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ABSTRACT: The magnitude and stability of the induced dipolar orientation of a nonlinear optical (NLO)
chromophore doped in an amorphous polymeric matrix is investigated. The chromophores are aligned using
electric field poling. The linear electrooptic (EO) Pockels effect and second-harmonic generation (SHG)
techniques are used to probe the electric field-induced alignment. Both the Pockels coefficient and the
second-order susceptibility show a nonlinear relationship with the NLO chromophore concentration. Using
arelationship based on the twolevel model, the Pockels coefficient is compared with the second-order nonlinear
susceptibility measured by SHG. The temperature dependence of the decay time constant of the SHG signal
is found to follow an empirical relationship such as the Vogel-Tammen-Fulcher (VFT) equation. The decay
time constant of the SHG signal is also found to be increasing with increasing chromophore concentration.
This concentration dependence is interpreted as due to orientational pair correlation between chromophores

and between chromophores and polymer chains.

I. Introduction

A primary impediment to the realization of the tech-
nological potential of poled polymers has been the lack of
long-term temporal stability of the poled molecular order
necessary for second-order NLO effects.l’? One method
of improving thermal stability is to move away from guest-
host polymer systems to polymers in which the nonlinear
chromophore is covalently bound to the polymer either as
aside chain or in the main chain.?® Systems in which the
oriented dye molecules are chemically incorporated into
a highly cross-linked matrix while it is being electrically
polarized have also been investigated.®” Recently,striking
stabilities of polar order at high temperatures have been
demonstrated for high T polyimides simply doped with
NLO chromophores.210 Undoubtedly, guest-host systems
hold an explicit advantage in synthetic directness, since
they do not require chemical attachment. Investigation
of a model guest—host system is thus of interest because
it provides needed information regarding the orientational
behavior of NLO chromophores in a polymer environment.

In this study both electrooptics (EOQ) and second-
harmonic generation (SHG) are used to probe the orien-
tational alignment of the NLO chromophores in a model
guest-host system. Insection II the experimental details
are given. Section III shows the results of the Pockels
effect and SHG study. Inthissectionthe conversion from
the Pockels coefficient to the second-order susceptibility
(x?), measured at the second-harmonic optical frequency,
is also considered. The temperature and concentration
dependence of the relaxation of the SHG signal is
considered, while also giving details of the effect of the
electric field on the SHG intensity.

II. Experimental Section

Appropriate amounts of 4-(N,N-dimethylamino)-3-acetami-
donitrobenzene (DAN) and poly(methyl methacrylate) (PMMA)
were dissolved in chloroform to form solutions of different
chromophore concentrations. The amount of chloroform in each
solution was adjusted to give a desired viscosity suitable for spin
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coating. Thesolutions were filtered with 0.2-um filters toremove
undissolved particulates. Films were prepared by spin coating
the polymer solution on soda lime glass slides, which were
precoated with 300-A SiO; and 250-A ITO (indium tin oxide)
films, using the sputtering technique. The NLO polymer/ITO
sample assembly was placed in a vacuum oven at 40 °C for over
24 h to remove the solvent used in spin coating. The absence of
solvent was checked with infrared spectroscopy after the baking
process; no solvent IR absorption band could be detected. After
certifying the chromophore concentration, another ITO glass slide
was then placed on top of the polymer/ITO glass slide to form
a sandwich configuration for electrode poling. The glass transi-
tion temperature (T;) of the sample was determined by using
DSC (differential scanning calorimeter, Perkin-Elmer Delta
series). The glass transition temperature of the samples as a
function of chromophore concentration is given in Table 1. The
temperature rate was set at 10 °C per minute. The refractive
index and thickness of the sample were determined by a prism
coupler (Metricon) modified for the multiple wavelength opera-
tion. The prism coupleris operated in accordance with the optical
waveguide principle where the polymer film serves as the
propagation layer in the slab waveguide configuration. The
refractive index dispersion for the film containing 5 wt % DAN
dissolved in PMMA is shown in Figure 1. This dispersion can
be fitted to the equation!!

n(A) = 1.47906 + (3102.6311)/(A\? - 2097.3845) (1)

where A is the wavelength in nanometers. Alsoincluded in Figure
11is the refractive index concentration dependence for the DAN/
PMMA system from 0 to 25 wt %, measured at the optical
wavelength 632.8 nm.

