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ABSTRACT: Microstructural relaxation of thin films of the poled, chromophore-functionalized amorphous 
polymer N-(4-nitrophenyl)-(S)-prolinoxypoly(p-hydroxyst~ene) has been studied by in-situ second 
harmonic generation (SHG) techniques. The temporal and temperature dependence of the SHG intensity 
decay has been analyzed as a function of poling and processing parameters within the framework of the 
Kohlrausch-Williams-Watts (KWW “stretched exponential”) model. The average SHG relaxation time, 
t, increases rapidly upon reduction of the applied poling field strength, with increasing poling time 
(physical aging), and with decreasing film temperature. The other KWW parameter, p, which reflects 
the distribution of relaxation times, decreases (the distribution broadens) moderately with increases in 
the applied electric field strength and strongly with increases in poling time (physical aging). The observed 
value of p increases (the distribution narrows) with increasing film temperature. These trends and the 
variation in KWW parameters yield information regarding reorientation dynamics of the tethered 
chromophore molecules within the polymer matrix and thus on the nature of the system subspace which 
is explored during relaxation. Both parameters reveal a strikingly narrower distribution of relaxation 
timesheduced rotational mobility versus chromophore-doped, “guest-host” systems and classify the 
present materials as Angel1 “intermediate” glasses. The temperature dependence of the second harmonic 
signal decay after poling field cessation can be divided into two distinct regions: (i) above Tg, where the 
dynamics are characteristically nonlinear and best described by the Williams-Landel-Ferry (WLF) 
equation; (ii) below Tg, where the behavior is linear and modeled adequately by the Arrhenius equation. 
Analysis of the growth of the second harmonic signal as the poling field is applied yields a similar picture; 
however, limiting SHG values a t  temperatures significantly above Tg appear to be influenced by both 
thermal disruption of chromophore alignment and ion conductiodspace charge effects. 

In the accompanying paper,l we presented a system- 
atic examination how polymer architectural character- 
istics and processing methodologies influence second- 
order nonlinear optical (NLO) response, and the temporal 
characteristics thereof, in a well-characterized, proto- 
typical poled, chiral chromophore-functionalized glassy 
polymer, N-(4-nitrophenyl)-(S)-prolinoxypoly(p-hydroxy- 
styrene) ((SI-NPP-PHS). In this paper, we extend this 
study with a detailed investigation of the effects of the 
electric field poling process, the procedure used to induce 
dipolar chromophore alignment essential for the obser- 
vation of second-order NLO effects. Poled polymer 
systems are inherently thermodynamically unstable, the 
electric field-induced chromophore alignment represent- 
ing an unstable ensemble. Hence, upon removal of the 
field, the aligned ensemble tends t o  undergo relaxation 
toward a more stable (random) configuration, thereby 
reducing (eventually to  zero) the magnitude of the 
observed second-order optical nonlinearity. This tem- 
poral instability of the induced polar molecular orienta- 
tion is a major obstacle to  the realization of the 
technological potential of poled polymer films as efficient 
second-order NLO device materials. The mechanisms 
by which this relaxatjon process occurs are, in addition 
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to being of technological significance, of fundamental 
scientific interest in understanding polymer chain dy- 
namics. 

To date, interest in NLO-active polymers at the 
fundamental macromolecular dynamics level has fo- 
cused primarily on systems in which chromophores are 
doped into glassy polymer hosts as probes of local matrix 
reorientational Since it is essential that 
the probe molecules be truly monodispersed in the 
polymer matrix, molecular probe studies employing such 
doped (“guest-host”) materials may not be as informa- 
tive as those in which the probe is chemically bonded 
to the matrix (Le. ,  to the polymer backbone).8 Dynamics 
studies employing functionalized polymers have the 
attraction that selective attachment of the probe to 
various locations on the polymer backbone (eg. ,  main 
chain vs side chain) is possible, thereby permitting 
identification of specific motions associated with various 
structural regions in the polymer. Until very recently, 
however, few polymer dynamic studies have focused on 
chromophore-functionalized NLO  polymer^.^-^^ More- 
over, most of these studies have focused primarily on 
the temperature dependence of the NLO r e s p o n ~ e . ~ J ~ J ~ - ~ ~  
To date, the principal poling technique has been corona 
p ~ l i n g , ~ - ~ ~  which despite the attraction (as an alterna- 
tive to contact poling) for inducing chromophore align- 
ment, suffers from interpretive complications due to  the 
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Figure 1. Timing cycle used for isothermal in-situ SHG poling 
studies. 

unknown magnitudes of the electric fields involved and 
from currently unresolved issues concerning the mag- 
nitude of charge deposition and its subsequent de- 
cay.15J6 These additional effects are difficult to separate 
from the fundamental process of interest-dipolar re- 
~r ien ta t ion .~J~  

In this paper, the relaxation behavior in a prototypical 
contact-poled, high$ chromophore-functionalized glassy 
polymer is examined using contact poling and in-situ 
second harmonic generation (SHG) measurement tech- 
niques. The time and temperature dependence of the 
SHG intensity as a function of poling conditions is 
examined in detail for (S)-NPP-PHS functionalized t o  
varying levels with (5')-NPP.l An extensive data base 
is acquired and analyzed within the framework of the 
Kohlrausch-Williams-Watts formalism. The effects 
upon the response function of polinglprocessing param- 
eters ( eg . ,  temperature, field strength, poling duration), 
each of which is independently vaned, are examined. 
The results provide insight into means by which such 
materials could be improved for device applications and 
further demonstrate the attraction of in-situ SHG 
techniques to  acquire fundamental information on 
amorphous polymer microstructure and dynamics. 

