invoked,
leading to more accurate modeling of the dynamics by
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the KWW function. Comparison of the curve fits of the
decay/growth dynamics using both the rotational diffu-
sion framework and the empirical KWW function dem-
onstrates that the phenomenological KWW model yields
descriptions of comparable accuracy, with the KWW
parameter providing an indicator of the deviation from
first-order kinetic behavior. The increasing heterogene-
ity of the chromophore microenvironment (the polymer
matrix) is not the only contribution to the breakdown
of the rotational diffusion controlled dynamics. Con-
sideration must also be given to specific interactions
both of the NLO-phore dipole with the matrix and
between the NLO-phores themselves.

The temperature dependence of dipolar relaxation
above T, is not Arrhenius-like; however, it can be
modeled well using the Williams—Landel—Ferry equa-
tion. The temperature-dependent activation enthalpy
is suggested to be correlated with phenyl ring movement
coupled to main chain motion. Below Ty, the temper-
ature dependence of the time constants associated with
the reorientation process was found to be Arrhenius-
like. The kinetic parameters obtained are suggested to
be correlated with rotational and librational motions of
the chromophore.

The rotational reorientational (field-off, SHG decay)
kinetics of the d3; second-harmonic coefficient and first
moment of cos 8 were also studied. The d3; dynamics
could be modeled fairly accurately using the theoretical
expression predicted by a 2-D model, whereas {cos 6)
could not be modeled using the bi-exponential functional
forms derived from either model. The orientation (field-
on, SHG growth) kinetics for d33 were also investigated
and accurately approximated using theoretical expres-
sions derived from a 3-D model. The activation energy
derived for glassy state polarization was found to be
indistinguishable from that found for depolarization.
The more heavily functionalized (36%) polymer relaxes
more rapidly, perhaps due to plasticizing by the side
chains, since T for 36% (S)-NPP-PHS polymer is lower
than for the 12% (S)-NPP-PHS; the more rapid relax-
ation is in accord with expectations based on the WLF
equation.

Unlike the majority of available spectroscopic meth-
ods which provide information solely on the second-
order Legendre polynomial, Py(cos 6) (e.g., NMR, Kerr
effect), SHG can provide information simultaneously on
both the first- and third-order Legendre polynomials,
P;(cos 8) and Ps(cos 6). It is apparent, however, from
this work that the interpretation of relaxation spectro-
scopic results from SHG techniques is, at this stage,
substantially more complex than suggested by a simple
Smoluchowski equation. Further development of ap-
propriate models for viscoelastic relaxations monitored
by SHG techniques is still in its infancy, requiring
additional work to fully explore its potential as a
relaxation spectroscopy. Although the present study
focused on the time evolution of the SHG response and
its constituent moments, the models and the modifica-
tions thereof are suitable for extension to other second-
order effects (i.e., electro-optic effect) or to the study of
birefringence (Kerr effect). From a technological view-
point, it is desirable to stabilize the orientation achieved
in poled polymers for very long times, even during high-
temperature excursions.34%® Methods implemented
include functionalization, cross-linking, and physical
aging.3488 In the context of our treatment here, these
all have the effect of substantially reducing the rota-
tional diffusion coefficients, and thereby reducing the
decay of ds3 and d3;.
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The rotational diffusion model used here, with no
polymer-based potentials or interchromophore interac-
tions, is clearly oversimplified. It cannot deal with
situations (such as host—guest systems) in which trans-
lational diffusion (which is likely of minor importance
hereb®) occurs and clearly will fail for short times or for
temperatures substantially below T, where barriers
become important.

For viscoelastic materials like the polymers examined
here, one expects a spectrum of local relaxation times.
It is then reasonable to expect that the description of
relaxation of a dipolar probe chromophore will also show
a form of hierarchical behavior, with each time scale
characterized by a viscous drag arising from motion on
faster time scales, and by an elastic potential term due
to relaxation on slower relaxation time scales. Analysis
of such a model® reveals that the relaxation is expected
to be single exponential at short times and again at very
long times, but of KWW (stretched exponential) type at
intermediate times. This is substantially different from
the results of the simple rotational diffusion models
presented here, which yield multiple exponential decay.
While the actual fitting to a KWW or bi-exponential
form can often be comparably accurate, the physics of
the relaxation process will vary substantially, since the
former corresponds to a distribution of relaxation times
and a memory kernel form for the local friction, while
the latter results from a simple rotational diffusion
(Smoluchowski) picture. Measurements of relaxation
at very short times should be useful in trying to
distinguish these behaviors. Analysis of measured dss
and ds; response with that sort of relaxation model has
yet to be completed.
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Appendix A

