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SYNOPSIS 

Two classes of aryltrienes in which the conjugation was incorporated in six-membered rings 
have been developed. The microscopic nonlinear susceptibility, pP, the product of the dipole 
moment and the second-order nonlinear susceptibility, of these chromophores were measured 
using electric field-induced second harmonic generation (EFISH) . The chromophores were 
then copolymerized as side-chain pendant groups in a methacrylate backbone copolymer 
with methyl methacrylate and their macroscopic electrooptic coefficients, r ,  were experi- 
mentally determined using a reflection technique after electric field poling of the polymers. 
When compared with 4,4'- N,N-dimethylaminonitrostibene (DANS ) , these molecules 
demonstrated electrooptic activities up to three times of DANS, when measured a t  1.3 pm. 
By using a simple two-level free-gas model, the two sets of measurements corresponded 
closely at  low poling fields. At high fields, the simple model breaks down as more detailed 
poling parameters are required to accurately describe the nonlinear poling effects. The 
results of the analysis of the high-field poling data will be published separately. 0 1994 John 
Wiley & Sons, Inc. 

INTRODUCTION 

For an organic molecule to possess large second- 
order nonlinear susceptibility, it must contain an 
electron donor and acceptor pair connected by a 
highly conjugated linkage.' Two-ring benzenoidal- 
type conjugated structures were some of the earliest 
polymers that showed promising electrooptic activ- 
ities. One noted example is the 4,4'- N, N-dimethyl- 
aminonitrostilbene (DANS ) , where the electron 
donor and acceptor groups are amine and nitrostil- 
bene, respectively. One way to increase this nonlin- 
earity is to increase the conjugation length of the 
linkage. However, for polyphenyl derivatives, the 
increase of the second-order nonlinear activity with 
length has been shown to level off rapidly when the 
number of aromatic rings contained in the molecule 
exceeds This result can be explained by aro- 
matic delocalization energy requirements and the 
planarity necessity for polarization between the do- 
nor and acceptor to be energetically f a ~ o r e d . ~  In ad- 
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dition to increasing the length and planarity to in- 
crease conjugation, other studies have focused on 
bond alternation and a r o m a t i ~ i t y . ~ ~ ~  

For polyene derivatives, since the neutral and 
charge-separated states consist of similar a-systems 
of alternating single and double bonds, effective de- 
localization is realized. Computation studies re- 
vealed that the nonlinear activity of polyenes in- 
creases rapidly with an increasing number of ethenyl 
units up to 20, before ~aturat ion.~ However, the sim- 
ple polyenes suffer from the disadvantage that they 
can adopt several distinct conformations, especially 
at high temperatures, such as during some device 
fabrication steps, making them unsuitable for this 
kind of application. One way to improve the con- 
formational stability is to incorporate conjugated 
double bonds into ring systems. In the present study, 
two classes of aryltrienes with the double bonds in- 
corporated into a six-membered ring were developed 
that showed increased nonlinear optical (NLO ) ac- 
tivity compared to DANS. Compound 2a, shown in 
Figure 1, is a phenyltriene derivative prepared by 
the Knoevenagel reaction, as described by Lemke.' 
In compound 2b, the phenyl group was replaced by 
a heterocyclic group, thiophene, to further reduce 
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Figure 1 Synthetic scheme for the NLO molecules used in the present study. 

the ground-state aromatic stabilization and, hence, 
to enhance the hyperp~larizability.~ Also, the high 
acceptor strength of the dicyanovinyl group that, as 
an 0x0-vinyl substituent of a six-membered ring, has 
been shown to be significantly more stable than iso- 
lated vinylic derivatives."'" 

Early studies on poled thin-film nonlinear optical 
polymers used mainly guest-host systems 12-15 in 
which the NLO chromophores were dispersed as a 
polymer solution in poly (methyl methacrylate) 
(PMMA) . More recently, polyimide, which has a 
much higher glass transition temperature than that 
of PMMA, was used as the host to increase the pol- 
ing ~ tab i1 i ty . l~ '~~  Such guest-host systems, however, 

suffer from a number of disadvantages including low 
chromophore density caused by phase separation at 
high concentration, opacity, and poor poling char- 
acteristics. A similar approach was to dissolve the 
NLO chromophores in an optically transparent 
thermosetting epoxy that can be simultaneously 
poled and c r ~ s s - l i n k e d . ~ ~ ~ ' ~  Due to the increased ef- 
fective Tg of the cross-linked structure, the stability 
of these systems is subsequently increased. 

