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ABSTRACT: Relaxation processes in nonlinear optical modified polyimide polymers with side-chain azo
chromophores having glass transition temperatures in the range of 140 < Tg < 170 °C have been studied.
The relaxational mechanisms of the side-chain chromophores in these polymers have been investigated
above and below the glass transition by second-harmonic decay, dielectric relaxation, and differential
scanning calorimetry measurements. The nonexponential relaxation in both the time and frequency
domains was modeled by the Kohlrausch-Williams-Watts (KWW) function. The nonlinear relaxational
behavior of these polymers can be modeled in terms of the Tool-Narayanaswamy description of glassy
state behavior. It allows for the nonlinear extension of the liquid equilibrium state behavior into and
below the glass transition region with an accurate prediction of the relaxation times over more than 15
orders of magnitude in time. Time-temperature scaling of the relaxation times with (Tg - T)/T as the
relevant scaling parameter is observed below the glass transition.

I. Introduction

Understanding relaxational processes in nonlinear
optical (NLO) polymeric materials is of critical impor-
tance in order to evaluate the long-term stability of
poled polymers that are in development for potential
electro-optic applications. Although the possibility of
using poled polymers for nonlinear optical and electro-
optic (EO) applications was proposed some time ago,1,2
the actual usefulness of these materials has remained
questionable due to stability problems of the poling-
induced order of the NLO chromophores within these
polymers. Previous work has demonstrated, however,
that the basic concepts in developing poled polymers as
NLO materials are well understood. The procedures
employed in creating these oriented polymers are es-
sentially as follows: an NLO-active chromophore is first
incorporated into a polymer matrix (guest-host, side-
chain, main-chain, and network matrices are typical
examples). Heating the system at high temperature
under an applied electric field results in the formation
of an NLO-active medium due to the coupling of the
polar chromophores to the electric field and the in-
creased mobility of the liquid-like high-temperature
phase of the polymer matrix. Cooling in the presence
of the applied electric field gives a quasi-stable oriented
system due to the formation of a polymer glass at lower
temperatures. In general, amorphous polymers are
preferred due to their superior optical properties. It is
also preferable that the precursor polymer used for the
NLO matrix has only primary or R-relaxation processes

associated with the primary glass transition phenomena
in order to minimize relaxation at low temperatures.
An essential requirement for stabilizing polymeric

NLO materials is the formation of a glassy state at
relatively high temperatures. Amorphous polymers,
among other glasses, typically show evidence of a phase
transition from a liquid-like to a glassy state when
cooled from high temperatures. The temperature at
which this transition occurs, known as the glass transi-
tion, Tg, is recognized to be primarily a kinetic phenom-
enon, whether or not it is valid to classify it as a true
phase transition.3 The physical origin of the glass
transition is primarily associated with the cooperative
motions of large-scale molecular segments of the poly-
mer. The actual experimental observance of a glass
transition, however, is most easily probed by measuring
enthalpic changes in the polymer as a function of
temperature via differential scanning calorimetry (DSC).
Several phenomenological theories describe the primary
aspects of the glass transition, at least as they are
experimentally observed.
We make use of a variation of one of these phenom-

enological theories in an attempt to gain a better
understanding of the temperature dependence of relax-
ational processes in NLO polymers. An algorithm has
been developed that allows us to model most of the
observed thermal responses of glassy polymers as they
are probed by DSC measurements. The model then
enables us to calculate relaxation times as a function
of both temperature and processing conditions (cooling
rates, annealing times and temperatures, etc.). We
have also made corresponding relaxational measure-
ments of the side-chain chromophores above Tg by
dielectric relaxation and below Tg by decay of the second
harmonic intensity produced from poled polymer films.
The combination of these measurements gives insight
into the nature of relaxation processes in NLO polymers
and allows us to make a definitive assessment of
comparative chromophore stability in a variety of NLO
polymer matrices.
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II. Nonlinear Optical Polyimide Side-Chain
Polymers
The chemical structures of the polymers studied in

this work are shown in Figure 1. The alkylamino-
functionalized NLO azo chromophores, with the various
substitution patterns shown in Table 1, were attached
via a two- or three-carbon spacer linkage to an alternat-
ing styrene-maleic-anhydride copolymer as reported
elsewhere.4 The three polymers denoted by A-095.11,
A-097.07, and A-148.02 with the chromophores indi-
cated in Table 1 were chosen for the relaxation mea-
surements described in this work. In a previous com-
munication, we have reported measurements charac-
terizing the linear and nonlinear optical properties of
these polymers.5 In this work, we concentrate on
characterizing the relaxational mechanisms in these
NLO side-chain polymers.

III. Theoretical Discussion
When a liquid is subjected to a sudden change in

temperature T, its physical properties such as volume
V, viscosity η, or enthalpyH undergo an instantaneous,
solid-like change followed by a slower, liquid-like re-
laxation to new equilibrium values at the new temper-
ature. Remarkably, all classes of liquids (e.g. ionic,
molecular, and polymeric) show the same qualitative
behavior. It is generally presumed that this structural
relaxation involves some change in the average molec-
ular configuration of the liquid. The time ∆t′ required
for the relaxation increases rapidly with decreasing
temperature. The liquid is said to enter the glass
transition region when its time scale ∆t′ and the time
scale ∆t of an observer are of the same order of
magnitude. Above the glass transition region (∆t′ , ∆t),
the structure rearranges promptly in response to changes
in T, and measured properties are said to be those of
an equilibrium liquid. Below the glass transition region
(∆t′ . ∆t), structural rearrangements are kinetically
arrested. They do not contribute to changes in mea-

sured properties in response to changes in temperature,
and the material is referred to as a glass.
Relaxation processes to the equilibrium state in

polymeric and other glassy materials are known to be
highly nonlinear and nonexponential:6 nonlinear in the
sense that the rate of relaxation depends on the
magnitude and direction of the temperature jump, and
nonexponential because the relaxation function cannot
accurately be described by a single exponential decay
function.
(a) Modeling Structural Relaxation in Poly-

meric Glasses. A variety of theoretical expressions
exist that describe the temperature dependence of
relaxation processes in polymeric materials time based
on free volume, entropy or other phenomenological
expressions.3,7,8 In general, these phenomenological
models do not provide a method of ab initio calculation
of glassy-state behavior and properties, but they are able
to provide a good representation of volumetric and
enthalpic relaxation and recovery processes. A common
feature of all of these expressions is a partitioning of
the relaxation time into an Arrhenius temperature
dependent part and a term describing the temperature
dependence of the structural, or configurational relax-
ation of the polymer molecules. The structural relax-
ation time of polymeric liquids, as interpreted by Di
Marzio and Gibbs,9 involves the cooperative rearrange-
ment of a number of molecular segments of the polymer
molecule. Adam and Gibbs10 subsequently obtained an
expression for the structural relaxation time in terms
of the configurational entropy Sc of the relaxing molec-
ular segments which can be written as

where E ) ∆µS*c is an activation energy, k is Boltz-
mann’s constant, and T is the temperature. The po-
tential barrier for a rearrangement is given by ∆µ, and
S*c is the corresponding configurational entropy of the
smallest group of molecules that undergo a rearrange-
ment. Sc is the configurational entropy of the glass due
to the kinetic formation of a nonequilibrium state.
Scherer11 has presented arguments that it can be
calculated from

where ∆Cp ) Cpe - Cpg is the isobaric heat capacity
difference of the liquid equilibrium and the glassy
states, respectively. We assume that the temperature
T2 in this formulation is equivalent to the “Kauzmann
temperature”,12 TK, which is described by Sc ) 0.
Within the concept of a fictive temperature, originally
proposed by Tool,13 Tf is defined as the temperature at
which the observed enthalpy would attain an equilib-
rium value. In terms of enthalpic parameters, it can
be defined as

or equivalently,

where He(Tf) is the equilibrium value of the enthalpy
at the fictive temperature Tf. In terms of eqs 3.3 and

Figure 1. Chemical structures of the nonlinear optical side-
chain polyimide polymers studied in this work.

