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Second order nonlinear polarizabilities, o, were measured for various cyano-substi-
tuted aromatic (phenyl, biphenyl, terphenyl and phenylpyrimidine) molecules. The
largest nonlinearity was found in cyano-biphenyl compounds, indicating that ring twist-
ing may be causing a decrease in terphenyl nonlinear polarizability. Electron donating
substituent effects were demonstrated by comparison of the nonlinearity of alkyl and
alkoxy cyanobiphenyls. In all cases a'® was determined from analysis of the optical
second harmonic generation from a monolayer of amphiphilic molecules spread at the

air/water interface.

INTRODUCTION

There is considerable current interest in the nonlinear polarizability
of organic materials due to the possibilities of utilizing this property
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for fabrication of optoelectronic devices,! as well as quantifying, both
theoretically and experimentally, the relationship between molecular
structure and the magnitude of molecular nonlinear polarizability. It
has become clear? that the highest values of second order nonlinear
polarizability, @@, are found in molecules where electron donating
and electron accepting groups are connected through a delocalized
= electron system. However, the best insight into the relationship
between a® and molecular structure is achieved when a® values are
determined for a series of molecules in which there is systematic
variation in the relevant structural parameters—e.g. the electron do-
nor group, the electron acceptor group, or the type and length of the
delocalized w electron system between them. Several such studies,
both theoretical and experimental, have been carried out.>¢ The
present work extends such studies to a new family of compounds,
cyano substituted aromatic moleculies, in which various aromatic sys-
tems (bridging the electron accepting cyano group to the electron
donating alkyl chain) have been compared. The effect of an alkoxy
chain as the electron donor species has also been examined.

Experimental determinations of a'® have mostly been made by the
electric field induced second harmonic generation (EFISH) method.
In this method,? the optical second harmonic generation (SHG) is
measured when the molecule in solution is subjected to a DC electric
field. Consequently the EFISH response results from a combination
of second order and third order nonlinear effects arising from the
solvent, solute and the cell. Thus, even after subtraction of the back-
ground signal, an accurate determination of the solute a® requires
a good knowledge of solvent—solute interactions and local field ef-
fects.

Consequently, other workers™ !¢ have preferred to determine a?
via SHG from an ordered molecular monolayer spread on an isotropic
substrate such as water, glass or fused quartz. An isotropic substrate
cannot have electric dipole allowed SHG due to symmetry consid-
erations, although there still may be weak SHG from the bare sub-
strate due to quadrupole effects.!' Consequently, the SHG from an
isotropic substrate covered by an aligned, noncentrosymmetric mo-
lecular adsorbate layer will typically be many times larger than the
SHG from the bare substrate alone.” "

In this communication we use the monolayer method to evaluate
a'® for representative n-alkyl cyanophenyl, cyanobiphenyl, cyano-
terphenyl and cyano-phenylpyrimidine molecules. This series enables
us to study the effect on a'® caused by the various conjugated systems
connecting an electron donor (the alkyl chain) and an electron ac-
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ceptor (the CN group). In addition, the effect on a® by using an
alkoxy chain as the electron donor is also examined. All the above
molecules are known to form liquid crystalline bulk phases,'>-* and
consequently several molecules in each class differing only in alkyl
chain length are available and characterized in the literature. We
have shown® (for the n-alkyl cyanobiphenyls) that the length of the
alkyl chain does not influence a®; thus we have chosen as a repre-
sentative molecule for each class a molecule whose alkyl chain length
is such as to cause the molecule to spread and form a good monolayer
on water. 1014

THEORY

The value of a® for individual molecules may be deduced from the
SHG arising from a molecular monolayer spread on a water surface.
The second harmonic intensity, /(2w), observed in reflection after
laser radiation of intensity /(w) impinges on the monolayer covered
surface is given by”*:

1(20)) & |e2w;§2):emeu)‘2p(m) (1)

where eq = Loag with 4, denoting the unit polarization vector of
the field at frequency (2, and L, is the Fresnel factor for the field.
Here the Fresnel factors are calculated assuming that the linear di-
electric constant of the monolayer is unity.!” The magnitude of the
components of X, the second order surface susceptibility tensor,
may be determined by comparison of the SHG from the adsorbate
covered surface to that arising from a surface of known X (e.g. the
bare water surface) under the same experimental conditions.
The contributions to X’ may be represented!¢-!!

X(Z) = X(Z) + X(Z) + X(Z) (2)

where Y@ and X2 are the susceptibilities of the substrate (water)
and the monolayer of adsorbate molecules respectively, and X {* in
cludes any perturbational interaction between them. Asstated above,
X@ is weak, often leading to X@ >> XY@ Thus, assuming X2 >
> X2, we have Y@ = Y@,

Evaluation of the molecular polarizability tensor &® of individual
molecules from ¥ @, the susceptibility of an adsorbate monolayer, is
simplest for molecules in which a® is dominated by a single com-
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ponent af;} along a molecular axis £. In such cases the only nonvan-

ishing components of X2 are related to af;} by’

2
Srzl;)zzz Ns<cos3e>a(§gé

1

Xoh = XPi = NGin®8 costlagy2  (i=xy) Q)

]

where 0 is the polar angle between £ and the surface normal 2, and
N, is the surface density of ddburbate molecules. In addition to ne-
glecting components other than o}, this model also assumes an is-
otropic distribution in the surface (xy) plane, and neglects local field
effects caused by intermolecular interactions. Earlier work' on sim-
ilar molecules has shown these assumptions to be justified for less
than half full monolayers.