Other approaches to prepare stable, highly active 
NLO polymers utilize chemical bonding of the NLO 
moieties directly into the polymer matrix. This in- 
clude incorporating the NLO chromophores in the 
main chain itself, *' but, more significantly, attaching 
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the NLO moieties as side chains on a polymer 
backbone not only increases the NLO chromophore 
concentration, but also prevents phase separation 
as one end of the moiety is permanently bonded to 
the backbone. Further, by using appropriate spacer 
groups between the side chain and backbone, suffi- 
cient mobility is provided to respond to electrical 
poling. 

In the present study, the microscopic NLO activ- 
ity of two classes of dicyanovinyl aryltrienes and the 
DANS molecule were characterized. The quantity, 
p/3, which is the product of the ground-state dipole 
moment, p, and the molecular second-order hyper- 
polarizability, @, of the chromophores, were mea- 
sured for all three molecules using electric field-in- 
duced second harmonic generation (EFISH) .21 The 
chromophores were then copolymerized as side- 
chain pendant groups in a methacrylate backbone 
copolymer with MMA in a 50/50 mol ratio resulting 
in isotropic polymers with glass transition temper- 
atures (T,) of above 140°C. These polymers were 
fabricated into thin films and electrically poled and 
their macroscopic electrooptic coefficients along the 
poling direction, r33, measured using a simple re- 
flection technique22 at 1.3 pm wavelength. 

EXPERIMENTAL 

Synthesis 

Figure 1 illustrates the synthetic scheme for poly- 
mers 4a and 4b. The DANS polymer was synthe- 
sized as reported.2 Compound la, 4- N- (2-hydroxy- 
ethyl ) - N-methylaminobenzaldehyde was purchased 
from Riedel de Haan. Compound lb, 5-N- (2-hy- 
droxyethyl) - N-methyl amino-2-thiophenecarbox- 
aldehyde, was prepared by reaction of 5-bromo-2- 
thiophenecarboxaldehyde with hydroxyethyl meth- 
  la mine.^^ 

The “hexatriene” alcohols were synthesized by a 
two-step knoevenagel condensation first to form the 
dicyanovinyl cyclohexene derivative and, second, 
this intermediate with compounds la or lb to form 
2a and 2b, respectively. The cyclohexene inter- 
mediate was synthesized from isophorone and ma- 
lonitrile in DMF with a catalytic amount of piper- 
idine in acetic acid at  room temperature. On re- 
crystallization from isopropanol/water, the material 
is quite pure (> 99.8 in some cases). 

The alcohols were synthesized under the same 
conditions as was the cyclohexene derivative being 
recrystallized from isopropanol/ water to give ma- 
terials of purity > 97%. The methacrylates were 

synthesized by direct reaction of the alcohols with 
methacrylic anhydride in ethyl acetate containing 
triethylamine and a catalytic amount of dMAP. 
Yields were typically high (95%+ with purity iden- 
tical to the starting alcohol). Polymerization-grade 
monomer was obtained by column chromatography 
on a silica gel using methylene chloride eluant. Co- 
polymers 4a and 4b were prepared by free-radical 
polymerization of the methacrylate with AIBN as 
described p r e v i ~ u s l y . ~ ~  

EFISH 

A t  the fundamental wavelength of 1600 nm, the sec- 
ond harmonic signal generated was sufficiently away 
from the optical absorption of the polymers that 
resonant enhancement complications were mini- 
mized. The optical design of the experimental setup 
is shown in Figure 2. A tunable pulsed dye laser, 
pumped by a injection-seeded YAG laser, was used 
to produce 639 nm wavelength, which was then 
combined with the doubled YAG from the dye laser 
pump source at  532 nm in a parametric mixer to 
generate the 1600 nm pulses. 

