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ABSTRACT We have investigated the second harmonic generation (SHG) signals of a guesthost system 
based on 4-(dimethylamino)-4‘-nitrostilbene dissolved at 1 wt % in poly(isobuty1 methacrylate) and poled 
in a sandwich configuration of IT0 electrodes. By blocking the injection from the IT0 surfaces with S i 0  
coatings, a significant impact of charge carriers on the SHG decay pattern can be excluded. Using 
chloroform as a solvent, an additional contribution to the SHG decay kinetics is observed which is also 
active in the presence of the external electric poling field. Separating this effect from the pure orientational 
relaxation of the dopants leads to a highly improved reproducibility. Due to its weak temperature 
dependence, we tentatively ascribe this solvent-specific effect to the diffusion of dipolar impurities which 
may affect the local field factors and hyperpolarizability tensors. The resulting corrected SHG time 
constants related to the pure orientational relaxation still appear to be strongly decoupled from the 
a-process of the matrix as inferred from dielectric relaxation data of the bulk polymer. This basic 
discrepancy between SHG decay and a-process is found not to depend on film preparation, sample 
conductivity, sample geometry, and residual solvent content. 

Introduction 
Since the first report of electric field poling of doped 

polymer films1 to break the inherent centrosymmetry 
and the demonstration that by such a process large 
second-order nonlinear optical (NLO) coefficients are 
obtained, there has been a great effort to employ this 
technique for polymer science and commercial 
application.2-6 The motivation for using polymers with 
NLO properties is related to the production of the 
inexpensive and custom-tailored materials for optical 
data storage and electrooptical devices as well as 
alternatives for inorganic crystals used in second har- 
monic generation (SHG), the conversion of light of the 
frequency w to twice the frequency, i.e., 2w.7z8 

The inevitable tendency for thermal randomization 
of such a noncentrosymmetrically aligned ensemble of 
dopants after the removal of the dc poling field has been 
the subject of intense research. The decay of the SHG 
intensity is related to the decay of the second-order 
macroscopic susceptibility x(2).499 Hence, particular 
interest has been laid on employing SHG relaxation 
measurements as an in situ method to either investigate 
the long-term stability of dopant alignments for techni- 
cal purposes or to use the reorientation of a dopant as 
a probe of the dynamic properties of the surrounding 
matrix cages. However, the relaxation pattern can be 
affected by various parameters such as the temperature, 
the molecular structure and free volume of the system, 
and as the presence of charges and dipoles within the 
material. Thus, SHG relaxation studies offer a powerful 
tool to gain insight into the basic local processes causing 
the orientational randomization of dopant molecules. 

Following the discussion in the literature, the tem- 
perature dependence of the rate of these decays and the 
shape of the relaxation pattern itself often differ sig- 
nificantly even when working with quite similar materi- 
als. One important question in this context concerns 
the extent of coupling of the dopant’s movement to the 
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a-relaxation of the matrix. Various different approaches 
involving time-resolved optical spectroscopy,1° transient 
grating exper iment~l l -~~ as well as dielectric measure- 
ments14J5 and thermally stimulated discharge experi- 
ments (TSD)16 have been applied to characterize the 
dynamics of guest molecules in polymer host materials. 
The interest in a more complete understanding of the 
SHG decay experiment stems also from the observed 
quantity being highly selective to  the orientation of the 
chromophores. 

The main purpose of this work is to identify experi- 
mental factors which may affect the results and to find 
ways to  separate them from intrinsic material proper- 
ties, thereby extending our previous studies.l’ In the 
following we will report on SHG measurements using 
electrode-poled films of 4-(dimethylamino)-4’-nitrost;!- 
bene (DANS) dissolved a t  1 wt % in poly(isobidy1 
methacrylate) (PIBMA). The influence of electrical 
conductivity and different sample setup on the relax- 
ation pattern is analyzed. A deeper insight into the 
randomization dynamics after switching off the electric 
field is achieved by quantitatively taking into account 
a significant SHG decay while the field is still applie?. 
Highly reproducible relaxation data were collected 
within an expanded temperature regime encompassing 
the glass transition TG, the fits being based on a 
Gaussian distribution of energy barriers for the reori- 
entation process. This set of data is compared t c  
dielectric measurements of the pure matrix materia:. 
Special emphasis is laid on the influence of changirg 
the solvent used for film preparation. 

Theoretical Aspects 
Second-order NLO properties, including SHG, are 

usually expressed in terms of the second-order suscep- 
tibility ~ ‘ ~ ) ( - 2 w ; o , o )  tensor in the polarization relation- 
ship P for the bulk material4 

P = X‘l’E(W) + X‘2’E(w)E(o) + X‘3’E(w)E(o)E(cu) . 
(1) 

According to the dielectric approximation4 these x ( I r  

tensors measure the macroscopic compliance of the 
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electrons. Since x(2j is proportional to  the square  of the 
field strength of the optical field E(o), SHG requires a 
noncentrosymmetric medium. Hence in polymer guest/ 
host systems the dopants  have to be poled by means of 
a strong electric dc field. Making use of the so-called 
free-gas a p p r ~ x i m a t i o n , ~  the relevant tensor elements 
for the macroscopic second-order susceptibility x(2j are 
given by 
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the thermal history and then quenched to 120 "C within 50 s 
by an air stream. After letting the sample equilibrate for 15 
min, a poling field of either 0.14 or 0.10 MV/cm was applied 
for 5 min in order to saturate the alignment. Control of the 
poling process was established by in situ monitoring of the 
SHG signal as well as the cell current. This procedure was 
followed by quenching to the desired temperature. Simulation 
of this thermal treatment in a differential scanning calorimetry 
(DSC) experiment after a thermal erase step yielded TG =Z 63 
"C. The DSC scan was performed at a cooling mixture rate of 
10 Wmin in order to match the rates realized in the SHG 
experiment. 