Experimental Section 

Preparation of Polymer Films. Poly(p-hydroxystyrene) 
(PHS) randomly functionalized with the chromophore N44- 
nitrophenyll-(5')-prolinol (NPPOH), henceforth referred to as 
(S)-NPP-PHS, was synthesized as described in the accompa- 
nying paper' and characterized by standard analytical and 
spectroscopic methodologies. Glass transition temperatures, 
Tgr were determined by differential scanning calorimetry 
(Perkin-Elmer DSC-7, f 1 0  Wmin  heating rate) to  be 134 and 
146 "C for 36% and 12% (S)-NPP-PHS, respectively. Polymer 
films were fabricated and annealed as described previously.' 
Film thicknesses were determined with an a-step stylus 
profilometer (Tencor Instruments). 

Contact Poling with in-Situ SHG Monitoring. The 
annealed (S)-NPP-PHS films were contact-poled in situ using 
the apparatus and configuration described in the accompany- 
ing paper.l The experiments examined the changes in the 
transient dynamics effected by selective modification of the 
electric-field poling parameters-applied field strength (Ep) ,  
duration of field application and polymer film tempera- 
ture (2'). All of these studies were carried out isothermally 
( i e . ,  maintaining the same temperature 4~1 "C during poling 
and decay phases of the experiment) and using the timing cycle 
outlined in Figure 1. This procedure involves heating the 
polymer film to the desired poling temperature (2') and, after 
establishing thermal equilibrium, applying the electric field 
E,. After completion of poling for a specific duration, t ~ ~ ,  the 
field is terminated while the film temperature is held constant. 
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Poling field strength (E,) variation experiments were con- 
ducted in two poling field ranges: a low-field range (0.2-0.4 
MV/cm) and a high-field range (1.0-1.2 MW/cm). The low- 
field data sets were collected isothermally a t  133 "C using the 
methods outlined above. Samples were poled for 35 min ( t ~ ~ )  
prior to  field removal. High-field data were collected isother- 
mally a t  134 "C, the length of electric field application ( t ~ ~ )  
being 15 min. The poling time was increased for the low-field 
set to allow sufficient chromophore orientation for obtaining 
a useful SHG signal-to-noise ratio during collection of the post- 
electric field data. SHG relaxation data collection began 
immediately upon field cessation (t  = 0). Studies of electric 
field poling duration were carried out isothermally using the 
timing cycle detailed above (Figure 1). Two independent data 
sets were collected. In the first set, the impact oftEp on the 
recorded decay transients was examined by maintaining the 
film temperature at 130 "C (just below Tg) a t  a constant applied 
field strength of 1.1 MV/cm. The second set was collected a t  
a film temperature of 110 "C (substantially below Tg) and a 
field strength of 0.4 MV/cm. The poling time, t ~ ~ ,  ranged from 
10 to 40 min in both experiments. This range of times was 
selected to provide adequate SHG signal-to-noise ratios with- 
out requiring impractically long poling times. Extended 
contact poling, '45-60 min, invariably leads to dielectric 
breakdown of samples as indicated by rapid SHG fluctuations 
and/or an abrupt increase in current flow through the sample 
(greater than nanoamperes). Film breakdown is also evi- 
denced in extreme cases by arcing between the electrodes and 
subsequent charring of the films. 

To determine the effect of the film temperature on relaxation 
dynamics, the samples were maintained a t  the same tempera- 
ture both during poling (SHG growth) and postpoling (SHG 
decay), while maintaining a constant applied field strength, 
E,, and poling time, t ~ ~ .  In these studies, both growth and 
decay of the second harmonic signal were measured for a range 
of temperatures between 120 and 135 "C. This range was 
selected since, a t  lower temperatures (<  115 "C), insufficient 
initial chromophore orientation is observed, leading to poor 
second harmonic signal-to-noise ratios. At higher tempera- 
tures (>135 "C), the rate of second harmonic signal growth 
upon field application is too rapid t o  allow collection of an 
adequate data set. Data used for kinetic analyses of chro- 
mophore relaxation were collected over a wider range of 
sample temperature (115-153 "C). These latter studies were 
conducted isothermally and a t  constant field strength (1.25 
MV/cm) and poling time (20 rnin). 

Supplemental Corona Poling with in-Situ SHG Moni- 
toring. Annealed (SI-NPP-PHS films were corona poled in 
situ using the apparatus and configuration described previ- 
ous1y.l Corona poling was used to  examine the relationship 
between maximum attainable second harmonic signal inten- 
sity and poling temperature. As noted above, corona poling 
provides an excellent complement to contact poling, since the 
former technique permits easy longer term monitoring of the 
signal under high-field conditions. Temperature-dependent 
studies were conducted isothermally on 12% functionalized (23)- 
NPP-PHS (T, = 146 "C) using a corona voltage of +4.2 kV. 
Second harmonic data requisition began after 30 min of poling. 