Table 1. Nomenclature and Azo Dye Substitution
Patterns for the Three Polymers Discussed in This Paper

polymer n R1 R2

A-095.11 3 CH3 H
A-097.07 3 CH3 Cl
A-148.02 2 H H

τ ) A exp( E
kTSc

) (3.1)

Sc ) ∫T2Tf
∆Cp

T
dT (3.2)

Tf ) T +
H - He

∆Cp
(3.3)

H(T) ) He(Tf) - ∫TTfCpg dT′ (3.4)
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3.4, the fictive temperature describes the relaxational
part of the enthalpy expressed in temperature units. It
allows for the introduction of nonlinearity in the de-
scription of structural relaxations. Differentiation of eq
3.4 shows that the isobaric temperature coefficient of
Tf at temperature T,

is the relaxational part of the heat capacity normalized
to zero for the glassy state and to unity for the
equilibrium liquid. On the right-hand side of eq 3.5, it
is assumed that ∆Cp(Tf) ≈ ∆Cp(T), which is a good
approximation in the transition region.7
Narayanaswamy14 has given an explicit procedure,

which will be denoted the TN (Tool-Narayanaswamy)
analysis, for the quantitative calculation of the fictive
temperature based on an assumption of thermorheo-
logical simplicity. Further details for incorporating
nonexponentiality in this procedure have been provided
by Moynihan et al.,15,16 by making use of the KWW
function (see below; this function provides a convenient
description of relaxation processes, but not one that is
necessary from theoretical considerations) in describing
the enthalpic relaxation and recovery process. Using
this procedure, the value of Tf can be calculated from
the previous thermal history by using the following
expression:

where q ) dT/dt is the heating/cooling rate and T0 is
an arbitrary reference temperature above the glass
transition temperature.
The calculation of the relaxation time τ can be

achieved with the use of eqs 3.1 and 3.2. Assuming that
∆Cp is inversely proportional to the temperature, Hodge
has shown that the following expression can be derived
for the relaxation time associated with the cooperative
chain rearrangements:17,18

where BR is an activation energy with R the gas
constant, T is the temperature, and A is a time param-
eter. The assumption that the heat capacity is hyper-
bolic is not essential for the description of glass tran-
sition behavior, but it does greatly facilitate the
interpretation of the parameters A, B, and T2 in terms
of other phenomenological theories as will be further
discussed below. Several other functional relationships
of the relaxation time τ have also been considered,17-20

but the results have usually been found to be inferior
to those obtained with the use of eq 3.7.
(b) Relaxation Functions. A useful functional

representation for describing a variety of nonexponen-
tial relaxational mechanisms in polymers in the time
domain is the stretched exponential or Kohlrausch-
Williams-Watts21,22 (KWW) function, which can be
written as

with 0 < b e 1. More generally, a nonexponential
relaxation function φ(t) can conveniently be considered
as arising from a superposition of exponential relaxation
functions (see, e.g., Beckmann23 for a discussion of other

commonly used relaxation functions). The continuous
distribution of relaxation times F(s) is sometimes ap-
proximated by a discrete distribution of single-exponen-
tial functions described by weighting factors gi as

where normalization requires the integral over F(s) or
the sum over gi to be equal to one. As relaxation usually
proceeds over many time scales, the distribution is more
typically described in terms of the logarithmic relaxation
spectrum G(µ) with µ ) s/τ. For the case of the KWW
function, the distribution of relaxation times G(µ) can
be written as24

which has the series representation of 24,25

where Γ is the Gamma function. The normalized
distribution of relaxation times for the KWW function
with b ) 0.5 and 0.25 are shown in Figure 2. For
comparison, the distribution weights gi obtained by
Moynihan et al.26 by optimizing a series expansion of
discrete exponentials fitted to the KWW function as
described by eq 3.9 are also indicated in the figure. In
contrast to previous work, we do not find it necessary
or advantageous to use a discrete distribution of expo-
nential functions to approximate the KWW function for
modeling either enthalpic20,27-30 (DSC) or dielectric
relaxation processes.31-34

(c) Adam-Gibbs Parameter Correlations.
Hodge19 has noted that correlations exist between the
Adam-Gibbs DSC parameters A, B, and T2 used in eq
3.7 but indicated that theoretical developments of the
prefactor A were not well developed. Using an algo-
rithm based on eqs 3.5-3.7, we investigated the nature
of the correlation between these three parameters. For
the purpose of determining the glass transition tem-

dTf

dT
)

Cp(T) - Cpg(T)

Cpe(Tf) - Cpg(Tf)
≈ Cp(T) - Cpg(T)

Cpe(T) - Cpg(T)
(3.5)

Tf ) T0 + ∫T0TdT′ {1 - exp[-(∫T′

TdT′′
qτ )b]} (3.6)

τ ) A exp( B
T(1 - T2/Tf)) (3.7)

φ(t) ) exp[-(t/τ)b] (3.8)

Figure 2. Normalized logarithmic distribution G(µ) of relax-
ation times of the Kohlrausch-Williams-Watts (KWW) func-
tion. If there was a single relaxation time, we would have a
δ-function for µ ) s/τ ) 1. The points are from Moynihan et
al.26

φ(t) ) ∫0∞ρ(s) exp[-(t/s)] ds ≈∑
i)1

n

gi exp[-(t/si)] (3.9)

G(µ) ) sρ(s) ) - 1
π∫0∞exp(-x) exp[-(xµ)b

cos (πb)] sin[(xµ)b sin(πb)] dx (3.10)

G(µ) ) -
1

π
∑
n)0

∞

(-µb)n
Γ(bn+1)

Γ(n+1)
sin(nbπ) (3.11)
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perature, it is not necessary to consider the nonexpo-
nential parameter b. Calculations indicate that this
parameter has a negligible effect on the glass transition
temperature. The effect of b is primarily manifested
in the nature of the thermal hysteresis observed on the
heating portion of the DSC cycle. The other three
parameters A, B, and T2 were determined to be coupled
together by some relation, given a specific polymer with
a glass transition temperature Tg. Holding A and b
constant, the value of T2 was determined as a function
of B from the DSC analysis of A-095.11 and A-148.02
as shown in Figure 3. See the discussion in section IVa
and Figures 5, 10, and 11 for the data evaluation of DSC
traces.
These results indicate that a linear relation exists

between T2 and B with an intercept very close to the
corresponding value of Tg:

The functional form f(A) becomes more obvious in a plot
of A as a function of B (holding this time T2 and b
constant during the evaluation) as indicated in Figure
4a. Figure 4b shows corresponding DSC traces. These
results show that B and ln(A) are also linearly coupled
with a slope of -1/(Tg - T2) and an intercept τg, which
corresponds to the relaxation time at Tg. Combining
these observations with eq 3.12 yields the following
functional form for f(A):

Combining the results of Figures 3 and 4a,b and eq 3.13
indicates that the following ratio, RAG, of the Adam-
Gibbs DSC parameters should be nearly constant for
all glasses if τg is assumed to be indicative of the glass
transition:

Alternatively, making use of the relaxation time, τg, the
preexponential factor A in eq 3.7 can be replaced by the
expression

Gómez Ribelles et al.35 have used an equivalent form
of this relation by defining a reference temperature Tref
such that τref ) 1 s. The identification of Tref with Tg
and τref with τg, however, allows us to make a useful
comparison of the TN formalism with the well-known
Williams-Landel-Ferry (WLF) theory as will be fur-
ther discussed below.
The results obtained from the current and previously

analyzed DSC data are collected in Table 2.7 We find
the ratio RAG to be slightly less than one for very
different types of glasses. We have reanalyzed the DSC
data of NBS 710,11 B2O3,20,36 and ZBLA20,36 glasses, as
the parameters published for these glasses give relax-
ation times τg (calculated via eq 3.15) that differ
substantially from the others. Our results for these
glasses give relaxation times τg at the glass transition
of approximately 10-100 s, in agreement with the other
glasses.
(d) Tool-Narayanaswamy (TN)/Williams-Lan-

del-Ferry (WLF) Relations and Limiting Time-
Temperature Behavior. The relaxation time at any
temperature can be normalized with respect to the
relaxation time at the glass transition temperature,

Figure 3. DSC parameters T2 vs B of the polyimide side chain
polymer A-148.02. Each point represents a parameter set
where B was determined from a least squares fit to the
measured data (see Figure 10) with fixed parameters A and b
as indicated in the inset and also fixed T2 value as given on
the ordinate. Note that the intercepts are very close to the
glass transition temperature.

T2 ≈ Tg + f(A)B (3.12)

1/f(A) ) ln(A/τg) ) - B
Tg - T2

(3.13)

RAG ≡
-ln A (Tg - T2)

B
(3.14)

Figure 4. (a) DSC parameters A vs B of all the polyimide
side-chain polymers in a semilogarithmic plot. The evaluation
procedure is similar to the description in Figure 3: parameters
T2 ()150 K) and b held fixed and A fixed as given on the
ordinate during the determination of B. The slope is calculated
to be very close to -1/(Tg - T2). (b) DSC traces for the
polyimide side-chain polymer A-148.02 as a function of the
time factor Awith T2 ()150 K) and b ()0.52) fixed (see Figures
5, 10, and 11 for the data evaluation). Each curve has a
corresponding point in (a).

A ) τg exp( -B
Tg - T2

) (3.15)
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Rτ
g ) τ/τg. Combining this with eq 3.15 for the prefac-

tor A and with eq 3.7 gives the following expression for
the normalized relaxation time ratio Rτ

g:

Equation 3.16 provides a theoretical basis for discuss-
ing limiting relaxation behavior both above and below
Tg.
Above the glass transition temperature, Tf ≈ T, since

the structure is in thermodynamic equilibrium, and the
preceding expression reduces to the functional form of
the Fulcher-Tammann-Hesse (FTH) equation,

At T ) Tg the right side of eq 3.17 equals 1 and one is
indeed led to associate τg with the relaxation time at
the glass transition temperature. Equation 3.17 is also
easily related to the WLF equation, which is usually
written as6,37

where B of the FTH equation is related to the WLF
parameters by B ) 2.303C1

gC2
g. The temperature T2

can be written as T2 ) Tg - C2
g, with C2

g ≈ 50 °C if
“universal” relaxational behavior (in the WLF sense) is
assumed. More realistically, however, universal behav-
ior is not valid and values of C2

g from mechanical and
dielectric measurements of glassy polymers above Tg
vary over a considerable range from about 40 to 100 °C.6
Using the WLF parameters, the previously defined
Adam-Gibbs ratio (eq 3.14), RAG, can be written as

Taking values for τg and C1
g of 10-100 s and 17,

respectively, a ratio of RAG ) 0.88-0.94 is obtained,
which is the range of RAG for most of the glasses in Table
2.
It should be noted that there is no a priori reason for

the TN or WLF parameters to have the same values
when they are determined from different measurement
procedures; e.g., the fictive temperatures describing
enthalpic, volumetric, dielectric, mechanical, or other
relaxation processes are most likely different.15,16 How-
ever, it is commonly found that relaxation processes
near the glass transition temperature scale similarly
and therefore they are usually observed to have the
same functional relationships.
Below the glass transition Tf reaches a final limiting

value in simple cooling processes, i.e., without sub-Tg
annealing. This final Tf′ may be defined38,39 to be the
glass transition temperature; however, in practice it is
more convenient to define Tg by some experimentally
determined procedure, e.g., the midpoint definition of
Cp
N ) 0.5. For the case of simple cooling processes,

however, the exact procedure of determining Tg is of
little consequence as the results are all within a few
degrees of each other; see section VIb. Assuming the
final fictive temperature to be Tg, we obtain the follow-
ing temperature dependence below Tg of the normalized
relaxation time ratio:

This result indicates that the primary or R-relaxation
processes should have an Arrhenius temperature de-
pendence below the glass transition. In addition, from
the “universality” of the WLF parameter C1

g, one might
expect normalized relaxation time ratios to scale with
the scaling parameter (Tg - T)/T, at least in the same
class of glass-forming liquids (e.g., polymers).
(e) Dielectric Relaxation. The measurement of the

frequency dependence of the dielectric constant gives
useful information on the relaxation of electric dipole
moments in a polarizable medium, which are perturbed
from their equilibrium configuration by an (oscillating)
external electric field. The dielectric relaxation depends

Table 2. Adam-Gibbs Parameters and Ratio RAG for Previously Analyzed DSC Data Together with Best Fit Values for
Our Polymers from Figure 4a

material -ln(A/s) B (103 K) T2 (K) Tg (K) b τg (s) RAG refa

A-095.11 108.7 29.3 150 410 0.44 54 0.96 TW
A-097.07 153.6 43.1 150 422 0.29 128 0.97 TW
A-148.02 95.42 29.2 150 444 0.52 42 0.97 TW

PVAc 66.60 6.23 225 313 0.55 66 0.94 19
PVC 59.74 2.61 320 361 0.28 51 0.94 19
PS 100.3 17.1 210 373 0.74 100 0.96 19
PS 63.5 7.63 260 373 0.54 56 0.94 19
PMMA 55.45 3.43 325 382 0.34 110 0.92 19
PC 70.30 7.03 325 420 0.54 40 0.95 19
glycerol 34.20 2.18 134 193 0.51 16 0.93 20
glycerol 43.41 3.37 120 193 0.51 16 0.94 20

NBS 710 32.83 8.06 494 845 0.63 5.2 × 10-5 1.43 11
NBS 710 19.11 6.62 554 845 0.68 38 0.84 TW
NBS 711 34.95 18.9 248 730 0.67 71 0.89 36
B2O3 25.68 11.6 286 564 0.65 9.3 × 106 0.61 20, 36
B2O3 35.74 11.2 285 564 0.70 82 0.89 TW
P2O5 23.69 13.0 150 605 0.77 130 0.83 58
Pb(PO3)2 69.20 18.7 350 603 0.64 110 0.93 58
ZBLA 61.38 12.5 425 587 0.46 7.1 × 106 0.80 20, 36
ZBLA 59.45 10.3 425 587 0.54 52 0.94 TW
a TW ) this work.