3. Experiment Setup for the SHG Measurement. The 
SHG experimental setup involved a 76 MHz mode-locked Nd- 
YAG laser operated at  1064 nm (-40 nJ/pulse, 250 ps pulse 
width). The detection of the light a t  20  = 532 nm was done 
via online normalization using a quartz reference in a second 
detection channel. Signal processing was established by lock- 
in techniques. Particularities concerning the relevant experi- 
mental factors to be considered have been outlined in detail 
e1~ewhere.l~ All results in this paper are presented with the 
signal-to-noise ratio as originally acquired. 

4. Dielectric Measurement. In order to quantify the 
mean relaxation time in the range of present interest, the 
frequency-domain response and impedance analysis were 
employed in the range 10-3-107 Hz. To cover this scale two 
different systems were used: a frequency-response analyzer 
(Solartron-Schlumberger FRA-1260, lo6 Hz) equipped 
with a Chelsea dielectric interface and an impedance analyzer 
(HP-4192A, 102-107 Hz). The sample temperature was ad- 
justed by a temperature controller (Quatro, Novocontrol) using 
a heated Nz gas stream and measured independently with a 
PT-100 sensor. 

Following common practice, we fit the symmetrically broad- 
ened dielectric loss data ~ " ( w )  to the empirical Havriliak- 
Negami function E* (o )  = E'(o) - i ~"(0) = E ,  + A E [ ~  + ( i ~ t ) ~ ] - Y ,  
which coincides well with the data in the vicinity of the peak 
of ~"(0). For the present purpose the frequency urn, defined 
by the peak position of E"(w), is employed to designate a 
characteristic dielectric relaxation time of the a-process in 
PIBMA. This choice corresponds roughly to the mean relax- 
ation rate ( r )  obtained from time-domain decay data. 

Results and Discussion 
1. Sample Conductivity. In a recent discussion 

regarding the conductivity of IT0 sandwich poled guest/ 
host polymers using poly(ethy1 methacrylate) (PEW),  
we concluded that charge injection effects from the 
electrodes are an impor tan t  factor.17 To gain further 
insight into these phenomena, layers of silicon monoxide 
(SiO, Balzers) of varying thickness were evaporated onto 
the anodes for the present study. Introducing Si0 
blocking coatings in the sandwich cells did not  affect 
the characteristic optical absorption behavior of t h e  
sample,  but it reduces the cell conductivity by a factor 
of m20 as demonstrated in Figure 1. A further reduction 
of conductivity could not  be acheived by increasing the 
thickness of the Si0 layer.  In the course of these 
conductivity experiments we  have  also investigated the 
effect of varying the applied voltage from 0.1 to 0.14 Mv/ 
cm. Additionally, the behavior of the undoped matrix 
as well as the influence of toluene instead of chloroform 
as a solvent for casting the films has been investigated. 
All cur ren t  results as summarized in Figure 2 turned 
ou t  t o  be unaffected by irradiation of the sample wi th  
the fundamenta l  beam of 1064 nm. Since no difference 
between the pure  matrix and the weakly doped guest/ 
host  system has been found, we conclude that in case 
of these low concentrated mater ia l s  the conductivity 
must be an inherent property of t h e  mat r ix  material ,  
most probably due  t o  ionic impurities. 

2. SHG Signal Decay with Applied Field. During 
t h e  poling process of samples cast  from chloroform 

where N is the number of NLO-active molecules per  unit 
volume and f , (v )  are dimensionless field factors which 
are associated with the appropriate macroscopic coor- 
dinates (1,2,3) and the optical frequency components. 
pztz represents the relevant tensor  element of the 
molecular hyperpolarizability along the dipole axiz z, 
and 0 measures the angle between the z and 3-direction 
(being the macroscopic direction of the poling field). 
Assuming a p-polarized fundamental beam with the 
electric field E(u) and t h e  1-3-plane as the plane of 
incidence, t h e  NLO polarization at 20 is found to be 
proportional t o  xfi3 and ~ ( 3 : ) ~  and thus proportional to  
the averaged chromophore orientation expressed by (cos 
0). A further relationship shows that the square  root 
of the SHG intensi ty  is proportional to  the NLO 
polarization at 2w and therefore strongly related to the 
dopant orientation. More information concerning these 
theoretical aspects has been given recently17 and is 
available in much more detail e l ~ e w h e r e . ~ , ~ J *  

Experimental Section 
1. Sample Preparation. PIBMA of high molecular weight 

(Elvacite 2045, DuPont; M ,  = 193 000, M ,  = 120 000; vacuum 
dried for 6 days at  120 "C to  remove possible impurities of 
low molecular weight) and appropriate amounts of DANS 
(Kodak) were dissolved in HPLC-grade chloroform (Aldrich) 
or toluene (Merck) to form solutions of 1 wt % chromophore 
concentration. The films made from toluene solutions were 
dried a t  50 "C for about 30 min and backed at  75 "C under 
vacuum for a t  least 6 days before the sandwich setup was 
assembled. Films of 25 pm thickness were obtained between 
two indium tin oxide (ITO, Baltracon 417, Balzers) coated 
glasses using polyimide spacer sheets (Kapton, DuPont). The 
exact procedure and a detailed description of the sample 
architecture have been stated e1~ewhere.l~ The capacitance 
of the sandwich cells was about 100 pF. 