The linear electrooptic measurements were made using a Mach-
Zehnder interferometer apparatus constructed in our laboratory.!2
The incident light beam at 632.8 nm is polarized along the 1-axis
(on the films surface) and propagates along the 3-axis normal to
the film surface. The changein the refractive indexdueto applied
electric fields is given by!?

An=-n’rE, /2 )

where E, is the applied ac electric field oscillating at frequency
Q. The ac field is along the 3-axis. The coefficient ry3 is the
linear electrooptic (or Pockels) coefficient, which is induced by
the poling dcfield, codirectional with the ac field. We have found
that at elevated temperature ry; eventually decays to zero after
the poling field is removed; but at ambient temperatures the
magnitude of the coefficient remains comparably stable with

© 1994 American Chemical Society
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Figure 1. Concentration (@) and wavelength (¥) dependence
of the refractive index of DAN dissolved in PMMA. The
dispersion was measured with 5 wt % DAN.

Table 1. The Glass Transition Temperature (T}), the
Pockels Coefficient (ry3), and Second-Harmonic Coefficient
(dy3) at Various Chromophore Concentrations

NLO EO: i3 d13 (pm/V)
conc (wt %) (pm/V,+0.03) SHG£0.03 cale T;(°C, %)

3.3 0.07 0.11 0.105 94
4.9 0.11 0.26 0.24 87

10 0.18 0.55 0.41 79

14.8 0.38 111 1.01 71

21 0.53 1.31 1.24 59

24 0.61 1.45 1.43 52

only a minimal loss. To avoid any loss, the measurements
reported here were carried out in the presence of the poling field.
This result is similar to that found by Hirschmann!4in the guest-
host system.

The second-harmonic generation (SHG) was carried out using
an apparatus similar to that reported by Guan and Wang.15 It
consists of an Nd:YAG laser (Spectra-Physics GCR-11, A = 1.06
um, Q-switched at 10 Hz), a computer-controlled goniometer
stage, a series of short-pass and long-pass filters, a polarizer, a
half-wave plate, a photomultiplier tube, and a boxcar integrator
which was interfaced to a PC. The sample assembly mounted
on the goniometer stage was placed in an oven which is
temperature controlled to the accuracy of £0.5 °C. The electric
field poling was carried out inside the temperature-controlled
oven. Toobtaininformation of the time dependence of the signal
decay, the electric field was switched off and the electrodes were
shorted, after the sample signal had reached a stabilized steady
state in a constant temperature environment.

The Maker fringe of a Y-cut single-crystal quartz plate (d;; =
0.5 pm/V) was used as a reference to determine the magnitude
of the second-order susceptibility of the sample.

III. Results and Discussion

A. Linear Electrooptic Effect. The Pockels effect
can be realized through the use of a Mach-Zehnder (MZ)
interferometer.l? A change in the refractive index results
in the phase shift of the light beam traversing the material.
The phase shift A®(¢) is modulated by the AC field at
frequency Q

Ad(t) = A cos Qt 3)

Nonlinear Optical Susceptibility 4279

12 . " . —

10% DAN/PMMA

( Arb. Unit )

Voltage Signal

(kHz)
Figure 2. The electrooptical signal (®) from the Mach-Zehnder
interferometer plotted as a function of the frequency of the
applied AC field for 10 wt % DAN in PMMA. Note that the
signal decreases rapidly with increasing frequency, and reaches
a constant value after 30 kHz.

where A is the modulating amplitude given by
A= @/ NPV, 4)

where the second identity is the result of eq 2. Thus the
electrooptic coefficient can be calculated as long as the
applied field, amplitude of the signal, and refractive index
are all known.