It thus follows that determination of x{?),,, and x{2., from SHG
with appropriate polarizations of fundamental and second harmonic
fields will yield a weighted average for 8. A sharply peaked distri-
bution for 8 is expected for an aligned monolayer of amphiphilic
molecules in which that part of the molecule dominating the nonlin-
earity includes the polar head group which determines the molecular
alignment at the air/water interface. A narrow distribution of 6 values
about its average value 8, means that the experimentally measured
ratio of 2’ components given by (sin® cos@)/{cos*8) can be equated,
to a good approximation, to tan®f,. As a numerical example, it is
easily calculated that if 6 is given by a rectangular distribution function
centered at 8 = 60°, the function {sin?0 cos0)/{cos*0) equals 3.00, 2.91
or 2.70 if the half width of the 6 distribution is taken to be 0°, 5° or
10° respectively. Equating these values to tan®f,, gives 8, = 60°, 59.6°
and 58.7° respectively. It is noted, however, that when 6 distributions
are very broad, the measured ratio of x{2) components may be con-
sistent with a range of average values and distributions of 6.'® Due
to the expected narrow distribution of 6 values in our experiments
employing a monolayer of an amphiphilic molecule on water, we
have evaluated agg assuming that the orientationally averaged 0 func-
tions may be replaced by the functions evaluated using 6,.

EXPERIMENTAL

The spreading and monolayer forming characteristics of cyano-aro-
matic molecules were surveyed by monitoring the surface pressure
when appropriate volumes of such materials in hexane solution were
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pipetted onto the water surface in a standard Langmuir-trough ar-
rangement. When possible, several molecules with the same aromatic
ring system but different alkyl chain lengths were tested to find the
best spreading one to represent that class. A good spreading molecule
will exert a stable surface pressure, usually in the region 20-40 A%
molecule. Molecules chosen for SHG study are shown in Figure 1.
This set includes two cyano-phenylpyrimidines, (IV and V). The for-
mer has a small solubility in water, and was used in an earlier study'
in which its monolayer was spread on a pre-saturated water substrate.
Compound V, however, could be spread to form a good, stabie mon-
olayer on pure water subphase.

SHG measurements were performed on monolayers spread at 40
A%molecule, after they had been allowed sufficient time to stabilize
and equilibrate. (In earlier work!” it has been found that SHG signals
from monolayers on water may only become stable ~2 hr after spread-
ing, although the surface pressure equilibrates much faster). Pulsed
laser radiation of frequency w, incident at 60° to the normal, was
focused down to a spot of ca. 0.5 mm diameter on the water surface.
After appropriate spectral filtering, photons of frequency 2w were
detected in the reflected output via gated photon counting, and av-
eraged over at least 6000 pulses. (The input laser power was adjusted
to ensure that average signals were no more than 0.2 photon counts
per laser pulse). The laser employed was either a Nd-YAG laser or
a dye laser; the former was a 500 Hz Q-switched mode locked Nd-
YAG laser where each Q-switch envelope contained approx. 10 mode
locked pulses of 70 ps width. The energy per Q-switch envelope was
0.7 mJ (at 1.06 pm) or (.3 mJ (at 532 nm). Frequency-tunable laser
excitation was provided by the dye laser which gave 7 ns pulses at
10 Hz with pulse energies typically S mJ.

ALKYL-CYANO-(POLY)-PHENYLS ALKYL-CYANO-PHENYLPYRIMIDINES

L e~ 0o v o 4(0)—en
1 CBHWCN v C,H15‘<:>—</;\:>~@—CN

ALKOXY-CYANQ-BIPHENYL

FIGURE | Materials used in this study.
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RESULTS AND DISCUSSION

The linear optical properties of the molecules studied were first com-
pared by examination of their UV absorption spectra in hexane (see
Figure 2). These spectra are in agreement with data reported earlier."”
All molecules have their lowest lying excited state between 260-295
nm (33,900-38,500 cm ~ ). The cyanophenyl lowest energy absorption
band is much weaker than that of the other molecules, analogous to
the situation of their parent compounds (benzene, biphenyl etc).!®
These absorption spectra indicate that SHG of 532 nm laser light
should exhibit some 2w resonance enhancement, and thus more