The optical homogeneity, i.e., absence of aggregation, was 
checked with a microscope using crossed polarizers. Being 
aware of the insufficiency of such a test, the actual claim of 
homogeneity stems from the relaxation data being DANS 
concentration invariant and highly reprod~cib1e.l~ In order 
to avoid interactions among chromophores and laser-induced 
heating effects, we limited the experimental conditions to  
below 1 wt % DANS and 2300 pm laser spot, respectively. This 
in turn restricted our usable minimum film thickness to  -20 
pm for obtaining sufficiently strong SHG signals. The pres- 
ently used thickness of 25 pm calls for quantifying the residual 
solvent content, which by elemental analysis revealed ~ 0 . 8  
wt 9% chlorine for the present preparation and drying tech- 
nique. Monitoring the solvent removal throughout the drying 
process by means of W/vis spectroscopy (Perkin-Elmer Lamda 
9) resulted in stationary absorption spectra after 2 days, so 
that the evolution within the remaining 4 days of drying was 
inaccessible with this technique. 

2. Poling and Thermal Erase. Guided by our previous 
success concerning reproducibility of SHG data, the following 
procedure for sample conditioning was applied: Prior to each 
measurement, the sample was held at 170 "C for 1 h to erase 
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Figure 1. Temperature-invariant reduction of the cell current 
of a 25 pm PIBMADANS film by coating the anode with Si0 
(filled triangles). The upper curve (open squares) refers to a 
sample with an uncoated IT0 anode. 
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Figure 2. Temperature dependence of the cell current of 25 
pm PIBMA films (doped with 1 wt % DANS) under various 
experimental conditions: filled triangles, uncoated anode, 0.14 
MV/cm poling field; open triangles, uncoated anode, 0.10 MV/ 
cm poling field; open squares, uncoated anode, pure matrix 
material, 0.10 MV/cm poling field; filled squares, uncoated 
anode, 0.10 MV/cm poling field, film cast from toluene solution 
instead of chloroform. 

solutions, a steady decrease of the intensity at 2w by 
up to 80% of the initial value was observed with the 
field still applied. Common features of this unexpected 
effect are the time scale of this process of up to several 
hours and the complete reversibility provided that a 
thermal erase cycle preceded each experiment. Ir- 
reversible effects were occasionally detected when using 
either fresh samples or samples which had not been 
used for several days. A n  explanation for these features 
cannot be given at present but similar effects have been 
observed in almost every sample of poly(alky1 meth- 
acrylates). A representative decay of the SHG signal 
with the field applied is depicted in Figure 3. Based 
on the extent of this effect and its impact on the 
apparent relaxation process without field, we have 
started intense efforts to characterize this phenomenon 
in more detail for the films cast from chloroform 
solution. 

The most simple description of the above decay is an  
exponential with time constant z combined with an 
offset I,: 

(4) 

Note that all intensities are related to the square root 
of the normalized SHG signal, i.e., I ( t )  = [IsHG(~)/ 
IsHG(o)]1'2. The slope m of I ( t )  at t = 0 leads to an 

I = [(Io - I-) exp(-t/z)l + I, 
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Figure 3. Typical SHG signal decay for a PIBMA sample (cast 
from a chloroform solution) doped with 1 wt % DANS. The 
trace is recorded at T = 45 "C with the poling field of 0.14 
MV/cm being applied during data acquisition. 
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Figure 4. Arrhenius plot of the characteristic times of 
isothermal SHG decays with applied field. The data refer to 
a PIBMA sample doped with 1 wt % DANS using an uncoated 
anode and poling fields of 0.14 (filled squares) and 0.10 M V /  
cm (open squares). 

Table 1. Activation Energies for the SHG Decay as a 
Function of Electrode Coating and Poling Field 

poling field 
PIBMA sample (MVicm) Eaet (kJ/mol) Eact (eV) 

uncoated anode 0.10 25.9 0.27 
uncoated anode 0.14 19.7 0.20 
SiO-coated anode 0.10 14.3 0.15 
SiO-coated anode 0.14 3.3 0.03 

expression for l l z :  

Therefore, the saturation level I ,  has to be determined 
as accurately as possible. Decay curves under an 
applied field were recorded in the range 25 "C I T 5 
68 "C, analyzed according to eqs 4 and 5, and evaluated 
in terms of an activation energy by linear regression in 
an Arrhenius plot. The results are compiled in Table 1 
and depicted in Figures 4 and 5. 

At elevated temperatures (T >> TG) the time scale of 
the decay under field becomes much longer compared 
to the pattern after switching off the field. Figure 6 
presents the result of such an experiment at T = 90 "C 
(TG + 27 K) where the poling field had been switched 
off for a certain period of time followed by repoling. 

The equivalent behavior below TG is addressed in 
Figure 7 ,  which shows data of two measurements at TG 
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the poling voltage is maintained for 2:20 h a t  these low 
temperatures before switching off the field and record- 
ing the subsequent SHG signal. This striking difference 
between SHG decay under an electric field and that 
following the removal of the field implies that one tends 
to interpret the faster process as orientational relaxation 
of the guest molecules if these two effects are not 
separated properly. 

Even when using the above simplified data analysis, 
some important features are obvious regarding the 
thermal behavior of the SHG signal decay with applied 
field (cf. Figures 4 and 5): 

(i) The SHG decay with applied field is only weakly 
thermally activated with barriers between 3 and 26 kJ/ 
mol, depending on the poling field and electrode coating 
(see Table 1). 

(ii) The absolute rates of the process appear to be 
insensitive t o  the various experimental conditions. 
Despite a reduction of the cell current by more than one 
order of magnitude, no severe influence on the overall 
decay is visible. 