It should be noted that the measurement of the EO
coefficient is often complicated with unwanted artifacts,
such as electrode attraction, mechanical resonance, and
surface charge trappings.’817 In order to obtain a reliable
riz coefficient, these artifacts must be eliminated. Tofind
the extent of these artifacts the response is measured at
different frequencies of the AC field for a 10 wt % DAN/
PMMA film; the result is shown in Figure 2. In this
experiment the sample and the electrodes were set in a
sandwich geometry. As it can be seen there is a relatively
larger signal for frequencies less than 20kHz. Theresponse
levels off at frequencies above 30 kHz. A similar result
is seen when a gold film is evaporated onto the single
polymer film, serving as another electrode. The large
response below 20 kHz is due to electrode attraction and
not the true electrooptical effect.

The linear EQ effect was also measured as a function
of concentration. The ri3 values are given in Table 1 and
also plotted in Figure 8 for six different NLO chromophore
concentrations. The result shows that the EQ coefficient
increases with increasing chromophore concentration, but
the increase is not linear with respect to the chromophore
concentration.

Using the measured r;3 values we have predicted the
second-harmonic coefficient dq3 using a two-level model
relation given as181?

gwgwgo (30)02 — 0)2)(0)02 _ wlZ)(wo‘Z _ 4wl2)

|"13 _ 4
2, 2_ 2.2
Bwy (wy” — w)

dys N nt(w) FLrFerFer

)

where «’ is the frequency of the fundamental used in
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Figure 3. Measured Pockels coefficient ri3 (@) and second-
harmonic coefficient di; (¥) plotted as a function of the DAN
concentration in PMMA, the ratio of the coefficients (¥). The
solid line going through the 4;3 data corresponds to calculated
values using eq 5.

measuring dq3 and the electrooptic coefficient is evaluated
at frequency w. F* is the Lorentz local field factor at
frequency v given by (n,2 + 2)/3. F%is the local field factor
at zero frequency, and in terms of Onsager’s theory it is
given by e(n? + 2)/(n? + 2¢). Here ¢ is the dc dielectric
constant. Note that the ratio |ria/dis] depends only
negligibly on chromophore concentration, but strongly on
frequencies, refractive indices at « and 2w, and the dc
dielectric constant. The measured d;3 and ry; are shown
in Figure 3 as a function of DAN concentration. While
both r13 and dy3 depend on DAN concentration, the ratio
is nearly independent of concentration as shown in Figure
3. Thus, although Onsager’s theory for the local field #°
may not be accurate!® the inaccuracy of #° does not
significantly affect the jri3/d1s|ratio, which is approximately
equal to 0.46. Despite crude approximations, one notes
that the calculated values agree well with the experimental
ones for this model system. (See Table 1.)

B. Second-Harmonic Generation. The SHG signal
(Isuc) has been investigated as a function of the poling
field strength for various NLO chromophore concentra-
tions. Shown in Figure 4 is the plot of the SHG signal (for
10 wt % DNA in PMMA at 84 °C) versus E,?, the square
of the strength of the electric field. To determine the
value of E;, we used the film thickness data, determined
from the wave-guiding experiment using the Metricon,
which simultaneously provides the refractive index and
film thickness data. Inthe (0.4-1.3) X 108 volt/cm range,
Isuc appears to vary linearly with the poling field as E 2.
QOur result shows that a certain minimum poling field is
needed to induce the macroscopic polarization for SHG,
as indicated by the dotted extrapolated line. Similar
results were found previously.3°

To obtain the magnitude of the second-order suscep-
tibility, we follow Jerphagnon and Kurtz?® and obtain, for
an isotropic film subject to a poling field in the direction
perpendicular to the film surface, the transmitted SHG
I, excited with the incident fundamental beam at

Macromolecules, Vol. 27, No. 15, 1994

Lone (a.u.)