Rτ
g ) τ

τg
) exp(- B

Tg - T2
+ B
T(1 - T2/Tf)) (3.16)

Rτ
g ) exp(- B

Tg - T2
+ B
T - T2

) (3.17)

log Rτ
g ) -

C1
g(T - Tg)

C2
g + (T - Tg)

) - C1
g +

C1
gC2

g

T - T2
(3.18)

RAG ) 1 -
log τg
C1
g

(3.19)

Rτ
g ≈ exp( B

Tg - T2

Tg - T
T ) )

exp(2.303C1
gTg - T

T ) (3.20)
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on 〈cos θ〉, the orientational average of the cosine of the
angle between the dipole moment of the molecule and
the direction of the electric field, which is related to the
dipole moment correlation function for the orientational
motion of dipoles.40-42 The normalized relaxation func-
tion φ(t) describing the correlation of the retarded decay
of these dipole moments is in turn related to the
frequency-dependent complex dielectric constant ε*(ω)
) ε′(ω) - iε′′(ω) of the material by43

where ε(∞) is the high-frequency limit and ε(0) is the
dc dielectric constant. Assuming that the relaxation
φ(t) can be described by the KWW function (eq 3.8) and
inserting this into eq 3.21 gives

with z ) ωτ and u ) t/τ. Integrating by parts, this
becomes

where Q(z) and V(z) are the standard integrals:

Series expansion of these integrals was first consid-
ered by Cauchy44 with later important contributions by
Wintner.45 Subsequently, they have been discussed
and/or rederived by others.31-33,46-49 Two series expan-
sions are needed for high and low frequencies due to
the slow rate of convergence or possible divergence for
different values of b. We use the expressions given by
Williams et al.:46

and

These two series expressions have different regions of
convergence for different values of b. In order to achieve
a fast rate of convergence for arbitrary values of b with
0.05 < b < 0.95, eqs 3.26 are used if log z > -P(b), where
P(b) is determined empirically from

otherwise eqs 3.27 are used.
(f) Analysis of the Decay of the SHG Intensity.

Second-order nonlinear optical effects in NLO polymers
require molecules with nonvanishing second-order mi-
croscopic polarizabilities and a macroscopic polar order.
An external electric field provides the alignment of the
chromophores by coupling to their dipole moments.
This poling procedure imposes an ∞mm point group
symmetry on the polymer. The susceptibility tensor for
second harmonic generation, d(-2ω;ω,ω), has only three
independent elements for the ∞mm point group. If the
Kleinman symmetry conditions are satisfied for SHG
measurements sufficiently removed from optical reso-
nance, the number of susceptibility tensor elements
reduces to just two, d33 and d31. One of them, d31, is
best suited for decay studies in such polymers, as it can
be obtained directly from the experimental SHG mea-
surements without the need of additional assumptions
or measurements.5
For many molecules with strong optical nonlinearities

along a single charge transfer axis z (donor-acceptor
groups at the end of π-electron systems as in the azo
chromophores used in this work), it is usually appropri-
ate to assume that the component âzzz of the hyperpo-
larizability tensor along this axis is large enough to
describe the nonlinear optical properties in a first
approximation. The relation between the macroscopic
value of the second-order nonlinearity and the micro-
scopic hyperpolarizability can then be written as:50

where the notation is the same as in section IIIe.
For moderate poling fields (Ep e 200 V/µm), one can

write

where N is the number density of dye molecules, µ*g,z is
the ground-state dipole moment along the z-axis, and k
is the Boltzmann constant. The asterisk refers to local
field corrected values due to the influence of neighboring
molecules.
The time dependence of the SHG decay due to

orientational relaxation (“or”) of the NLO chromophores
was found to be highly nonexponential and was in
general well represented by a KWW function of the form

as was used previously to describe enthalpic (DSC) and
dielectric relaxation processes.
(g) Comparison of Orientational Relaxation

Times. In order to compare orientational relaxation
times from different measurement techniques, relax-
ation functions such as eqs 3.21 and 3.31 should point
to the same underlying decay mechanism. As men-
tioned above, dielectric relaxations depend on 〈cos θ〉.
This seems at first to be in conflict with eq 3.29. In a
study of transient properties of poled polymer films,
Wu51 indicated that the two terms in eq 3.29 exhibit a
temporal decay with two characteristic time constants,
the faster (by a factor of 6) associated with the decay of
〈cos3 θ〉. In addition, the amplitude for the fast decay
is much smaller than that describing the 〈cos θ〉 decay.

P(b) ) 5.9198 - 25.492b + 160.41b2 - 563.45b3 +
940.22b4 - 740.99b5 + 223.55b6 (3.28)

d31 ) 1
2
Nâ*zzz

1
2
(〈cos θ〉 - 〈cos3 θ〉) (3.29)

d31 ≈ 1
30

Nâ*zzzµ*g,zEp

kT
(3.30)

d31
or (t) ) d31

or (0) exp[-(t/τor)
b] (3.31)

ε*(ω) - ε(∞)
ε(0) - ε(∞)

) -∫0∞exp(-iωt) dφ(t)dt
dt (3.21)

ε*(ω) - ε(∞)
ε(0) - ε(∞)

) -∫0∞exp(-iuz) d[exp(-ub)] (3.22)

ε*(ω) - ε(∞)
ε(0) - ε(∞)

) [1 - πzV(z)] - iπzQ(z) (3.23)

Q(z) ) 1
π∫0∞exp(-ub) cos(zu) du (3.24)

V(z) ) 1
π∫0∞exp(-ub) sin(zu) du (3.25)

zQ(z) )
1

π
∑
n)1

∞

(-1)n-1 1

znb

Γ(nb+1)

Γ(n+1)
sin

nbπ

2
(3.26a)

zV(z) ) -
1

π
∑
n)0

∞

(-1)n-1 1

znb

Γ(nb+1)

Γ(n+1)
cos

nbπ

2
(3.26b)

zQ(z) ) -
1

π
∑
n)1

∞

(-1)n-1z
n-1

Γ(n)
Γ(n+b-1

b ) sin(n - 1)π

2
(3.27a)

zV(z) ) -
1

π
∑
n)0

∞

(-1)n-1
zn

-1

Γ(n)
Γ(n+b-1

b ) cos(n - 1)π

2
(3.27b)
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If therefore Wu’s theory is applicable, one may conclude
that dielectric and SHG decay measurements probe
essentially the same relaxation processes.