The most important aspect in this context is the fact 
that the activation energies for the SHG decay with 
applied field are far too small to be interpreted in terms 
of intrinsic polymer motions for this class of matrix 
m a t e r i a l ~ . l ~ - ~ ~  A qualitative explanation for this phe- 
nomenon can be offered when considering the influence 
of dipolar components or free changes on ~ ( ~ 1 .  Elemental 
analysis of solvent residues in the samples cast from 
chloroform solutions yielded almost 1% by weight of 
chlorine, corresponding to about five chloroform mol- 
ecules per one NLO chromophore. Furthermore, com- 
paring the possible charge density of 1010-15 cm-3 
(estimated assuming a typical current in the nA regime, 
mobilities of about cm2N s or alternatively via the 
cell capacitance) with the chromophore density esti- 
mated to be 5 x 1019 DANS/cm3 (which is in good 
agreement with results from Guan23) implies that the 
concentration of free charges is too small to gain any 
significant impact on the dopants. This assumption is 
also underlined by the coincidence of experimental decay 
results for samples with and without blocking elec- 
trodes. 

Our present picture for rationalizing the SHG relax- 
ation process in the presence of the poling field is as 
follows. Mainly residual chloroform molecules (u = 1.01 
D24) and additional small dipolar impurities (e.g., water) 
might gradually accumulate around already aligned 
chromophores by diffusion. Such a process might 
proceed with low thermal activation, weak field depend- 
ence, and independent of an anode coating. It also 
complies fully with the reversibility being correlated 
with our thermal erase procedure. Additional evidence 
stems from the absence of these effects when the less 
polar toluene instead of chloroform is used. This 
influence of chloroform is particularly important since 
most of the published work concerning poled polymers 
has been done using films cast from chloroform solu- 
tions. A further indication for the contribution of only 
very few solvent molecules to this effect might be the 
fact that W/vis spectra of the film taken before and 
after a thermal erase step did not differ a t  all. 

It remains to be clarified how polar molecules which 
are free to  diffuse within the matrix have a feedback 
on the SHG efficiency of the sample. First, it is 
plausible that the chloroform molecules will tend to 
solvate the DANS selectively because the host polymer 
is almost nonpolar. We assume that such a shielding 
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Figure 5. Arrhenius plot of the characteristic time of an 
isothermal SHG decay with applied field. The data refer to a 
PIBMA sample doped with 1 wt % DANS using a SiO-coated 
anode and poling fields of 0.14 (open circles) and 0.10 MV/cm 
(filled triangles). 
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Figure 6. Normalized SHG signal decay for a 1 wt % DANS/ 
PIBMA system at T = 90 "C (TG + 27 K). The poling field 
has been switched off for three periods of varying length. The 
slow decay under field proceeds independent of the presence 
of an external field. 
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Figure 7. Traces of normalized SHG relaxation in a PIBMA 
sample doped with 1 wt % DANS at T = 18 "C (TG - 45 K). 
Trace A refers to  directly switching off the field after having 
reached a maximum in the signal intensity by poling. Curve 
B refers to removing the field after a 2:20 h delay at T = 18 
"C and 0.14 MV/cm poling field. 

- 45 K and carried out under otherwise identical 
experimental conditions using the same sample as for 
the 90 "C case. Trace A corresponds to the SHG signal 
recorded directly after alignment by poling and implies 
a comparatively fast relaxation of the dopants on a time 
scale of several hours. In contrast, an almost constant 
SHG signal level is obtained (trace B in Figure 7) when 
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might both seriously weaken the poling field felt by a 
given chromophore and strongly affect its hyperpolar- 
izability and the local field factors (cf. eqs 2 and 3).  
These field factors relate the externally applied (optical) 
fields E(wi) to the corresponding fields e(wi) actually felt 
by a molecule in the material as a result of charges 
present on neighboring molecules and any orientational 
polarization that might occur on adjacent molecules in 
reaction to  the charge distribution on the molecule of 
interest. Various approaches have been established to 
calculate these field factors, all being more or less based 
on comparatively crude simplifications, especially with 
regard to the geometry of the local environment; i.e., 
usually uniform polarization of the vicinity is consid- 
ered. Dynamic and anisotropic effects like those dis- 
cussed presently are certainly not accounted for. Local 
field factors are often estimated from the Lorentz 
expression4J5 

(6a) 

or in a more sophisticated approach via the Onsager 
expression' 

The validity of eqs 6a and 6b is restricted to spherical 
symmetries and to a continuum approximation of the 
dielectric surrounding the dye molecule. Thus it is 
important to note that even a strong decrease of the 
SHG intensity is not necessarily associated with a 
change of (cos 0). However, the average orientation 
quantified by (cos 0) might also be affected due to 
changes in the local poling field as a consequence of 
molecular inhomogeneities. 

According to the literature, the SHG stability of 
aligned systems has usually been determined only after 
removing the applied field and assuming that the 
decrease of the SHG signal is solely related to  a change 
of the dopant averaged orientation. Our novel results 
alter the interpretation of SHG relaxation patterns since 
a signal decay in the case of a constant poling field 
should not relate to orientational randomization of the 
chromophores. Above TG the relaxation time scale is 
dominated by the decay without field as seen in Figure 
6. However, below TG as in Figure 7 there is a 
significant risk of misinterpreting the decay data, 
because the time scale of dopant reorientation (trace B) 
is much longer than the apparent decay time (trace A). 
Relating trace B of Figure 7 to changes of (cos 0) instead 
of trace A is more sensible in light of the temperature 
being 45 K below TG, i.e., close to the Vogel temperature 
TO, where motional freedoms are believed to be com- 
pletely frozen.25 Effects due to physical aging at  such 
low temperatures on a time scale of 2-3 h are unlikely 
to occur and can only affect the SHG decay after 
removing the field, but should not influence the SHG 
intensity while poling. Aging experiments on a similar 
time scale using PEMA as a matrix material for SHG 
studies have also ruled out any significant contribution 
of aging in this case.17 