Second Harmonic Generation Measurements. Second 
harmonic generation measurements were carried out with a 
Q-switched Nd:YAG laser (Quanta-Ray, DCR-1) at 1.064 pm 
in the p-p polarized geometry. A quartz reference, which also 
monitors the laser power, and the sample were measured 
simultaneously throughout the course of each experiment. The 
instrumentation and calibration techniques are more fully 
described e l s e ~ h e r e . ~ ~ ' ~ ~ ~ ~  Reproducibility in PW measurements 
is estimated to  be &lo%. 

Data Analysis. Nonlinear least-squares analysis of the 
SHG intensity was performed using commercially available 
software (Kaleidagraph, Version 2.1, Synergy Sofiware, Read- 
ing, PA). The best model is defined as that  which best 
conforms by visual inspection to the experimental data, has 
the smallest numerical residual, and yields the smallest 
relative error for each of the fit parameters. The error limits 
established for each of the d33 data points were generally 15%.  
For poled polymer films, the experimentally monitored SHG 
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Figure 3. Temporal decay (after field cessation) character- 
istics of the second harmonic coefficient d33 for a contact-poled 
(T = 135 "C; t~ , ,  = 20 min; E,, = 1.25 MV/cm) 36% function- 
alized (SI-NPP-PHS film. The curve represents a nonlinear 
least-squares fit to the KWW function (eq 2). 
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Figure 4. Temporal decay (after field cessation) character- 
istics of the second harmonic coefficient d33 for a contact-poled 
(T = 135 "C; t~~ = 20 min; E ,  = 1.25 MV/cm) 36% function- 
alized (S)-NPP-PHS film. The curve represents a nonlinear 
least-squares fit to the biexponential function (eq 3). 

On a microscopic level, the observed decrease in 
relaxation time with poling field (Table 1) can be 
understood by considering the impact of a larger applied 
potential upon chromophore alignment. As the poten- 
tial increases, the driving force to align the chro- 
mophores along the direction of the field increases, and 
a higher fraction of the chromophores are aligned. This, 
however, creates a thermodynamically unstable con- 
figuration such that, upon field termination, the systems 
furthest from thermodynamic equilibrium (i.e., those 
samples poled with the highest field strength) relax 
most rapidly back to the stable configuration. Under 
these experimental conditions, B decreases with increas- 
ing field strength (Table 1). These trends indicate that, 
a t  higher applied field strengths, a wider range of 
relaxation times must be invoked to describe the decay 
process. This broadening of the relaxation time range 
at  higher applied potentials may reflect the tendency 
of the chromophore substituents to access a larger 
dynamical range of barriers within the polymer matrix. 

The effect of poling time, t E ,  on (5')-NPP-PHS 
relaxation characteristics of the A0 chromophore was 
examined by isothermally contact poling a 36% func- 
tionalized film at constant field strength. The results 
(Figure 5 )  from isothermal annealing of the films in the 
presence of the electric field show that the decay rate 
is most rapid at short poling times, a trend observed 
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Figure 5. (A) Effect of poling time t ~ ~ .  (length of electric field 
application) on relaxation characteristics of d33 after cessation 
of poling. The electric field was terminated at t = 0. The study 
was performed on a contact-poled 36% functionalized (SI- 
NPP-PHS film (T = 130 T; E,  = 1.1 MV/cm). Lines through 
data points represent nonlinear least-squares fits to eq 2. (B) 
Effect of poling time t~ (length of electric field application) on 
relaxation characterishcs of d33 after cessation of poling. The 
electric field was terminated at t = 0. The study was 
performed on a contact-poled 36% functionalized (SI-NPP- 
PHS film (T = 110 "C; E,  = 0.4 MV/cm). Lines through data 
points represent nonlinear least-squares fits to eq 2. 

Table 2. Effect of Poling Time, t ~ , ,  on KWW Fit 
Parameters for a 36% Functionalized (S)-NPP-PHS Film 

poling time, t ~ .  (min) t (min) B 
A. Isothermal T = 130 "C; E, = 1.1 W / c m  

10 2.33 (0.12) 0.73 (0.05) 
20 3.95 (0.26) 0.56 (0.05) 
40 7.00 (0.46) 0.36 (0.03) 

11 5.04( 0.1 1) 0.93(0.04) 
21 25.3U.3) 0.73(0.02) 
36 111.0(3.6) 0.5N0.01) 

B. Isothermal T = 110 "C; E, = 0.40 W / c m  

previously for several g u e ~ t - h o s t ~ * ~ ~  systems and one 
chromophore-functionalized low-T, methacrylate sys- 