IV. Experiments
(a) Differential Scanning Calorimetry (DSC) Measure-

ments. DSC measurements were done with a commercial
Perkin-Elmer DSC-2C apparatus. The samples were prepared
as pressed powder capsules of about 15-30 mg. A typical
measurement procedure was accomplished as follows: the
polymer sample was first heated to an initial temperature of
about Tg + 50 K for approximately 15 min. Subsequent cooling
was done at a constant rate between -0.62 and -40 K/min to
at least 60 K below Tg and then further reheated at a constant
rate to the initial temperature. Data were collected on the
heating portion of the cycle. The measured heat flow dQ(T)/
dt is related to the polymer heat capacity Cp(T) by

where mp is the polymer mass and q ) dT/dt is the heating/
cooling rate. The calculated heat capacity can be compared
to the DSC measurement by defining the normalized heat
capacity (cf. eq 3.5):

where Cpg and Cpe are the heat capacities in the glassy and
equilibrium temperature regions sufficiently extrapolated from
the relaxation temperature region, as indicated in Figure 5.
(b) Dielectric Measurements. A Hewlett-Packard HP

4129A LF impedance analyzer with a frequency range of 5 Hz
to 13 MHz and a Zehnder IM5 impedance analyzer for
frequencies down into the mHz regime were used for the

dielectric measurements. The impedance measurements were
done according to the “lumped circuit” method40 in either a
parallel or series configuration as indicated in Table 3.
Films of each polymer with thicknesses ranging from 1 to 5

µm were spin cast from solutions (5:1) of cyclopentanone/N-
methyl-2-pyrrolidone (NMP) of varying polymer concentration
onto glass slides, which were coated with a gold bottom
electrode pattern as seen in Figure 6. The films were partially
removed and subsequently dried for 1 day at a temperature
≈ 170 °C. The top gold electrode was deposited in a way that
the contacts did not overlap with the bottom electrode. Typical
values for C0 were in the range 0.1-0.7 nF (the electrode area
was 0.79 cm2, with film thicknesses between 1 and 5 µm).
All of the dielectric loss spectral measurements show a large

rise at low frequencies. The large increase in ε′′ is most likely
due to the dc conductivity σ0 of the polymer, which is usually
described as follows:52-54

A common method of treating the dc conductivity of the
samples is to fit it with a potential function of the form aωk

with k ≈ -1 and subtract it from the measured data. With
high Tg polymers, however, this procedure is not suitable, since
the ε′′ loss peak merges with the dc conductivity in ε′′ at low
frequencies and is seen just as a shoulder rather than as a
peak; see Figure 7. Instead, we use an analytical scheme
developed by Howell et al.52,54 By analogy to mechanical
relaxation, an “electric modulus”M* is defined, which may be
termed a complex inverse permittivity:

where N*(ω) ) N′(ω) - iN′′(ω) is given by an analogous
expression to eq 3.21. M∞ is the high andM0 the low frequency
limit of the real part ofM*. First, the imaginary partM′′ was
calculated from measured ε* data and subsequently fitted
according to eq 4.4. Second, the results for M′′ together with
the real part data M′ from the first conversion were backcon-
verted to yield corrected ε′′ values. Finally, these ε′′ values
were again fitted to the Laplace transform of the KWW decay
function. An illustration of this correction procedure is shown
in Figure 7.
(c) Measurements of the Decay of the SHG Intensity.

Relaxation of the side-chain chromophores below the glass
transition was investigated by the decay of the SHG signal
from either corona- or electrode-poled films. Films of each
polymer with thicknesses ranging from 0.3 to 2.5 µmwere spin
cast from solutions of cyclopentanone/N-methylpyrrolidone (5:
1) of varying polymer concentration onto ITO-coated glass
substrates. For the electrode-poled films, a gold film was
deposited onto the polymer film to provide a second electrode.
The polymer films were baked at approximately 170 °C for 1
day to remove any residual solvent.

Figure 5. DSC normalization process.

Figure 6. Electrode pattern used for the dielectric measure-
ments. The films were cast on microscope slides. The auxiliary
stripes on both sides were used for the alignment of the mask
for evaporating the top gold electrode.

dQ(T)
dt

) mpqCp(T) (4.1)

Cp
N(T) )

dTf

dT
)

Cp(T) - Cpg(T)

Cpe(T) - Cpg(T)
(4.2)

Table 3. Lumped Circuit Configuration

ε′′dc(ω) )
σ0
ε0ω

(4.3)

M*(ω) ≡ 1/ε*(ω) ) (M∞ - M0)[1 - N*(ω)] + M0 (4.4)
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After poling slightly above the glass transition temperature,
the polymer films were cooled with an applied poling field at
a rate of ≈ 2-5 °C/min to the sample temperature at which
the decay process was observed. This temperature was chosen
to be in the range from 80 °C up to Tg for the individual
polymers. Either a 30 Hz Q-switched Nd:YAG laser operating
at 1338 nm or a 800 Hz Q-switched Nd:YLF laser operating
at 1313 nm was used for the SHG decay experiments.
Corona-poled films: At the decay temperature the corona

field was turned off and the SHG signal was continuously
monitored for a time period of up to 100 h depending on the
decay temperature. Data for the decay at 80 °C were mea-
sured in logarithmic time intervals over more than 1 year.
Electrode-poled films: At the decay temperature the elec-

trodes were short-circuited and the SHG signal was continu-
ously monitored for a time period of up to 100 h depending on
the decay temperature.
In both cases, the SHG signal was detected with a PMT and

a boxcar averager with 0.1-1 s integration time and active
baseline subtraction. A quartz reference signal was monitored
concurrently to reduce laser fluctuations and correct for
possible drifts in the laser intensity level over the long
acquisition times involved in the decay measurements.
All of the decay experiments exhibit a fast initial decay

amounting to about 20-30% of the total initial SHG signal
during the first few minutes. We attribute this decay to the
electric field induced third-order effect 55,56 (γ) and to the
release of charge carriers trapped in the film in the case of
corona poling. In most cases the contribution from this fast
decay has been isolated by introducing an extra single-
exponential function for this initial decay in eq 3.31:

There is only one additional fit parameter, τγ, compared to eq
3.31, since d31(0) can directly be taken from the measurement.
Typically, τγ is several orders of magnitude smaller than τor
and has no influence on the value of the latter. The result of
this procedure is demonstrated in Figure 8 for the case of the
SHG decay of A-148.02 at 160 °C.