The distinct SHG decay processes with and without 
field become comparable in time scale a t  a temperature 
T x 50 "C. Figure 8 presents a set of normalized SHG 
data obtained a t  this temperature (TG - 13 K) recorded 
directly without a preceding signal loss while poling, i.e., 

0 1 2 3 4 5 6  
Time / 1000 s 

Figure 8. Set of normalized SHG decays of a PIBMA sample 
(from chloroform solution) doped with 1 wt % DANS at  T = 
50 "C (TG - 13 K). The SHG decay due to pure dopant 
reorientation is superimposed by shielding effects of poor 
reproducibility. 
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Figure 9. Normalized time dependence of the SHG signal in 
a PIBMA sample doped with 1 wt % DANS a t  T = 60 "C (TG 
- 3 K). The poling voltage has been switched off at t = 7500 
s, which results in changes of the decay pattern. 

in the usual manner. Referring to our explanations of 
the decay under field, the bad reproducibility in this 
case stems from the competition of the poorly defined 
decay by chloroform shielding and the "real" orienta- 
tional effect which proceed simultaneously. For this 
experiment a numerical analysis for unraveling the 
effects is impossible. A separation of the effect of 
interest could only be achieved by monitoring the signal 
decrease under field until saturation was reached prior 
to switching off the field. Apart from the disadvantage 
of increased measurement times, this procedure is 
restricted in the sub-TG region to temperatures where 
physical aging does not interfere. Although a lower 
signalhoise ratio has to be accepted in this case, the 
measurement done at  60 "C (TG - 3 K) and shown in 
Figure 9 indicates that the two processes can indeed be 
separated by this method. 

Various features of other systems discussed in the 
literature show a strong similarity to the effects outlined 
above: The experimental results of Guan et al.,23 who 
have observed a gradual increase of characteristic times 
after each poling cycle (without any thermal erase in 
between), can also be interpreted by our hypothesis. 
Goodson and Wang26 have recently presented SHG 
decay data of a comparable guesthost system ( P M W  
DANS) with the corresponding fits being based on a 
superposition of two Kohlrausch- Williams-Watts 
(KWW) patterns 
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1 According to  their report, the first relaxation t1 had been 
comparatively insensitive to temperature and its rela- 
tive amount had decreased with increased annealing 
time. They concluded that a ~ ( ~ 1  effect had been 
responsible for this feature. In the course of corona 
poling experiments with similar materials, other au- 
t h o r ~ ~ ~ ~ ~ ~ ~ ~ ~  have also reported about SHG signal decays 
with applied field. Following their discussion, residual 
surface charges generated by the corona discharge were 
considered to be responsible for this effect. In particu- 
lar, Hampsch et al.29 have specified this effect to an ion- 
polymer interaction set by surface charges but were not 
able to separate this effect. A retardation of the dopant 
randomization was postulated in that case, yet without 
further specifications. Goodson et  al.30 as well as Guan 
et al.23 have also emphasized the complexity of a general 
explanation of these phenomena. We will refer to this 
point e1sewhe1-e.~~ 

3. Temperature Dependence of the SHG Decay. 
Several series of temperature-dependent experiments 
were recorded within the range 50 "C 5 T I 100 "C 
using different samples of PIBMA/DANS. We were able 
to estimate the influence of dopant concentration and 
anode coating as well as poling voltage on the kinetics 
of the SHG decay. Each measurement was performed 
following the standardization outlined above. Hence all 
experiments done a t  a given temperature are directly 
comparable with respect t o  the sample history. Espe- 
cially laser heating effects17 are ruled out. Numerical 
fits to the SHG decay data were achieved following eq 
8 based on a static Gaussian distribution of energy 
barriers with the parameters ( r )  and 0, which quantify 
the mean relaxation rate and the Gaussian width, 
respectively. This model, presented in detail else- 
where,32 turned out to yield satisfactory results when 
applied to SHG relaxation data:17 

In a survey Figure 10 presents the temperature depend- 
ence of the mean rate ( r )  of the SHG decay gained from 
different samples, where (r) = YO exp(02/4) can be 
deduced from the slope of I ( t ) ;  i.e., (r)  = -dZ(t)/dtlt=o. 
Note that this definition of (r)  via the slope applies to 
decay data in general; i.e., it is not model specific. Since 
our interest focuses on the investigation of the different 
fundamental factors which contribute to the dopant 
relaxation, the temperature dependence of the a-relax- 
ation of pure PIBMA was determined via dielectric 
relaxation spectroscopy. Figure 11 compiles the mean 
dielectric relaxation rates (triangles) as a function of 
temperature as well as the SHG decay rates with field 
(filled squares) and the corrected SHG relaxation rates 
(open circles), i.e, the contribution related to the orien- 
tational randomization of chromophores. 