This trend is further quantified by the average 
relaxation times, z (Table 21, obtained by fitting the SHG 
intensity to the KWW function. At first glance, these 
results may seem to contradict those presented above, 
where the materials furthest from equilibrium (poled 
with the highest field strength) relax more quickly. 
Specifically, it might be anticipated that, in a kineti- 
cally-limited regime, increased poling time would pro- 
duce a higher fraction of aligned chromophore moieties 
and, thus, a more thermodynamically unstable configu- 
ration which, in turn, would exhibit decreased relax- 
ation times. However, physical aging, well-documented 
in glassy  polymer^,^^-^' must also be considered. The 
temperature range at which this generally occurs is 
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Figure 6. Second harmonic decay (after poling field termina- 
tion at t = 0 )  transients for a 36% functionalized (S)-NPP- 
PHS film at a series of temperatures (E, = 1.25 MV/cm; t E  = 
20 min; poling temperature same as decay temperature). +he 
125 "C data are omitted for legibility. Lines through data 
points represent nonlinear least-squares fits to eq 2. 

bounded at the upper limit by Tg and at the lower by 
Tp, the highest secondary transition temperature-a 
range which encompasses the temperatures of the 
present studies. Physical aging primarily manifests 
itself in increasing relaxation times through a decrease 
or redistribution of the local free volume, thereby raising 
the barrier to dipole reorientati~n.~~J~J~,~~,~~-~~ Physical 
aging results in more efficient packing of the polymer 
chains, thereby decreasing chain mobility. If physical 
aging were important in (SI-NPP-PHS, the longer 
poling times would be expected to  yield the slowest rates 
of SHG decay, as indeed observed. 

As summarized in Table 2, p decreases with increas- 
ing poling time. This decrease implies that, at longer 
poling times, a broader distribution of relaxation times 
must be included to  adequately describe the relaxation. 
Broadening of the relaxation time distribution as poling 
time is increased can again be attributed to  the chro- 
mophore having the opportunity to  explore a larger 
region or number of configurations within the polymer. 
Previous dielectric relaxation studies of ,B as a function 
of physical aging also demonstrated a decrease of p upon 
aging.39 One previous SHG relaxation study employing 
extrinsic dye probes (guest-host systems) suggests that 
this trend may not obtain under conditions of more 
extensive aging (i.e., at  very long aging times) and at 
temperatures very far below Tg.41 

The effect of sample temperature during poling and 
subsequent second harmonic decay (with constant E, 
and t ~ , ;  shorter poling times at slightly lower fields 
allowed access to higher temperatures) was also inves- 
tigated for (S)-NPP-PHS films (Figures 6 and 7). It is 
apparent that the data above T, (134 "C) show more 
rapid decay than the sub-T, trials (Figure 7). Examina- 
tion of the average relaxation times, t (Tables 3 and 41, 
for the full range of temperatures shows that, at the 
highest temperatures, the smallest average relaxation 
time constants are observed, while at temperatures 
below Tg, t increases substantially. These results are 
consistent with the increased segmental mobility and 
local free volume expected at sample temperatures near 
Tg or above. This facilitates chromophore substituent 
reorientation upon removal of the applied field and 
rapid structural relaxation. These results underscore 
the significant microstructural/microdynamical changes 
occurring upon approaching the (S)-NPP-PHS glass 
transition region-rapidly decreasing viscosity and a 
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Figure 7. Second harmonic decay (after field removal at t = 
0 )  transients for a 36% functionalized (23)-NPP-PHS film (E, 
= 1.1 MV/cm; t~~ = 16 min; constant temperature during both 
poling and decay) at a series of temperatures. The 134 "C data 
are omitted for legibility. Lines through data points represent 
nonlinear least-squares fits to eq 2. 

Table 3. Effect of Film Temperature on the KWW Fit 
Parameters for a 36% Functionalized Film (S)-NPP-PHS 

(E, = 1.25 MV/cm; t~~ = 20 min) 

temp ("C) k w t h  b i n )  bmowth Sdecay (min) Pdecav 

135 1.33 (0.06) 1.1 (0.08) 1.05 (0.05) 0.61 (0.03) 
130 1.96 (0.09) 1.1 (0.09) 1.78 (0.02) 0.53 (0.02) 
127 6.50 (0.65) 1.0 (0.1) 4.00 (1.5) 0.46 (0.02) 
125 5.58 (0.20) 0.73 (0.03) 11.1 (0.82) 0.49 (0.03) 
120 52.1 (5.3) 0.41 (0.02) 16.2 (0.48) 0.50 (0.02) 

Table 4. SHG Decay Kinetic Data Collected for a 36% 
Functionalized (S)-NPP-PHS Film (E,  = 1.1 MV/cm; 

t ~ ,  = 16 min) 
temp ("C) (min) k b  (min-') 

153 0.26 (0.02) 3.83 
149 0.42 (0.02) 2.39 
142 0.76 (0.16) 1.31 
136 3.21 (0.10) 0.321 
134 4.70 (0.28) 0.213 
129 8.71 (0.41) 0.115 
115 44.0 (1.4) 0.0227 

From fitting to  KWW eq  2. K = z-'. 