The molecules studied were dissolved in a suitable 
solvent and placed between two glass windows 
aligned at a slight angle to produce Maker 
upon translation. This assembly was placed between 
two stainless-steel electrodes, through which an 
electric field was supplied by a high-voltage pulse 
generator to align the molecules in a perpendicular 
direction to the optical beam. The second harmonic 
generated at  650 nm was detected by photomultiplier 
tubes and boxcar-averaged. The ratio of this signal 
over a concurrent reference measurement on a 
quartz plate was measured to minimize laser power 
fluctuations. All measurements were calibrated using 
published quartz values. To take into account the 
local field effects and interactions, measurements 
on each sample were repeated through a range 
of concentrations and extrapolated to infinite 
dilution27 to obtain the molecular hyperpolarizabil- 
ity. The Onsager2’ model for the local field correc- 
tion was used in the analysis of the measured data. 

Poling 

The characterization of the macroscopic electrooptic 
properties of glassy polymers require that they be 
electrically poled to induce asymmetry, a property 
that is required by the third-order tensorial prop- 
erties of the second-order NLO response. The pro- 
cedure for electric poling of NLO polymers using 
fixed electrodes has been previously described2’ and 
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Figure 2 Schematic representation of the apparatus for the EFISH experiment. 

summarized as follows: The polymer, dissolved in a 
suitable solvent, was first spin-coated onto an in- 
dium-tin-oxide ( ITO) -coated glass slide and dried 
at above the glass transition temperature. The re- 
sulting thickness of the films were of the order of a 
few microns. The IT0 glass served as one of the two 
electrodes for poling; the other was in the form of a 
thermally deposited gold layer of approximately 0.15 
pm on top of the polymer film. The poling procedure 
involved heating the sample to close to the Tg when 
a poling field was applied across the electrodes for 
a period of time sufficient for alignment equilibrium 
to be reached. The waveform characteristics of the 
poling and relaxation of poling depend on many in- 
trinsic and extrinsic factors that include orientation 
mechanisms, NLO chromophore concentration, 
molecular weight, method of chromophore incor- 
poration, and poling field ~trength.~' The time taken 
for equilibrium to be attained is particularly sensi- 
tive to the poling temperature. In situ poling exper- 
iments on a number of similar side-chain 

copolymers29 revealed that poling equilibrium oc- 
curred after about 1 min at  the DSC determined Tg. 
The time used in the present poling procedure was 
typically 5 min. Additional poling times were used 
to confirm that no noticeable increase in electrooptic 
coefficient were observed. The sample was then 
cooled to room temperature before removing the 
electrical field, thus locking in the alignment. The 
time taken to cool down to room temperature typ- 
ically took 30 min. 

Electrooptic Characterization 

The electrooptic coefficient of the poled film was 
measured at 1.3 pm wavelength using a simple re- 
flection technique.22 Figure 3 depicts the experi- 
mental setup. A laser beam is incident on the back 
of the glass substrate at an angle 6. It propagates 
through the substrate, the I T 0  layer, and the poly- 
mer and is back-reflected at the top gold electrode. 
The polarization of the input beam is a t  45" to the 
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Detector -A fects to be minimized because it greatly affects the 
measured value. The pp value at  1.3 pm is calculated 
by approximating that p arises largely from terms 
involving the first excited state.' When the molec- 
ular susceptibility, p, is dominated by the change in 
the dipole moment between the ground and the first 
excited electronic states along the molecular x-axis, 

i I 
Polymeric Film t 

Gold Coating 
t 

Figure 3 
the reflection technique. 

Optical configuration for r measurement by 

plane of incidence so that the parallel (p-wave) and 
perpendicular (s-wave ) components of the optical 
field are equal in amplitude. The reflected beam 
propagates through a Soleil-Babinet compensator 
and an analyzer. When a modulating voltage, V,, 
is applied across the electrodes, the phase angles of 
the s- andp-waves are retarded, to different degrees, 
by the electrooptically induced refractive index 
change. This results in a modulation of the polar- 
ization in the reflected beam and is converted into 
intensity modulation of the laser beam by the output 
analyzer. This modulation is measured using a pho- 
todiode through a lock-in amplifier. By measuring 
this intensity and the use of the approximations n, 
E no E n ,  where n, and no are the refractive indices, 
respectively, along and perpendicular to the poling 
direction, and r33 = 3r3,, where r is the electrooptic 
tensor and subscripts 3 and 1 represent directions, 
respectively, perpendicular and parallel to the film, 
the electrooptic coefficient can be obtained by the 
following expression: 

where pol is the transition moment between the 
ground and excited states; poo, and pll , ground- and 
excited-state dipole moments, respectively; and h 00, 
the first excited-state energy. 