In order to further check our SHG results, films cast 
from a 1% wt DANSRIBMA solution in toluene as a 
solvent of different polarity ( ~ 4  = 0.33 D23) were inves- 
tigated. Choosing different drying periods the effect of 
solvent residues on the chromophore relaxation could 
be studied. The results are summarized in Table 2 and 
Figure 12, illustrating the effect of temperature on the 
mean rates of the square root of the SHG relaxation. 
Note that the results of the toluene samples (open 
triangles and squares) are readily comparable to those 
gained from samples cast from chloroform solution (open 
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Figure 10. Arrhenius plot of the mean rate of isothermal 
SHG relaxation of PIBMA samples doped with DANS: open 
squares, uncoated anode, 0.14 MV/cm poling field, 1 wt % 
DANS; open triangles, SiO-coated anode, 0.14 MV/cm poling 
field, 0.5 wt % DANS; filled squares and circles, SiO-coated 
anode of different thickness, 0.14 W / c m  poling field, 1 wt % 
DANS; open circles, SiO-coated anode, 0.10-0.14 MV/cm 
poling field, 1 wt % DANS. The linear regression (solid line) 
refers only to data marked by open circles. 
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Figure 11. Survey of the temperature dependence of the 
a-relaxation in pure PIBMA probed by dielectric measurement 
(open triangles), pure orientational relaxation of 1 wt % DANS 
in PIBMA probed by SHG measurement (open circles), and 
data of the corresponding SHG relaxation with applied field 
(0.10 MV/cm) in this sample (filled squares). 

Table 2. Activation Energies for the Data of Figure 12 as 
a Function of Residual Solvent 

Ext 
solvent symbol drying procedure (kJ/mol) 

chloroform open circle vacuum dried at 55 "C 181 

toluene open triangle vacuum dried at 75 "C 132 

toluene open square vacuum dried at 75 "C 114 

circles) since all measurements have been performed 
according to our standardization procedure. 

Based on the set of experiments outlined above, the 
temperature dependence of the mean rate of the SHG 
decay in the PIBMA/DANS system was analyzed inten- 
sively. First we will refer only to those results which 
have been obtained by using samples cast from chloro- 
form solutions. With respect to the data of Figure 10 
the following conclusions can be drawn: 

(i) Within the experimental accuracy the temperature 
dependence of the mean rate follows an Arrhenius 
behavior independent of the particular sample, the 
applied voltage, the coating of the anode, and the dopant 
content in a sample (0.5 or 1.0 wt %). The temperature 

for 2 days 

for 10 days 

for 6 days 
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polymers, the dielectric relaxation behavior of PIBMA 
follows the well-known WLF approach34 or equivalently 
the Vogel-Fulcher-Tammann law35 
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f -2 - 
v -3 - 
- 0 -4 - 
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W 
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Figure 12. Arrhenius plot of the mean rate of isothermal 
SHG relaxation of PIBMA samples doped with 1 wt % DANS 
including first-order regression. The influence of using toluene 
(squares and triangles) instead of chloroform (circles) as a 
solvent for casting the films the effect of residual toluene 
content in the samples is presented. 
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Figure 13. Representative quality of the reproducibility 
regarding the normalized decay data of two different PIBMA 
samples doped with 1 wt % DANS at T = 68 “C (TG + 5 K). 
Traces have been recorded providing a constant signal level 
before switching off the field at t = 0. 

dependence i’s obviously well defined, despite the poor 
reproducibility often claimed for the SHG technique.33 
In view of our small voltage variation, we refrain from 
concluding on a general independence of the decay 
pattern from the poling field strength. 

(ii) The mean variation of relaxation rate data in 
Figure 10 seems to increase with decreasing tempera- 
ture. However, the data which is corrected for the 
chloroform shielding effects (open circles) conform well 
with the Arrhenius line in the entire experimental 
range. The data scatter thus originates from the poorly 
reproducible shielding effect. Physical aging, expected 
to be active below TG, seems not to affect the results to 
a significant extent. Referring only to the corrected data 
(open circles), an activation energy of 181 kJ/mol is 
determined, which is the order of magnitude expected 
for the apparent activation energy of the a-relaxation 
of PIBMA obtained from dielectric measurements by 
Ishida et aLZ0 A detailed interpretation of these par- 
ticular results will be given a t  the end of this section. 

(iii) Separation of the signal decay with applied field 
simply by waiting for a constant signal level before 
switching off the field leads to improved reproducibility 
as can be seen in Figure 13 showing the traces of two 
different samples at  T = 68 “C (TG + 5 K). 

A comparison of the SHG relaxation to the dielectric 
data appears in order. As a characteristic feature of 

(9) 

in agreement with previous  finding^.^^,^^ Our SHG 
decay data due to orientational relaxation of the chro- 
mophore deviate significantly from the dielectric time 
scales since the time constants of the former process 
behave Arrhenius-like and are some orders of magni- 
tude below the latter. The dielectric experiment probes 
the dipole-dipole correlation function of the bulk ma- 
terial and thus reveals the a-process which dominates 
the glass transition of the matrix. In contrast, the SHG 
method selectively probes the mean orientation of the 
DANS molecules. Based on the different time scales 
and temperature dependences of the two relaxation 
phenomena, one has to conclude that the chromophore 
orientation is strongly decoupled from the matrix mo- 
tion. Possible correlations with the /?-relaxation in 
PIBMA are not expected since this process is faster and 
cannot be separated from the a-relaxation in this 
material.20,36 The P E W A N S  system yielded 126 kJ1 
mol for the thermal activation of the reorientation of 
DANS and a similar offset from the dielectric relaxation 
as seen pre~ent1y.l~ Different values are likely due to  
either the enhanced steric extension of the isobutyl 
group or the influence of different molecular weight. The 
interesting experiment of directly probing the DANS 
relaxation by dielectric relaxation spectroscopy has not 
been successful due to the low chromophore concentra- 
tion.21,22 

Guided by the results obtained when samples cast 
from toluene solutions had been used (cf. Figure 12), 
the temperature dependence of the SHG relaxation is 
confirmed once more. Small deviations being obvious 
for the different samples are interpreted in terms of a 
plasticizing effect due to residual toluene. Combined 
with the now strongly reduced solvent shielding effect 
(cf. section 2), the change in activation energy leading 
to an absolute acceleration of the dopant relaxation 
becomes plausible. In the course of tracer diffusion 
experiments Wang et al.37 have also reported a signifi- 
cant increase of about one decade of the diffusion 
coefficients when adding only 0.66 wt % p-dichloro- 
benzene as a plasticizer (of similar size as toluene) to a 
chromophorelpolycarbonate system. 