V. Results
(a) Stretched Exponent b. Although it is not

possible to predict absolute values for the stretched
exponent b in different experiments, one expects higher
values (b ≈ 1) far above Tg and a decrease in b (or a
broadening of the relaxation spectrum) with decreasing
temperature (b ≈ 0 in the vicinity of T2). Certainly, b

is a smooth function of temperature, and therefore
relaxation times from measurements with strongly
fluctuating b values should not be compared with each
other.
Our procedure was as follows: first, we determined

b independently from all SHG measurements. Best fit
values for the stretched exponent for polymers A-095.11
and A-097.07 showed a linear temperature dependence
below Tg. Stretched exponents for polymer A-148.02
showed a pronounced increase close to the glass transi-
tion. Dielectric data matched those from SHG relax-
ation near Tg with an unexpected systematic decrease
for A-097.07 and A-148.02 at higher temperatures.
Assuming a smooth temperature dependence as indi-
cated in Figure 9, we evaluated all measured data a
second time with b held fixed at each temperature. This
procedure never changed the corresponding relaxation
times by more than one-half an order of magnitude.
Hodge18 proposed the following empirical form for the

stretched exponent b from DSC measurements:

Figure 7. Correction procedure to obtain the dielectric loss
relaxation times. The polymer conductivity prevents an ac-
curate fit to ε′′. Use of the electric modulus M′′, however, allows
the dielectric loss peak to be deconvolved from the dc conduc-
tivity (see inset). Filled squares indicate values obtained in
the original measurement, while open squares are the results
after the correction procedure.

d31(t) ) [d31(0) - d31
or (0)] exp[-(t/τγ)] + d31

or (0) exp[-(t/τor)
b]

(4.5)

Figure 8. SHG relaxation of the polyimide side-chain polymer
A-148.02 at 160 °C. The fast decay due to ø(3) effects and the
release of charge carriers is assumed to have an exponential
time dependence. The orientational contribution of the NLO
chromophores to the SHG signal is fitted to the Kohlrausch-
Williams-Watts (KWW) function.

Figure 9. Assumed smooth temperature dependence of the
Kohlrausch-Williams-Watts (KWW) parameters b of the
NLO polymers. Filled points refer to SHG, open points to
dielectric measurements.

b ≈ 1 -
T2

Tf′
(5.1)
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This expression is the simplest form for which b tends
to 1 for high temperatures and to 0 for temperatures
close to T2. We found b to be about 10-30% lower than
this prediction, as has been previously observed for most
polymers.7
(b) Differential Scanning Calorimetry (DSC).

An extensive set of DSC traces for A-148.02 is shown
in Figure 10. Data were collected on the heating portion
of the thermal cycle as a function of cooling rate and
with a constant heating rate of 20 K/min. The curves
with the lowest cooling rates were taken at the end of
the series. The shift in peak temperature might be due
to chemical degradation of the chromophores, since the
same sample was used for the series of DSC measure-
ments. Theoretical expectations based on the param-
eter set with q ) -5/20 K/min are displayed on the left
side. As seen in Figure 10, the calculated peak height
and peak position are in good agreement with the
experimental results. However, the overall peak shape
demands different parameter sets to obtain best fits.
The parameters for the overall best fits shown in Figure
10 are given in Table 4.
One possible test of the validity of the TN formalism/

Adam-Gibbs model is to investigate the dependence of
the fictive temperature on the thermal history. Inte-
gration of eq 4.2 leads to the result

where T0 is a temperature well above and T1 well below
the glass transition temperature, Tg. The upper inte-
gration limit on the left-hand side is given by the final
value of the fictive temperature, Tf′. The graphic
representation of eq 5.2 is shown in Figure 11. Values
for Tf′ from experiment along with the calculated results
of the DSC model and Tg values defined by Cp

N are
compiled in Table 5.
(c) Dielectric Relaxation. Normalized imaginary

parts ε′′ for A-095.11 at different temperatures are
plotted in Figure 12. The origin of the increase in loss
at high frequency is unclear, however, it was observed
in all measurements with a peak position (≈ 5 × 106

Hz) independent of temperature. The relaxation times
derived from dielectric loss curves are depicted in Figure
13. They clearly show a FTH dependence above the
glass transition in accordance with eq 3.18. The FTH
andWLF parameters are given in Table 6 together with
low- and high-frequency dielectric constants ε0 and ε∞.
For comparison, the refractive indices n2 ) ε∞ are also
included.5 Note also the difference to the parameters
obtained from DSC measurement (Table 4) and the
discussion in section VI.
(d) Decay of the SHG Intensity. Normalized SHG

decay data for A-148.02 together with KWW fits are
given in Figure 14. Measured data were processed as
described in section IVc. Curves at 80 and 100 °C are
from corona-poled films. All others originate from
electrode poled films. The difference between these two
poling procedures becomes significant for temperatures
T > Tg - 20 K. Relaxation times recorded with the first
technique are increased, most probably due to residual
charge carriers, by up to 2 orders of magnitude.
At low temperatures, decay times become large

compared to the available beam time. Extrapolations
where the fitted decay time τor exceeds the actual
measured time period by more than 3 orders of magni-
tude are very uncertain and not included in the scaling
graph, Figure 15, where decay times for all the polymers
are shown. Filled points belong to corona-poled samples,
open points to electrode-poled samples. Points with
error bars are averaged values from at least three
different films. Similar uncertainties can be expected
for all other SHG decay times.
(e) Scaling of Relaxation Times. Within experi-

mental error, a good matching of relaxation times is
observed for all polymers in the scaling graph, Figure
15. Results from dielectric measurements are also seen
together with the corresponding FTH fit for A-095.11
(dashed line). As both of the WLF parameters for all
of these polymers are approximately the same, the
dielectric relaxation times fall onto nearly the same line.
However, the SHG results clearly demonstrated that the
FTH equation cannot describe the relaxation behavior
below Tg.

Figure 10. Normalized Cp
N DSC heat capacity curves of the

polyimide side-chain polymer A-148.02 for different cooling
rates as indicated in the figure. The heating rates were all at
20 K/min. The right side displays experimental results with
best fits. The left side gives the theoretical expectation based
on the parameter set of the trace with cooling rate 5 K/min.

∫T0Tf′dTf ) ∫T0T1Cp
N dT (5.2)

Figure 11. Graphic representation of the final fictive tem-
perature Tf′ using the equal-area construction. The data are
from the polymer A-097.07.

Table 4. Enthalpic Adam-Gibbs Parameters for the
Polymers Investigated in This Work

polymer B (104 K) T2 (K) Tg (K) b log[τg(s)/s)] RAG

A-095.11 2.5 ( 0.4 160 ( 20 410 0.45 ( 0.04 1.7 ( 1.0 0.96
A-097.07 6 ( 2 160 ( 20 422 0.25 ( 0.06 2.5 ( 0.8 0.97
A-148.02 2.7 ( 0.5 170 ( 40 444 0.50 ( 0.03 1.2 ( 0.6 0.97
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To describe the global relaxation behavior, we used
the TN model with parameter values taken from Table
6 using the WLF fits to the dielectric data from
temperatures above Tg. Rewriting eq 3.16 in terms of
the WLF parameters gives

where Tf is calculated by eq 3.6. With a cooling rate of
5 K/min (corresponding to the cooling rate used in SHG
relaxation experiments), we calculate (via eq 5.3) re-
laxation times as indicated by the solid line in the
scaling graph. The only adjustable parameter b ) 0.21
was determined by a least squares fit (on a logarithmic
time scale) to all the data from electrode-poled films.