concomitant increase in the rate of structural relaxation 
processes. The values O f  &cay as a function of tempera- 
ture are also presented in Table 3. Note that, as the 
glass transition region is approached, /3 increases, 
indicating that the distribution of relaxation times 
becomes narrower. The observed temperature depen- 
dence of /3 indicates that (SI-NPP-PHS is not ther- 
morheologically simple; Le., the temperature depen- 
dence of @(t) cannot simply be described as scaling of 
time by t.42,43 

Much effort has been directed toward the study of the 
reorientation dynamics after electric field poling (SHG 
decay); however, few studies have examined the comple- 
mentary transient orientation dynamics (chromophore 
alignment/SHG signal growth) immediately after ap- 
plication of a poling field.3a144,45 Furthermore, previous 
investigations presented only preliminary data analy- 
ses.44,45 For this reason, a detailed investigation of (5')- 
NPP-PHS orientation dynamics was performed. A 
series of temperature-dependent SHG intensity growth 
profiles for isothermally poled, 36% functionalized (SI- 
NPP-PHS films are presented in Figure 8. When 
poling at temperatures near Tg (130 and 135 "C), rapid 
alignment of the chromophores in the electric field 
occurs until an asymptotidsteady-state region is reached. 
At temperatures further below Tg ( e g . ,  120 "C), how- 
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Figure 8. Second harmonic intensity growth curves for a 36% 
functionalized (5')-NPP-PHS film at a series of temperatures 
(E,  = 1.25 MV/cm; t~~ = 20 min). The poling field was turned 
on at t = 0. Superimposed lines represent nonlinear least- 
squares fits of data to eq 4. 

ever, a substantially reduced rate of alignment is 
observed. These trends can be quantified by fitting the 
temperature-dependent second harmonic intensity data 
to a modified KWW function (eq 4) .  The results of the 

fit of the data to  eq 4 are summarized and compared to 
the corresponding isothermal decay data in Table 3. 
Note that, for both decay and poling/growth trials 
(chromophore alignment), the average relaxation time 
increases with decreasing temperature, consistent with 
the concept of reduced dipolar mobility below Tg.  This 
behavior indicates a major change in the appended 
chromophore local microenvironment, specifically, that 
a substantial increase in the barrier to rotation within 
the polymer matrix occurs in the glassy state. The 
movement of the chromophore is diminished as a 
consequence of reduction in both local free volume and 
polymer segmental mobility. As observed for both the 
decay mode and rise/growth mode SHG(t) measure- 
ments, PKWW increases with increasing temperature. 
Note that this parameter appears to be significantly 
more temperature sensitive in the riselgrowth data than 
in the corresponding decay results. 

In addition to  the polymer dynamic information in 
Figure 8, the magnitudes of the asymptotic SHG 
intensity values achieved also convey thermodynamic 
information. Assuming noninteracting chromophore 
dipoles, the "chromophore gas" mode146-48 predicts 
behavior of the second harmonic coefficient shown in 
eq 5 where Ldp) is the third-order Langevin function 

with p = f"pEdkT. From the slopes of the d33(t) plots 
in Figure 8, it can be seen that the 120-127 "C data 
are not a t  equilibrium after 20 min, while the data 
nearer to Tg (130 and 135 "C) appear to be asymptotic. 
In accord with eq 5, these curves exhibit limiting d33 
values indistinguishable within expermimental error 
(&5%). Further studies of temperature effects on ulti- 
mate/equilibrium SHG responses were carried out for 
12% functionalized (SI-NPP-PHS films using corona 
poling techniques. In contrast to contact poling, this 
method allows far higher excursions in temperature 
above Tg without dielectric breakdown. The results 
(Figure 9) show a peaking of d33 near Tg.  The region 

6 
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TI = 1460C- 

90 105 120 135 150 165 
Poling Temperature, Tp ("C) 

Figure 9. Temperature dependence of the limiting (12w)1'2 for 
a corona-poled (+4.2 kV, t~~ = 30 min) 12% functionalized (5')- 
NPP-PHS film. The curve is drawn as a guide to the eye. 

below Tg can be interpreted as kinetically-limited chro- 
mophore orientation, with matrix mobility increasing 
as Tg is approached. At poling temperatures above Tg, 
d33 falls precipitously. This behavior is essentially 
reversible on lowering the temperature, and negligible 
film clouding or discoloration is observed which might 
be associated with sample degradation. While eq 5 
predicts a decrease in d33 with increasing temperature, 
calculations using reasonable input parameters for eq 
5 predict a decline in d33 from T = 146 - 165 "C of far 
less than the aforementioned experimental uncertain- 
ties ( ~ 5 % ) .  Although such behavior might reflect 
thermal disruption (beyond the thermodynamic 1/kT 
effects of eq 5) of cooperative chromophore alignment/ 
acentric aggregates, the general absence of spectroscopic 
and SHG evidence for chromophore aggregation' argues 
against such microstructural behavior. Rather, we 
suggest that ion conductionhpace charge effects, which 
are expected to increase significantly above Tg,49 in 
combination with the behavior predicted by eq 5, ac- 
count for the fall in d33 above Tg.  Similar explanations 
have recently been advanced for guest-host s y ~ t e m s . ~ ~ ~ ~ ~  
However, folded into the present dynamics picture must 
certainly be differences in rotational freedom of chro- 
mophores tethered to  a polymer backbone vis-a-vis 
simple dissolved ones. 