E° ( 10" Vg/cmz)

P

Figured. SHG signal (¥) plotted versus the square of the poling
field strength E;. The dotted line atlow E, shows that a threshold
poling field is needed to induce a macroscopic polarization.

frequency w in the p polarization as

_ (871')3 27 2..(2) TZw(¢) ) wé

I2w - c tO Iw Xeff(¢) (nwz _ nZNZ) S (220) (6)
where ¢ is the velocity of light in vacuum and ¢ is the
transmission coefficient of the second-harmonic light
through the substrate. I, is the intensity of the funda-
mental beam inside the medium. T, (¢) is the transmis-
sion factor given by

Ty (9) =
2n,,, co8 ¢y, (n, cos ¢ + ngcos ¢, ny, cos ¢/ + n, cos ¢y)

(ng, €08 ¢ + 1y €O8 ¢y, ) 2Ny, €OS ¢ + 1y COS ¢5.)

(M

where ¢ is the angle of incidence and ¢, is the refractive
angle at frequency » in the medium, and n,, and ny, are
refractive indices of the material at the fundamental and
second-harmonic frequencies.

In eq 6 the effective second-order nonlinear susceptibil-

ity, x% is given by

Xoe(2) = |x§? sin ¢ cos ¢’ cos ¢,/ + (xg? sin? o, +
x5 cos® ¢.) sin ¢,,/] (8)

By measuring the SHG intensity as a function of incident
angle and fitting the result to eq 6, with the help of egs
7 and 8 we have determined the x5 and xs; values for

DAN in PMMA as a function of DAN concentration. The

two SHG susceptibility elements x$ and x3 are related

to the polar orientational order parameters (POP) L3, =
Yoa({cos 61) — {cos® 6;)) and Ls3 = a(cos® §;) by2?

Xg? = pbBfo.f, w2L31 (9a)
and

XS5 = pBfsuf. L (9b)
Here 4, is the angle of the axis of the dominant 8 tensor
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Figure5. Polarorientational order parameter Lss plotted versus
p, the number density of DAN in PMMA.

component of a representative chromophore with respect
to the poling field; p is the number density of the (NLO)
chromophores.

For a system of noninteracting NLO chromophores, the
two POP’s are simply given in terms of the Langevin
function of order 1 and 3. In the independent dipole
reorientation model, the orientation of the dipoles is
completely dictated by the external field, and the polar
order parameters Ls; and Ljs are practically independent
of the concentration of the NLO chromophores, due to
the fact that in this approximation the potential energy
of the interaction of the NLO molecules does not play a
role in affecting the values of POP.

As mentioned above, we have measured the SHG

intensities versus ¢ incident angle and determined the

NLO susceptibilities xi» and x\2 by fitting to eq 7.

Having obtained the values, we can calculate the POP Lj3
and Lg;, using eqs 9a and 9b. We have found that both
L33z and Lg; depend on the NLO chromophore concentra-
tion. This result is similar to that previously reported
found in the MNA/PMMA (MNA, 2-methyl-4-nitro-
aniline) system.’® In Figure 5, we have plotted Lg3
(calculated by 9b) as a function of the DAN concentration
(in number density). The 8 value that was needed for
calculating Lgs (cf. eq 9) was obtained from the paper by
Eaton.2? One notes that over the concentration range of
1 X 1020 to 3.7 X 1020 chromophores/cm3, Lss increases
from 0.28 to 0.38. The concentration dependence shows
that the independent dipole orientation model described
by the Langevin functions is inadequate.

Asrecently shown in our laboratory,? the concentration
dependence of POP can be considered as due to the
orientational pair correlation that arises from the angular
dependence, or anisotropic intermolecular potential be-
tween NLO chromophores. While any type of anisotropic
intermolecular potential (whether it be short- or long-
range interaction) can affect the POP induced by the
external electric field, due tolarge dipole moments of NL.O
chromophores the dipole-dipole interaction is believed to
make the most important contribution because of its long
range interaction.