The expected values of the macroscopic elec- 
trooptic coefficient, r ,  from the poled polymeric films 
of the corresponding copolymers a t  1.3 pm, can be 
deduced from the measured microscopic p values by 
taking the Boltzmann average of the molecular 
polarization31 : 

where N is the number density of molecules; E ,  the 
static dielectric constant; cP ,  the dielectric constant 
at the poling temperature; n, the index of refraction; 
Ep,  the poling field; p, the molecular dipole moment; 
and kT, the Boltzmann constant. 

Figure 4 shows the measured r constant for the 
three polymers as a function of poling fields for up 
to 100 V/pm, although measurements as high as 

where I, is the amplitude of the modulation, and I,, 
the dc intensity of the output beam. 

RESULTS AND DISCUSSION 

The results of the EFISH measurements are sum- 
marized in Table I. Meaningful comparisons at a 
single frequency between molecules with different 
absorption peaks require resonant enhancement ef- 

Table I Results of EFISH Measurements 

Chromophore DANS 2a 2b 

Absorption peak 450 nm 518 nm 550 nm 
Solvent DMSO DMSO Dioxane 
pp (1600 nm) 

(X lotw4' esu) 610 1410 1940 

Polymer DANS 4a 4b 

Tg ("C) 135 148 153 
n 1.630 1.668 1.716 
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Figure 4 Electrooptic activity vs. poling field. 

200 V/pm were also collected (see below). The lines 
represent the r values theoretically calculated by eq. 
( 3 )  using @ values from Table I. At these low fields, 
the correlation between the measured and calculated 
values is remarkably accurate considering the sim- 
plicity of the models used. 

A t  higher fields, however, the experimental data, 
not shown here, deviates from the theoretical curve 
if the above analysis is used. Field-induced liquid 
crystalline formation has been put forward to ex- 
plain this d i~crepancy .~~ This theory predicts that 
a field-induced phase transition to the nematic phase 
for isotropic materials occurs when a strong electric 
field is applied to a side-chain polymer with r-con- 
jugated acceptor-donor molecules as pendant 
groups. This subsequently leads to enhancement in 
the polar order and thus to a larger nonlinear sus- 
ceptibility than is predicted by the simpler isotropic 
model. The use of the relation of r33/r3'31 = 3 in eq. 
( 1 )  also requires modification for higher fields. It 
has been previously observed that from experimen- 
tally measured values of the SHG coefficient, dg , for 
poled NLO polymer films, this ratio often exceeded 
the theoretical value of 3, 33,34 although this deviation 
is not yet well established because of the low accu- 
racy of these measurements. A simple model was 
also suggested35 to explain the observation of r33/ 

r31 > 3 in epoxy copolymer planar waveguides, al- 
though theoretical understanding of experimental 
results from the high-field poling of side-chain NLO 
polymers has yet to be published. 

CONCLUSIONS 

Two classes of aryltrienes in which isolated double- 
bond problems associated with different molecular 
conformations is solved by incorporating the con- 
jugation into six-membered rings have been devel- 
oped. These molecules showed up to three times the 
electrooptic activity of DANS, measured at  1.3 pm. 
The microscopic nonlinear susceptibility, /.to, of all 
three chromophores, and the macroscopic elec- 
trooptic coefficients, r ,  of their corresponding side- 
chain copolymers with MMA, were experimentally 
determined using, respectively, EFISH and the re- 
flection technique. By using a simple two-level free- 
gas model, the two sets of measurements correspon- 
ded remarkably well at low poling fields. At high 
fields, however, the simple model breaks down as 
more detailed poling parameters are required to more 
accurately describe the effect of poling. The results 
of the analysis of the high-field poling data will be 
published separately. 
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