Temperature Dependence of the Response Func- 
tion. The magnitudes and temperature dependence of 
the /3 and r KWW parameters can be used to categorize 
different materials according to relaxation behavior. On 
the basis of an examination of a wide range of glass- 
forming materials, Angel1 has empirically classified 
them as strong, intermediate, or fragile.43>51 "Strong" 
materials are typically network materials having three- 
dimensional structures (eg., Si02, GeO2) and resistance 
to thermal degradation, reflected by very small changes 
in heat capacity (AC,) through the Tg region. For strong 
materials, /3 exhibits a weak temperature dependence, 
generally ranging from 0.8 to 1.0. The other extreme, 
"fragile" materials, are liquids (eg . ,  toluene) which 
characteristically do not possess specific bonding rela- 
tionships other than generalized Coulombic or van der 
Waals interactions. The short-range structures of these 
materials are susceptible to changes in the Tg region, 
and they exhibit anomalously large AC, values. For 
fragile materials, ,8 is typically 0.3-0.5 and is strongly 
temperature-dependent around the transition region. 
Frequently, ,b decreases progressively with decreasing 
temperature. The "intermediate" classification encom- 
passes a wide range of materials including alcohols and 
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Figure 10. Arrhenius plot of fast (kf) and slow (k , )  relaxation 
components of a contact-poled 36% functionalized (SI-NPP- 
PHS film below Tg (data from Figure 61. 

many amorphous polymers. In general, they possess 
some type of specific interactions such as hydrogen 
bonding or weak covalent interactions and exhibit many 
attributes of fragde materials, although the temperature 
dependence of /3 is somewhat less pronounced. 

Examination of the isothermal decay curves for 36% 
functionalized (S)-NPP-PHS indicates that ,8 (Table 3) 
exhibits some degree of temperature dependence, as 
expected for an intermediate material. Furthermore, 
the magnitude of /3 (0.5-0.6) in the temperature region 
studied and the observation of increasing /3 with in- 
creasing temperature correspond closely to the afore- 
mentioned intermediate classification. Note that these 
/3 values (0.5-0.6) are substantially greater than those 
reported in previous isothermal decay studies of guest- 
host  material^,^^,^^ indicating that a broader distribution 
of relaxation times exists in the doped materials com- 
pared to  that found in the chromophore-functionalized 
polymers. The reduction in ,B (increased breath of 
distribution) likely reflects the increased rotational 
mobility inherent in guest-host materials. 

A narrowing of the relaxation times distribution with 
increasing temperature (/3 approaching unity) has been 
interpreted, in a simple biexponential picture, as imply- 
ing that the faster relaxation processes (tf) have smaller 
activation energies than the slower processes ( ~ ~ 1 . ~ ~  
Since the difference between tf and ts decreases with 
increasing temperature, a narrowing of the distribution 
is 0bserved.~~2~~ In other words, divergence of l/tf and 
l/t, as the temperature is lowered indicates a slowing 
of the relaxation modes involving diffusive motion and 
structural rearrangements relative to the fast relaxation 
processes. This divergence with decreasing temperature 
is illustrated for (S)-NPP-PHS films (poling and decay 
isothermally below Tg; Figure 6) in Figure 10, an 
Arrhenius plot of l/tf (kf) and l/ts (ks) data derived from 
nonlinear regression fitting to biexponential eq 6. Here 

cf and cs are coefficients describing the fractions of fast 
and slow kinetics. The empirical biexponential function 
has previously been applied to  the study of polymer 
dynamics and can be viewed as a two-state description 
of chromophore reorientation rates, for example, those 
occurring in "liquid-like" and "glass-like" regions of the 
polymer m a t r i ~ . ~ ~ , ~ ~  

Since the temperature-dependent behavior of the sub- 
Tg relaxation processes for (5')-NPP-PHS is Arrhenius- 
like (eq 71, temperature-independent activation ener- 
gies, E,, for the fast and slow processes can be 

1 \ i 

- 3  -t \ f 
-4 . 
0.0023 0.0024 0.0025 

UT (IIK) 
0.0026 0.0027 

Figure 11. Arrhenius plot of the KWW-derived SHG decay 
rate constant data for a contact-poled 36% functionalized 
NPP-PHS film. 

determined. The faster relaxation process yields an 
activation energy of 52.5 f 5.3 kcallmol. The activation 
energy associated with the slow relaxation processes is 
nearly twice that of the fast process, 104.6 f. 10.4 kcal/ 
mol. The exponential dependence of the relaxation 