In the case of the weak field poling condition, it can be
shown that?2
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Ly =a(l+pGy/5 (10a)
and

Ly, =a(l+pGy/15 (10b)

where the quantity ¢ is equal to uE /kT. Here u is the
ground-state dipole moment. G, is the cluster integral
associated with the solution of the molecular pair cor-
relation function. In the case of the dipole—dipole
interaction, the cluster integral can be related to the
Kirkwood g-factor. Since the cluster integral G, also
depends on p and is in general positive,2 one expects L3
(or Lg;) to increase with increasing the NLO chromophore
density, consistent with the result of Figure 5.

C. Orientational Relaxation. Orientational pair
correlation not only affects the magnitude of the NLO
susceptibility, it also affects the relaxation behavior of
the NLO susceptibility. The relaxation behaviorisdirectly
associated with the temporal stability of the nonlinear
optical effect. We have studied this relaxation behavior.
In this work the sample is first equilibrated at a chosen
temperature (75 °C for that of Figure 6) and then the
poling field is applied. After the SHG signal reaches a
stable maximum value at a fixed poling field, the poling
field is then switched off and the electrodes are shorted.

The relaxation curve shows an initial drop in intensity,
followed by a gradual slower decay. The initial drop is
closely related to the switching off time and is believed to
be related to the decay associated with surface charge and
injected space charge. The long decay portion is found
sensitive to the temperature variation and also depends
on the sample annealing time and the poling field
strength.%0 The entire SHG signal decay cannot be fit to
asingle exponential. Different functional forms have been
used to fit the decay shape of the guest—host?52% and the
chromophore-functionalized NLO polymer.2” While in-
cluding the short time portion, we have fitted the SHG
signal to a double Kohlraush-Williams~Watts (KWW)
function?

dyg = '/px§ = ae™/™" + pe™/™" (11)

We do this simply to avoid imposition of any bias imposed
on the nature of the multiplicity of relaxation times for
each decay mechanism. We let the computer fitting
program dictate the best fit to the experimental curve. All
best fits that have been obtained appear to give 8; ~ 8,
= 1, thus indicating a biexponential decay, as shown in
Figure 6.

Our results for the contact electrode poled film show
that a biexponential function (i.e. setting 8; = 32 = 1 in
eq 11) rather than a single KWW stretched exponential
better describe the SHG decay curves. Hampsch et al.?®
who have found for the corona-poled films, the biexpo-
nential function gives a better fit. However, owing to the
persistence of surface charges in the corona-poled films
which tend to prolong the decay, the present results
obtained by using the contact electrode-poled film with
theelectrodes shorted out right after turning off the poling
field, is not complicated by the presence of the surface
charges.3! Actually, for the corona-poled films the result
obtained in our laboratory favors the single KWW fit,3!

While the characteristic relaxation time 7, is related to
the decay of surface and space charges associated with the
poling field, the value of 7, decreases rapidly as the
temperature of the sample increases. Over the 55-105°C
temperature region for the 10 wt % sample, 7; increases
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Figure 6. Relaxation of the SHG signal at 75 °C for a 5 wt %
sample of DAN/PMMA, with an electric field of 0.89 X 108 V/cm.
Equation 11 was used for the fit.
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Figure 7. Plot of the slow-component relaxation time decay

constants versus 1/7. The dotted line is the Arrhenius plot, and
solid line is the VFT equation fit.

from 27 s at 105 °C to 4602 s at 55 °C. For measurements
below and in the vicinity of Ty (79 °C for the case of a 10
wt % DAN/PMMA sample), the relaxation time 7, is also
affected by physical aging of the polymer.32 The effect of
physical aging on 72 is reported elsewhere. InFigure 7 the
relaxation time 73 is plotted versus 1/T for the 10 wt %
DAN in PMMA. Clearly the temperature variation of 7o
is not Arrhenius. (The Arrhenius plot is contrasted by
the dashed line.) The temperature dependence of 75 can
be fit (shown in Figure 7) to the Vogel-Fulcher-Tammen
(VFT) equation given by33

79 = 1, exp{B/(T - Ty} (12)

where 7. is the high-temperature asymptotic relaxation
time and B and T are constants equal to 1405 K and 213
K, respectively.