This value is similar to what is calculated from eq 5.1
(parameter values b ) 0.1, T2 ) 356 K, Tf′ ) 394 K)
and close to b from SHG relaxation at the lowest
temperatures. The TN/WLF analysis displays Arrhe-
nius behavior for temperatures T < Tg - 100 K with
an activation energy of 1.3 × 105 J/mol, which is lower
by almost a factor of 2 as previously published5 because
only corona-poled films were taken into account in the
earlier analysis.

VI. Discussion
If eq 3.7 is normalized with respect to a reference

relaxation time τref above Tg, the fictive temperature Tf
) T, and one obtains

which is the normalized FTH equation. With the
recognition that eq 6.1 has the same functional form as
the WLF equation, eq 3.18, it is readily apparent that
they must be related by eq 3.15, which defines the
preexponential factor A. However, the results of section
IIIc indicates that there is a correlation of the Adam-
Gibbs DSC parameters such that τref≈ τg. And although
eq 3.15 introduces two new variables (namely Tg and τg)
to be determined in the TN formalism using eq 3.7,
Table 2 indicates that their values can be restricted to
a fairly narrow range. Experimentally, the glass transi-
tion temperature can be fairly accurately determined,
with a corresponding relaxation time of approximately
10-100 s. Thus, the number of fitted parameters in
the TN formalism is reduced to essentially three (B, T2,
and b) instead of the previous four (A, B, T2, and b).
This is a considerable aid in fitting DSC data. However,
the precise determination of B and T2 from DSC results
is still rather difficult as there seems to be a fairly wide
range of values of these parameters that give ap-
proximately similar fits to the the DSC data.
More commonly, values of B and T2 are determined

from relaxation studies above the glass transition and
fitting the corresponding relaxation times to the FTH
or WLF equation. In fact, it is possible to describe DSC
measurements in fair agreement with theory by using
eqs 3.5, 3.6, and 5.3 and the TN formalism as shown in
Figure 16, and by making use of the WLF parameters
C1
g and C2

g from the dielectric loss data above Tg.
However, as has been previously observed in the
analysis of polystyrene DSC data by Hodge,57 optimal
DSC parameters are invariably found to have much
lower T2 values than would be indicated from the WLF
analysis of dielectric or mechanical relaxation data
above Tg. And although the parameters describing the
different relaxation and recovery processes need not be
the same, these low T2 values are related to the low
preexponential factors observed in other results.19,58 Our
results are also in agreement with other work that
indicates that the TN procedure is unable to reproduce

Table 5. Tf′
graphic, Tf′

calc, and Tg(Cp
N ) 0.5) in K for Different Thermal Histories

A-095.11 A-097.07 A-148.02cooling/heating
rate (K/min) Tf′

graphic Tf′
calc Tg Tf′

graphic Tf′
calc Tg Tf′

graphic Tf′
calc Tg

-40/20 408.9 408.4 410.7 442.8 442.8 445.2
-20/20 407.3 406.5 409.1 441.9 441.8 444.6
-10/20 406.8 406.1 409.1 422.2 421.7 423.7 440.7 440.7 444.5
-5/20 406.8 406.0 410.0 420.5 420.0 422.4 439.6 439.7 444.3
-2.5/20 405.0 404.1 409.9 420.3 419.9 422.6 438.4 438.5 444.3
-1.25/20 403.5 402.7 409.9 418.7 418.3 422.6 436.6 436.6 443.5
-0.62/20 404.2 403.2 411.6 418.4 418.0 422.0 435.9 436.2 444.9
-0.31/20 405.1 404.2 413.0 436.0 436.3 446.6

Figure 12. Normalized dielectric loss ε′′ frequency depen-
dence of A-095.11. Solid lines give the Laplace transform of
the Kohlrausch-Williams-Watts (KWW) function.

Figure 13. Dielectric loss relaxation times for the three
polymers studied in this work. Solid lines are according to the
Fulcher-Tammann-Hesse (FTH) equation.

log Rτ
g ) -C1

g +
C1
gC2

g

T(1 - T2/Tf)
(5.3)

ln τ
τref

) ln A
τref

+ B
T - T2

(6.1)
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all the details of the observed DSC phenomena.7,20,27 For
example, it is not possible to use the same nonexponen-
tiality parameter b for all thermal histories and obtain
optimized fits to the DSC data. These results appear

to indicate a failure in the manner in which nonexpo-
nentiality or nonlinearity is treated by the TN method.
It seems likely that it may be necessary to develop a
model of the glass transition that incorporates the fact
that real materials are thermorheologically complex in
order to accurately model their enthalpic response.59
However, as seen in Figure 15, the dielectric and SHG

relaxation results of the NLO polymers investigated in
this work are well modeled using the TN formalism
incorporating the WLF parameterization. An intuitive
understanding of these results are perhaps best clarified
through the use of free-volume concepts. The fractional
free volume f is described in terms of the relative
difference of the total volume, v, and the occupied
volume of the molecules, v0:

where fg is the fractional free volume at the glass
transition temperature and the coefficient of thermal
expansion is denoted by Rf. The WLF parameters C1

g

and C2
g can then be expressed in terms of free-volume

parameters as follows:6,37

where b̃ is an empirical material constant. Thus, the
slope of our “universal” relation (eq 3.20) describing

Table 6. Fulcher-Tammann-Hesse (FTH) Parameters from Dielectric Relaxations Together with Low- and
High-Frequency Dielectric Constants and Refractive Indices Squared

polymer C1
g C2

g (K) B (103 K) Tg (K) T2 (K) log(τg (s)/s) ε0 ε∞ nωf0
2

A-095.11 12 ( 3 54 ( 9 1.5 ( 0.3 410 356 ( 9 1.3 ( 0.6 13 ( 1 3.4 ( 0.4 2.7
A-097.07 12 ( 2 45 ( 7 1.2 ( 0.2 422 377 ( 7 2.1 ( 0.3 10.3 ( 0.3 2.5 ( 0.4 2.7
A-148.02 11 ( 4 56 ( 15 1.5 ( 0.4 445 389 ( 15 1.0 ( 0.3 13.3 ( 0.2 3.6 ( 0.2 2.7

Figure 14. Normalized SHG relaxation times for the poly-
imide side-chain polymer A-148.02 fitted to the Kohlrausch-
Williams-Watts (KWW) function.

Figure 15. Temperature scaling of normalized dielectric loss
and SHG relaxation times with respect to the scaling variable
(Tg - T)/T of the three polymers studied in this work. Open
points refer to electrode-poled films, filled points to corona
poled films. Points with error bars are averaged values from
at least three different films. All points below Tg are form SHG
relaxations whereas points above Tg originate from dielectric
relaxation measurements. The influence of the structure on
relaxation becomes obvious slightly above Tg, where the
Adam-Gibbs line deviates form the Fulcher-Tammann-
Hesse (FTH) line. All curves were calculated with the Fulcher-
Tammann-Hesse parameters for the polyimide side-chain
polymer A095.11, although the parameters for A-097.07 and
A-148.02 would also have been convenient due to the expected
scaling. The FTH line was calculated with eq 3.17, whereas
eq 3.16 with the procedure outlined in the text for the
determination of Tf was used for the Adam-Gibbs line. Note
that the predicted Arrhenius behavior is observed only at
temperatures well below Tg.