E,IRT t = roe (7) 

times on temperature below Tg suggests that the 
observed mobility is noncooperative in nature (Le . ,  does 
not involve participation of a large region of the poly- 
mer) but rather is due to local mode relaxations involv- 
ing rotations of the individual chromophoric units or 
other functional group m ~ t i o n . ~ ~ , ~ ~  The magnitude of 
each of the activation energies is larger than that found 
in recent studies of the lower Tg polymers spiropyran- 
modified poly(~-lysine)~~ and (dimethy1amino)nitrostil- 
bene-substituted poly(buty1 metha~rylate).~~ The larger 
apparent activation energies for (5')-NPP-PHS are 
consistent with the higher Tg and the slower observed 
rate of SHG decay subsequent to poling field removal. 
The activation energy corresponding to  the slow process, 
however, is only slightly higher than that reported for 
a DANS-functionalized side-chain polymer, which pos- 
sesses approximately the same Tg.60 

Like ,B, the KWW t can also be used to  categorize 
glass-forming materials according to Angell's classifica- 
tion. Strong materials usually have an Arrhenius 
temperature dependence (eq 7), with large but tempera- 
ture-independent activation energies. Fragile materials 
exhibit two Arrhenius regions, one at high temperatures 
(T >> Tg) with a lower activation energy than usually 
found in strong materials and a second region at  low 
temperatures with a very large E,. The two Arrhenius 
regions are connected by a region of strong curvature, 
with Ea monotonically increasing as temperature de- 
creases. Intermediate materials show many aspects of 
fragile behavior but exhibit a slightly less pronounced 
temperature dependence of the effective Ea. The tem- 
perature dependence of SHG decay through a full range 
of temperatures above and below the glass transition 
temperature for 36% functionalized (5')-NPP-PHS is 
presented in Figure 11 (Table 4). The semilog plot of 
the relaxation time constant, k (k = Vt), as a function 
of 1/T confirms approximately linear behavior below Tg 
(134 "C)  and the Arrhenius temperature dependence of 
t. At higher temperatures, however, curvature is 
evident, again suggesting intermediate behavior. The 
temperature dependence of polymer glass relaxation 
times in fragile and intermediate materials above Tg is 
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Figure 12. Temperature dependence of the SHG relaxation 
time constant, t, for a 36% functionalized (SI-NPP-PHS film 
above Tg. The solid curve represents a nonlinear least-squares 
fit t o  the WLF equation (eq 8 where C1= 2.35, Cz = 17.02 K, 
and Tg = 134.2 "C). 
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Figure 13. Activation enthalpy data as  a function of tem- 
perature from above-T, SHG relaxation data on a 36% func- 
tionalized (SI-NPP-PHS film. The curve is drawn as a guide 
to the eye. 

often described by the Williams-Landel-Feny (WLF) 
function61 (eq 8) where aT is the ratio of the relaxation 

times (obtained by fitting to the KWW function) at 
temperature T to  that at the glass transition tempera- 
ture, Tg. C1 and C2 are empirical constants which 
depend strongly on the polymer.62 Since the WLF 
equation is only valid above Tg (due to its inability to  
accurately account for the nonequilibrium state of the 
glass), the present analysis is applied only to  the 
relaxation transients collected T L Tg for 36% function- 
alized (SI-NPP-PHS (Figure 7 and Table 4). The WLF 
parameters obtained (Figure 12) are CI = 2.35 and CZ 
= 17.02 K. The success of modeling the above-T, 
relaxation dynamics with the WLF expression has been 
suggested to indicate that at these temperatures (T > 
Tg) the relaxation mechanism becomes more coopera- 
tive, involving the participation of larger regions of the 
polymer chain(s).28 

From the WLF equation, an apparent activation 
enthalpy for relaxation above Tg can be derived (eq 
9),62,63 where R is the ideal gas constant. AHH,* is not 

RClC2p  
(C2 + T - Tg)' 

AH; = (9) 
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Figure 14. VTF plot of SHG relaxation data for a contact- 
poled 36% functionalized @)-NPP-PHS film. The dashed line 
represents a linear least-squares fit of sub-T, data. 

temperature-independent but rather increases rapidly 
with decreasing temperature (Figure 13), ranging from 
-11 kcaVmol at 153 "C to -45 kcaVmol at  134 "C. This 
trend is due to the onset of rotational and translational 
motion that was prohibited in the structurally arrested 
glassy state. From Dhinojwala et al.'s5 WLF plot for 
the temperature-dependent behavior of a DANS-doped 
glassy polymer (PIBM) the AHa* above Tg can be 
estimated to be -1 kcal/mol, a value substantially less 
than that found in the present study. The smaller 
activation energy found for the doped polymers com- 
pares favorably with activation energies typically found 
for small penetrant molecules diffusing through amor- 
phous polymer matrices.64 

The temperature dependence of t for (S)-NPP-PHS 
can also be examined by replotting the relaxation 
data using the Vogel-Tamann-Fulcher (VTF) equa- 