The thermal course of the a-parameter in eq 8 which 
quantifies the deviation from an exponential response 
is depicted in Figure 14, where the filled circles refer to 
measurements where a constant signal level prior to 
switching off the voltage has been guaranteed. As a rule 
an increase in dispersion is observed when the temper- 
ature is lowered, signifying the gradual freezing of 
matrix mobility. At elevated temperatures the phe- 
nomenon of “ l i n e - n a r r ~ w i n g ” ~ ~ , ~ ~  due t o  averaging oi 
energy barriers partially restores exponential decay 
behavior. Note that u does not increase significantly 
until T I TG, especially regarding the most reliable data 
marked by filled circles in Figure 14. Since this feature 
is not paralleled by the dielectric relaxation behavior 
in terms of a,y(T), this results again points toward a 
decoupling of the chromophore orientation from the bulk 
motion. All results obtained so far for PIBMA resemble 
the behavior of the P E W A N S  system descnbeci 
previo~s1y.l~ 
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Figure 14. Variation of the dispersion parameter alkT with 
temperature for isothermal SHG relaxations for PIBMAIDANS 
samples. Data referring t u  the cases not subject to shielding 
effects are marked with filled circles. 

Comparison to Literature Results 

In the literature concerned with the relaxation times 
of SHG signals in poled polymers one finds controversy 
regarding the coincidence of the SHG decay time and 
that of the a-process. The time scales of our SHG 
experiments are similar to those of Goodson and WangZ6 
and Guan et al.,23 who had examined contact poled 
PMMA systems doped with DANS or the corresponding 
amino compound. On the other hand, Walsh, Stahelin, 
and Miller et al?9 have presented a power law closely 
following the Vogel-Fulcher-Tammann a p p r o a ~ h ~ ~ , ~ ~  
for the mean SHG relaxation times of various doped 
polymer systems. However, their study is limited to  
larger dopants (more than twice the size of DANS) and 
high chromophore concentrations of typically 15 wt %, 
which hampers any direct comparability to our system. 
Recently, Wegner et a l j3  reported ahout a discrepancy 
between SHG and dielectric decay times similar to  the 
present results, although mainly the chromophores 
contribute to  the dielectric response in this favorable 
case. Following their interpretation this behavior in- 
dicates a restricted mobility of chromophores in the stiff 
layered matrix of their two novel side-chain polymers. 
Eich et  al.I5 have also compared dielectric data with 
SHG decay results gained from a side-chain p-nitro- 
aniline polymer. Again a similar difference of the time 
constants was observed. In this case the authors made 
a surface charge decay of the corona-poled samples 
responsible for their results. 

There is a significant disagreement between the time 
constants of our SHG measurements and those of 
Dhinojwala et al.36 although their system merely differs 
by a slight increase in the molecular weight of the 
PIBMA with twice the dopant concentration (DANS or 
the corresponding azo compound). This group has 
reported on coincident time scales of dielectric data of 
the pure matrix and the SHG onset puling as well as 
the SHG relaxation data, implying a strong coupling of 
the rotational diffusion of the chromophores to the 
a-process of the polymer. No ambiguity arises regard- 
ing the dielectric data, since we reproduced the findings 
stated by Dhinojwala et al.36 and Ishida et al?O Aiming 
at  rationalizing the discrepancy of ~5 decades in time 
between their data and the present results, we have 
determined the influence of the different sample archi- 
tectures. In order to meet the conditions of a poling 
voltage of 2500 V applied to chrome gap electrodes with 
800 pm spacing, we repeated our experiment using the 
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Figure 15. Design of the sample cell used fur gap electrode 
puling of guesthost polymers: (1) borosilicate slides, (2) 25 
pm Kapton sheets, (3) chrome electrodes, (4) sample film. 
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Figure 16. Arrhenius plot of the mean rate of isothermal 
SHG relaxation of PIBMA samples doped with 1 wt % DANS 
(cast from toluene solutions) using different sample cell 
architectures for poling: open triangles refer to  IT0 sandwich 
electrodes, closed circles refer to chrome gap electrodes. 

100 pm chrome gap electrode setup shown in Figure 15. 
In order to prevent a significant diffusion of alkali ions 
in the film, the electrodes were evaporated on horo- 
silicate glass.M The thickness of our films was 25 pm, 
defined by spacer sheets instead of 5-10 pm in ref 41. 
The samples for our gap electrode setup were prepared 
in the same manner from toluene solutions as for the 
sandwich cells. Since only 500 V was applied across the 
gap to simulate the field strength of ref 41, we had to  
improve the focus to obtain a reasonable signallnoise 
ratio. Heating effects due to focusing the laser had been 
excluded by preliminary experiments. Due to the dif- 
ferent geometry, the poling currents decreased by about 
three orders of magnitude relative to the sandwich cell 
case. As outlined in Figure 16 the thermal behavior of 
the mean relaxation rate of the samples poled via the 
chrome gap electrodes undoubtedly resembles the data 
of the sandwich poled samples. The effect of different 
field strengths can be estimated not to exceed 0.5 
decade31 in this system. In conclusion, a different 
sample setup ohviously does not cause the discrepancy 
of the results mentioned above. A further problem in 
comparing our data to  that of ref 41 stems from the lack 
of information regarding their sample history prior to  
each measurement. According to  our experience and 
to work of Guan et  al.,23 both the SHG relaxation and 
poling time scale are affected considerably when a 
thermal erase process is insufficient or omitted. 
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Figure 17. Demonstration of a fast switching effect, an 
apparent steady-state value, and a subsequent slow increase 
in the SHG efficiency in the course of poling a PIBMA sample 
doped with 1 wt % DANS (T = 90 "C, E = 0.14 MV/cm). 