One notes that below T}, the a motion is in general
frozen. However, because of the plasticization of the
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polymer matrix by the NLO chromophores (10 wt % in
the present case), local free volume surrounding each
chromophore is still sufficient to permit dipolar reorienta-
tion even at temperatures below T3¢ Unless considerable
time is allowed to anneal the sample to uniformly distribute
the chromophores, there is still room for mobility within
the system. As a result, the glass transition of the
amorphous guest-host system exerts little effect on 7
hence 72 undergoes a continuous change with temperature
as T, is transversed. This situation is similar to trans-
lational diffusion of photochromic dyes in the plasticized
polymer matrix in the vicinity of T,,363€ in which no
evidence of an abrupt change in the translational diffusion
coefficient is discerned as T is traversed, in contrast to
the case of unplasticized polymer matrix.3s

D. Concentration Dependence of Orientational
Relaxation. The inverse relaxation time (7)-! extracted
from fitting the decay of the nonlinear optical susceptibility
ds3 in accordance with eq 11 is plotted in Figure 8 as a
function of NLO chromophore concentration. The data
points represent values obtained for films at different
concentrations and at various temperatures and poled at
a field of 500 V. Interestingly, for this model system one
notes that 75 increases with increasing NLO chromophore
concentration, thereby suggesting that the increase in the
loading of the NLO chromophore density slows down the
SHG signal relaxation and thus enhances the stability.

In general, doping the polymer with small molecules
plasticizes the polymer and lowers its glass transition
temperature. For example, doping 5 wt % of DAN in
amorphous PMMA depresses the T from 107 to 87 °C (cf.
Table 1). Lowering the T, increases the mobility of the
NLO chromophore, and thus we expect 73 to decrease with
increasing chromophore concentration. This is contrary
to the result shown in Figure 8, which indicates that 7,
steadily increases with increasing chromophore concen-
tration. The increase of 7, with increasing p is consistent
with the presence of the orientational pair correlation
factorintroduced above. It can be shown that roisrelated
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to the reorientational mobility m and orientational pair
correlation factor by37

7= (1+pGy)/m (13)

where p(Ga represents the orientational pair correlation
factor introduced previously; the mobility m is related to
the dynamic orientational pair correlation factor and the
reorientational relaxation time of an uncorrelated NLO
chromophore. If the mobility is not strongly affected by
the chromophore concentration, one will expect 73 to
increase with the chromophore concentration. This situ-
ation is quite similar to light scattering in which the
reciprocal of the line width of the depolarized Rayleigh
spectrum of a system of optically anisotropic molecules is
proportional to the orientational relaxation time 7g,%8
where the orientational relaxation time 7y is affected by
both the static and dynamic orientational pair correlation
in a manner similar to that described by eq 13. However,
in the present situation, we are concerned with the
orientational relaxation associated with the polar order
Lgs, rather than the quadrupolar order involved in light
scattering.

IV. Conclusions

In conclusion, both the linear electrooptic Pockels effect
and second-harmonic generation have been used to study
the polar orientational order of a model guest-host
polymeric system. We have found both the Pockels
coefficient r13 and second-harmonic coefficient di3 show
anonlinear relationship with respect to the concentration
of DAN in PMMA. A relation based on a two level has
been used to convert linear electrooptic coefficients to the
second-order nonlinear susceptibilities. Despite the crude
approximation introduced in the model the calculated
values have been found to yield good agreement with
measured ones. The orientational order parameter has
been obtained from the x? measurements for six different
NLO concentrations and has been found to increase with
increasing chromophore concentration. The temperature
dependence of the decay has been found to follow the
VFT equation. The concentration dependence on the
orientational decay is attributed to orientational pair
correlation associated with intermolecular interactions.
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