WLF equivalent function (eq 10) where t is 

(10) 

the KWW-derived relaxation time, A and B are system- 
dependent constants, and TO is a reference temperature, 
typically 50 "C below Tg. The results of this analysis 
(Figure 14) compare favorably with those recently 
reported for two chromophore-functionalized PMMA 
 polymer^.^,^^,^^ Note that one analysis68 used a modified 
VTF function which extends the validity of eq 10 to 
temperatures below Tg, since the majority of the relax- 
ation data were recorded in that region. The chro- 
mophore-functionalized PMMA  polymer^^^,^^ also ex- 
hibited a discontinuity in VTF plots (Le., change in 
slope) as observed for (SI-NPP-PHS (Figure 14). The 
temperature at which this discontinuity occurs has been 
termed the critical temperature, Tc.65-67 For (SI-NPP- 
PHS, this temperature corresponds closely to the glass 
transition temperature. The lesser slope at tempera- 
tures below Tg indicates that, in this region, the 
relaxation processes are not as thermally sensitive as 
a t  higher temperatures. Thus, the system is more 
stable below Tg. In contrast, the PMMA polymers 
examined by Burland et al.68,69 exhibit T,  at -50 "C 
below Tg, indicating a significant difference in the 
relaxation behavior of the two systems; a 50 "C differ- 
ence between Tg and TO is typical of many structural 
 polymer^.^^-^^ This result indicates that (SI-NPP-PHS 
is more orientationally stable than the functionalized 
PMMA polymers since, for the latter, the onset of 
enhanced thermal stability does not appear until the 
temperature is reduced to -50 "C below Tg. One 
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possible explanation for the enhanced stability of (SI- 
NPP-PHS is the stiffer backbone and presence of 
secondary bonding interactions such as hydrogen bond- 
ing. 

Conclusions 
The results of this study demonstrate that in-situ 

SHG measurements provide an incisive method for 
probing polymer dynamics and local polymer micro- 
structure. By analyzing relaxation transients during 
and after poling, while systematically varying selected 
poling/processing parameters such as duration of poling, 
temperature, and applied field strength, information 
regarding the rotational dynamics and local microstruc- 
ture of the appended chromophore can be obtained. Data 
analysis using the empirical KWW function and the 
associated fit parameters for (S)-NPP-PHS shows that 
t increases substantially upon reduction of the applied 
poling field strength, with increasing poling time (physi- 
cal aging) and with a decrease in sample temperature. 
The distribution broadens Cp decreases) moderately with 
an increase in the applied field strength and sharply 
with increased poling time. This broadening of the 
relaxation time distribution can be attributed to the 
tendency of the pendant chromophore units to  access a 
larger dynamic range of barriers within the polymer. 
Conversely, ,f? increases (the distribution narrows) with 
increasing film temperature, attributable to increased 
cooperativity of motion within the polymer matrix. The 
majority of observed ,B values in this study fall within 
the range of 0.5-0.6-values typically encountered in 
studies of relaxation behavior in both organic and 
inorganic glasses subjected to electrical, mechanical, or 
thermodynamic 

The temperature dependence o f t  can be divided into 
two distinct regions: sub-T,, where the dynamics can 
be adequately modeled using the Arrhenius equation, 
and above-T,, where the behavior can be described by 
the Williams-Landel-Ferry (WLF) or the equivalent 
Vogel-Tamman-Fulcher (VTF) function. Examination 
of the VTF plot for the KWW relaxation times of (SI- 
NPP-PHS films reveals a change in slope at Tg, 
signaling a change in the thermal sensitivity of the 
polymer matrix. A recent, similar analysis of two 
functionalized PMMA polymers revealed a similar 
discontinuity in the VTF plot; however, the location was 
substantially below Tg (Tg - 50 "C). Thus, the (SI- 
NPP-PHS system is more stable, due presumably to  a 
less mobile architecture and secondary bonding interac- 
tions. In marked contrast, the majority of WLF and 
VTF plots for guest-host NLO polymers do not appear 
to exhibit such a slope discontinuity and are essentially 
linear.68,69 This differing behavior is likely due t o  the 
lack of strong correlations between the chromophore 
probe dynamics and the dynamics of the host polymer. 
In other words, the temperature-dependent behavior of 
the chromophore dopants is far less sensitive t o  changes 
in the host polymer dynamics near Tg, since the chro- 
mophore units reside in voids between polymer chains 
and are not directly coupled to the motion of the 
polymer. Further experiments on different types of 
side-chain and host-guest NLO polymers are needed 
to assess the generality of these conclusions. Evaluation 
of the temperature-dependent (8)-NPP-PHS SHG re- 
laxation data using the WLF equation affords a range 
of activation enthalpies, which are found to increase as 
Tg is approached (10.8-44.5 kcdmol). These values are 
- l o x  greater than those found for simple guest-host 
PMMA systems. 
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The growth (field-on) dynamics of the temperature- 
dependent (S)-NPP-PHS SHG signal were also exam- 
ined using the KWW function. As was the case for the 
SHG decay, the KWW z parameter decreases with 
increasing sample temperature. The width of the 
distribution, p, approaches unity with increasing tem- 
perature, implying that a single alignment mechanism 
(electric field biasing of the chromophore dipoles) domi- 
nates at these temperatures. The distribution broadens 
at lower temperatures, presumably incorporating ad- 
ditional alignment mechanisms, such as side-chain 
motion coupled with main-chain reorganizational mo- 
tion. While we have provided qualitative explanations 
for many of the observed changes in the fit parameters, 
further interpretation awaits an appropriate theoretical 
analysis. This will be presented in a subsequent 
cont r ib~t ion .~~ 
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