An analytic solution to the 2-D rotational diffusion
problem (eq 6) can be found by expanding A6,t) in a
Fourier series,

RO,6) =D f,, () ¥ (A1)

Substituting eqs 3 and Al into eq 6 and using known
trigonometric identities gives

df,, (&) .
2——&-t—e(’m0) = me(t) —Dym?%e™® +
IM Gm+1)8) _ DR‘uEme(i(m—ne)]
2RT 2T
[+DRﬂEe(i(m+1)6) + DRuEe(i(m—l)Q)] (Az)
2kT 2T

The time-dependent probability coefficients, f,,(¢), are
obtained by multiplying both sides of eq A2 by e=?
and imposing the orthogonality condition3435
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j;zne"(’"'m')e dé = 270,

wherem = ..., —2,-1,0, 1,2, ... (A3)
to yield the following recurrence relationship

df,(t) DmuE | , Dyl |
gt = 2R " w1 ® = Doy ~ g s ®
(A4)

Thus, f,, is coupled to both f—1 and to fn+1.

Once the differential equation for the time-dependent
coefficients (eq A4) is solved, the temporal behavior of
the second-harmonic coefficients, dss and ds;, may be
determined through calculation of the polar order
parameters, {cos3 8) and /z[{cos 6) — (cos® 6)]. In two-
dimensions, the averages become

[0, 2(6) d6

@(O))gp = - (A5)
""6,¢) d6

where z(0) is cos 6 or cos® 6. Substitution of the
expression for the time-dependent probabilities of 8, eq
Al, into eq A5 and application of the orthogonality
condition (A3) gives

+
(cos O)yp = f;12f_f1 (A6)
0
o+ 3f_,+3f, +
(cos® B)yp _fatd gf it fs (AT)
0

Appendix B

The appropriate eigenfunctions for a three-dimen-
sional system of axial symmetry are the Legendre
polynomials. By substituting both Legendre’s equation
expressed in terms of differentiation with respect to 6
(eq B1),46

0P (cos 6)
si111 6 B%(Sin 0 mao ) = —m(m + 1)P(cos 6)
(B

and the expression for the time-dependent probability
of 6,

R6,6) Y f(t) P,,(cos 6) (B2)

back into the rotational diffusion equation, the following
expression is obtained:

Xfm(t)[—m(m + 1P, (cos ) +

aP,(cos 0)

+ 2 cos 6 P, (cos 0))] (B3)
3 cos 0

';:—g’:((cos2 6-1)

Re-expressing the first derivative of a Legendre poly-
nomial as,*’

dP,,(cos 6) —m cos 6 P, (cos 6) + mP,,_,(cos 6)
deos 6 1 - cos? 6

(B4)

multiplying both sides by P {cos 6), and applying the
orthogonality condition,*8
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mm’

1
_Pm(cos 6)P,,(cos 6) d cos 6 = 1
wherem =0,1, 2,3, ... (B5)

results in a diffusion equation of the following form:

— =-m/(m’ + 1)}——A¢),, —
Dy dt 2m’'+1 2m’+1ﬂ "
uE2(m’ + 1) )
) +
WT2m +30 e

E
:—T(m’ + 2)§ﬂt)m« [.P.PP, dcos 6 (B6)

The solution to the remaining integral over the triple
product of Legendre polynomials can be evaluated
through the use of 3-j symbols.*® From this, the
following recursion formula may be derived, from which
the time-dependent coefficients, f,(¢), are found,

dfm/(t)_5DRyE(m'+1) o -
@& = kT \am g/l

., 2DguE(m’(m’ + 1)
Dym’(m’ + 1)f,,(¢) + BT \ o =1

)fm'_l(t) (BN

Once the differential equation for the time-dependent
coefficients (eq B7) is solved, the temporal behavior of
the pertinent second-harmonic coefficients, dss and ds;,
may be determined through the orientational order
parameters {cos® 6) and Ys[{cos 8) — {cos® 8)]. The first
and third moments of cos 6 can be found by employing
an average analogous to that introduced in eq A5

[ £6,6)2(8) d cos 6
(@@)3p) = (B8)
J-f6,5) d cos 6

where z(8) is either cos® 8 or cos 8. The third moment,
{cos? 6), can be found by substitution of the rearranged
third-order Legendre polynomial, Ps(cos 6),
_ 2P4(cos ) + 3P, (cos 6)
- 5

cos® 6 (B9)

and the expression for the time-dependent probabilities
of 6, eq B2, into eq B8. After application of the
orthogonality relationship, eq B5, the third moment can
be written in terms of the calculated probabilities,

2+ 7h

{cos® 6) = 357

(B10)

By using a similar procedure, {cos 8) can be written in
the following form

{cos 8) = 3% (B11)
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