Figure 16. Comparison of DSC traces calculated with the
Tool-Narayanaswamy formalism using best fit (DSC) param-
eter sets and Fulcher-Tammann-Hesse (FTH) parameters
from dielectric relaxation.

Table 7. Comparison of the Evaluation of the Same DSC
Traces Using either Fulcher-Tammann-Hesse (FTH) or

DSC Parameters for Polyimide Side-Chain Polymer
A-148.02

data
parameter

set
q

(K/min)
B

(103 K)
T2
(K)

Tg
(K)

τg
(s) b

dielectric FTH NA 1.46 389 444 15 0.46-0.64
DSC FTH -20/20 1.46 389 445 50 0.40
DSC FTH -1.25/20 1.46 389 444 62 0.32

DSC DSC -20/20 22.6 189 445 25 0.47
DSC DSC -1.25/20 31.3 137 444 62 0.53

f )
v - v0
v

)
vf
v
≈ fg + Rf(T - Tg) (6.2)

C1
g ) 1

2.303

b̃

fg
C2
g )

fg
Rf

(6.3)
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relaxation below Tg is inversely proportional to the
fractional free volume available to the chromophores at
the glass transition temperature. Although the WLF
parameter C1

g is known to be polymer dependent,
values of fg/b̃ determined by mechanical measurements
vary over a relatively small range from about 0.013 to
0.034.6 This implies that the values of C1

g range from
approximately 13 to 34. From SHG decay measure-
ments on a variety of polymeric systems, we find that
the slope of eq 3.20 (given by C1

g) falls near the lower
end of this range. Thus, for NLO polymers that
incorporate chromophores of approximately the same
size we would expect scaling in a plot of relaxation times
vs (Tg - T)/T to be “universal” in the sense that the
fractional free volume probed by the chromophores
should be nearly the same.
The algorithm developed in this work, based on eq

5.3, enables us to calculate the relaxation times describ-
ing the orientational properties of NLO polymers as a
function of both temperature and processing conditions.
As an example, we can apply these results to a hypo-
thetical EO device utilizing a NLO polymer as the active
material. In order to limit the decrease in the EO
coefficient to less than 5% of the initial value over a
device lifetime of ≈5 years and operation at 80 °C, a
glass transition temperature of about 270 °C is needed
(τ ) 2.2 × 1014 s, (Tg - T)/T ) 0.53, b ) 0.21). The
polymer A-148.02 would retain only 56% of the initial
nonlinearity under these conditions. NLO polymers
having glass transition temperatures in this range and
higher are under current research development.60
Other authors61-64 have given an alternative descrip-

tion of the temperature dependence of SHG relaxation
times below Tg in analogy with the FTH equation. They
proposed the following expression to correlate their data
describing the temperature dependence of the SHG
decay times, τ(T), for a variety of guest-host NLO
polymer matrices:

with, however, T′0 ≈ Tg + (50 ( 10) °C. Data points
from several guest-host systems lie more or less on the
same straight line in the corresponding scaling plot. In
subsequent measurements on NLO poly(methyl meth-
acrylate) side-chain polymers, strong deviations from
this relation were found for temperatures below Tg -
50 °C.63 The use of eq 6.4, however, has no clear
interpretation in terms of the WLF theory, in contrast
to the results presented in this paper where the
relaxation below Tg is dependent on the fractional free
volume probed by the chromophores at Tg, eqs 3.20 and
6.3.

VII. Conclusions
An improved version of the TN formalism for calcu-

lating relaxation and recovery processes in glasses has
been presented. Using the relationship for the preex-
ponential factor given by eq 3.15, we find that the
relaxation time probed by DSC, dielectric relaxation,
and SHG relaxation has a “universal” value of 10-100
s at Tg for very different types of glass formers. The
DSC results also indicate that implementations of the
TN formalism by some other authors are not equivalent,
as indicated by the different results for some glasses
(see Table 2). However, the results presented here are
in agreement with previous experimental work, indicat-
ing that the TN procedure adequately describes most

of, but not the complete behavior of enthalpic relaxation
and recovery processes for all thermal histories.
Relaxation processes in NLO-active modified polyim-

ide polymers with side-chain azo chromophores having
glass transition temperatures in the range of 140 < Tg
< 170 °C have been studied. We have shown that it is
possible to model the relaxational behavior of NLO
chromophores both above and below the glass transition
over more than 15 orders of magnitude in time using
the TN procedure incorporating the appropriate WLF
parameters for the NLO polymer. This leads to a
scaling prediction for relaxation times in the glassy state
with scaling parameter (Tg - T)/T. The TN procedure
including our minor modification provides an excellent
framework for the nonlinear extension of the liquid-
state relaxation behavior through the glass transition
as suggested by the consistency between observed and
calculated relaxation times below the glass transition.
Prediction of the relaxation times as a function of both
temperature and processing conditions (cooling rates,
annealing times and temperatures, etc.) can then be
made. Work in progress on this aspect of NLO polymers
will be reported at a later date.
Furthermore, our interpretation leads to the predic-

tion that SHG decay below Tg should be Arrhenius-like
if the chromophore orientation is entirely coupled to the
primary or R-relaxation processes. We find that this
prediction is fulfilled to a much greater extent by side-
chain NLO polymers than for guest-host polymer
systems.5 Guest-host NLO matrices appear to have a
limited relative thermal stability and deviate signifi-
cantly from Arrhenius behavior at temperatures far
below the glass transition.
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Appendix: Computational Notes

The computation of enthalpic relaxation processes as
measured by DSC was done by numerical integration
of eq 3.6. The evolution of the fictive temperature was
calculated via a summation procedure as described by
Hodge and Berens,28 with the exception that the time
response was calculated using eqs 3.7 and 3.15. Con-
tinuous heating and/or cooling at a rate q was described
by a series of temperature steps, ∆T, followed by
isothermal holds of duration ∆t ) ∆T/q. To ensure
linearity, the magnitude of ∆T was typically chosen to
be 0.2-0.5 K, as temperature steps of ∆T ) 0.1 K were
found to give no further changes in the calculated
enthalpic response. Parameter optimization was ac-
complished via a Levenson-Marquardt fitting algo-
rithm available on proFit (published by Cherwell Sci-
entific).
The frequency dependence of the dielectric relaxation

data was calculated and optimized using eqs 3.26 to 3.28
and using the same proFit fitting algorithm. Using
these equations, we obtain approximately six digit
accuracy for z in the range 10-4 < z < 104, which is
sufficient for fitting all of our dielectric relaxation data.
Parts a and b of Figure 17 show the comparison of our
calculated values of z Q(z) for b ) 0.1 and 0.5 with the
tabulated values of Dishon et al.,33 which are reported
to be accurate to six digits in floating point. These

τ(T) ) A′ exp( -B′
T′0 - T) (6.4)
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results appear to be similar to those obtained by other
methods.65
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Figure 17. (a) Comparison of calculated values of zQ(z) as
used for fitting dielectric loss data with the tabulated values
of Dishon et al.33 (b) Comparison of 106 × difference of the
calculated values of zQ(z) as used for fitting dielectric loss data
with the tabulated values of Dishon et al.33
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