Despite the difference of the film thickness by (only) 
a factor 2-3 of our measurements and those of ref 41, 
we exclude different amounts of residual solvent being 
responsible for the discrepancy of 5 decades in kinetics 
due to the following: (i) Compared to our samples those 
used in ref 41 had been dried quite weakly (24 h below 
TG, 12 h above TG under vacuum without controlling 
the solvent removal). We have simulated this drying 
procedure using a 1 wt % DANSPIBMA film of 7 & 2 
pm thickness and solvent cast from a chloroform solu- 
tion. Vacuum drying at  T = 45 "C for 24 h yielded 0.8% 
of chlorine residues. Further backing of the very same 
film for 15 h at  T = 70 "C in vacuum resulted in 0.54% 
residual chlorine. Obviously our films (-0.8% chlorine; 
cf. section 2) as well as the films used in ref 41 contain 
similar amounts of residual solvent. (ii) A higher 
solvent content in our samples should cause an acceler- 
ated dopant relaxation due to plasticizer effects while 
our experiments show the opposite. (iii) The basic 
discrepancy remains unaffected by the various different 
experimental conditions covered in the present study, 
e.g., chloroform versus toluene solvent. 

In the course of poling experiments, in particular with 
samples cast from chloroform solutions, switching ef- 
fects have been observed occasionally, which could not 
be time resolved by a 10 Hz sampling rate. In such 
cases an almost instantaneous rise of the SHG signal 
followed by a constant level for times up t o  a few 
minutes was observed, which suggests a very rapid and 
complete poling process. This feature depends on the 
experimental conditions and is more pronounced at  
lower temperature and at  lower poling fields. Continu- 
ous monitoring of the poling process indicates that the 
apparent steady-state SHG signal increases further to  
eventually attain much higher values as shown in 
Figure 17. The onset-poling technique presented in ref 
41 is likely to  detect only the fast process. Moreover, 
we do not confirm their assumption of full reversibility 
of both poling and relaxation processes without an erase 
step on the time scale of milliseconds which has been 
substantial for their data sampling process in the short- 
time domain. The origin of these fast switching effects 
is presently not well understood and still a matter of 
speculation. 

As a final point of experimental uncertainty, we wish 
to emphasize that heating effects caused by the intense 
1064 nm laser beam can have a strong impact on the 
SHG decay. An impressive example for this is depicted 
in Figure 18, where the effect of varying the focus at  a 
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Figure 18. Demonstration of the impact of laser focusing on 
the results of SHG relaxation measurements. Filled circles 
refer to the mean relaxation rate of 1 wt % DANS in PIBMA 
at T = 70 "C for various laser spot sizes. Open triangles and 
circles refer to the dielectric and standard SHG measurements 
as in Figure 11. 

given sample temperature (2' = 70 "C) is presented in 
the context of results from dielectric and SHG experi- 
ments (see also Figure 11). By successive focusing an 
acceleration of about three orders of magnitude in the 
relaxation rate was achieved, which corresponds to  a 
shift in the effective temperature by about 30 K, 
although our chopper system strongly attenuates the 
incident beam. 

Summary and Conclusion 
Employing the SHG technique, the dynamics of 

orientational relaxation of DANS in PIBMA has been 
investigated within a temperature range of 50 K en- 
compassing TG. Solvent-cast films were electrode poled 
in a transparent ITO-coated sandwich cell. Although 
the charge-carrier density monitored by the cell current 
was varied by more than one order of magnitude by SiO- 
coated anodes, no significant impact on the relaxation 
kinetics was detected. We have studied in detail the 
contribution to  the SHG relaxation which proceeds 
irrespective of the absence of the poling voltage, which 
therefore should not be related to the orientational 
randomization of chromophores. Based on its low 
activation energy (15 kJ/mol) and solvent dependence 
(chloroform versus toluene), we tentatively ascribe this 
feature to a shielding effect of dipolar (solvent) impuri- 
ties. Consequently, changes of the local field factors and 
the molecular hyperpolarizability rather than orienta- 
tional relaxation of the chromophores are assumed to 
influence the SHG intensity in this field-independent 
case. Separating the decay under field from the decay 
which is induced by removing the external field leads 
to more reliable and reproducible SHG decay data for 
the process which does involve the orientational dynam- 
ics of the dopant molecules. Especially at  lower tem- 
peratures a satisfactory reproducibility is achieved only 
if steady-state conditions are reached prior to switching 
off the field. 

Evaluation of the corrected SHG decay data corre- 
sponding to orientational relaxation has been done 
assuming a static Gaussian distribution of activation 
energies for orientational motion, which gave superior 
fits compared to the KWW function. The mean SHG 
rates were found to follow an Arrhenius law whereas 
the a-process of PIBMA inferred from dielectric meas- 
urements is better represented by a VFT function. 
Additionally, the absolute rates of these two processes 
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differ by several orders of magnitude. This pronounced 
decoupling of the SHG relaxation from the a-process 
remains unaffected by separating the shielding effect. 
Minor differences in the temperature dependences when 
changing the solvent from chloroform t o  toluene were 
interpreted in terms of plasticizing effects. At present, 
we cannot present a reasonable explanation for the slow 
and Arrhenius-like behavior of SHG time scales. Fur- 
ther work concerning experiments which might help to 
clarify the difference between the time scales of dielec- 
t r ic  and SHG measurements is in progress. 
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