4
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FIGURE 2 Absorption spectra for I-V1 in hexane solution. The absorption spectrum
of IV (omitted for clarity) is essentially identical to that of V.
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meaningful comparison of a'® values is expected if measurements
are performed such that all molecules experience the same resonance
enhancement. We have chosen to compare a‘® values both without
resonance enhancement and at maximum enhancement within the
lowest energy absorption band. Therefore, monolayer SHG meas-
urements were performed using the dye laser at a wavelength equal
to twice the wavelength of the linear absorption maximum of the
molecule under study. At these wavelengths, SHG signals from water
surfaces covered with I-VI were 15-2000 times that of pure water,
indicating the dominance of the X2 term in X. Values of a? far
from resonance were compared using 1.06 pm laser excitation. SHG
intensities from monolayer covered water surfaces were recorded for
both s- and p-polarized output following 45° polarized laser input.
The s-polarized output field is proportional to the x{2) component,
while the p-polarized signal yields a linear combination of x{%, and
X2, according to eq. (1). The measured x® values were calibrated
against that of pure water for which {2, = 2 x 107! esu.” From
the experimental results, values of |a;)| and 8, for the molecules were
calculated via equations (1)~(3), and are presented in Table I.
Comparison of a{f} values at 2w resonance shows that for the series
of alkyl-cyano (poly) phenyls I-11I, the largest nonlinearity occurs in
the cyanobiphenyl I1. The anomalous decrease in nonlinearity when
going from the biphenyl II to the terphenyl Il is contrary to the
usually accepted picture of nonlinear polarizability increasing with
electron delocalization length. However, a recent theoretical study®
has shown that nonlinearity ceases to increase rapidly with conju-

TABLE 1

Second order polarizabilities, aff}, for molecules I-VI. 8, is the average
orientation angle of the molecular long axis to the surface normal, as calculated
from the SHG data.

2)
Qeer

(1039 esu)

at 2w 8y

resonance at 1.06 pm )
I 4 “ 80 + 10
Ii 25 3 71 = 2
I 13 “ 60 + 2
v 8 “ 79 £ 3
A% 8 a 82 + 4
VI 40 5 7R * 2

2)
T~ ol = 2 X 1072 esu (sec text).
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gation length for polyphenyls having =3 phenyl rings, as opposed to
polyenes.*¢ In addition, this calculation was performed assuming a
planar arrangement of phenyl rings, although experimental evidence
suggests that under certain conditions terphenyls are not planar.' It
thus seems most reasonable to conclude that the smaller a'® value
for 111 relative to I is mainly a result of terphenyl ring torsion.

The «'® data for the phenyl pyrimidines IV and V shows that the
pyrimidine ring is less efficient than phenyl as a bridging group for
delocalizing electron donor and acceptor groups. This result is in
accord with theoretical predictions.”” However, the pyrimidine group
does enhance the nonlinearity relative to the case of a single phenyl
ring as in I, although some of this effect may be due to the larger
resonant enhancement at 2w resulting from the stronger oscillator
strength of the resonant transition (see also below). The agreement
in the value of a® for IV (from earlier work'?) and V (this work)
verifies the result of the earlier work despite the difficulties encoun-
tered in obtaining a good monolayer of IV.

When the «'® values of II and VI (alkyl- and alkoxy-cyanobi-
phenyls) are compared, a significantly larger value is obtained for
VI, which is easily rationalized by the fact that alkoxy aromatics are
much better electron donors than alkyl aromatics.”!

The values of a'® for all molecules are expected to decrease sig-
nificantly if 2w is tuned away from resonance. When SHG measure-
ments were made using 1.06 pm excitation, only for materials IT and
VI (which also showed the strongest SHG at 2w resonance) was the
signal from monolayer covered water at least several times larger
than that from pure water. Only in these cases could X @’ be extracted
from X with confidence. For the other materials we consequently
set as an upper limit |off}f = 2 x 107 esu. Since the 1.06 pm
excitation energy is far from both one- and two-photon resonances,
o'? data at this excitation may be considered as the nonresonant part
of a'®, which clearly is largest for 1I and VL.

The magnitude of the observed resonance enhancement effect is
also in agreement with accepted theoretical models. The contributions
to a'® come from a sum over all electronic states,* although a small
number of states may still provide the dominant contribution. This
model also suggests that the contribution from an individual electronic
state is proportional to the product of matrix elements representing
the cross-sections for one- and two-photon absorption to that state.
In addition, when the incident laser field is either one- or two-photon
resonant with an electronic state, the contribution of that state to a®
increases resonantly. For example, when the excitation frequency
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(w.y) 1s tuned through a two photon resonance with the kth electronic
state, the contribution, of”, of that state to the total «'® should vary
as a function of w,, according to!®22-23

a;(l) x (('ok - 2wcx - irk)il (4)

where Aw, is the excited state energy, and I'; the transition linewidth,
of the kth electronic state. This formula predicts a slightly larger than
order of magnitude increase in the contribution of the lowest excited
state to a‘? of II-VI when the excitation is changed from 1.06 pm
to the 2w resonance. This prediction can be easily rationalized with
the experimental data for II and VI (see Table 1) if it is assumed that
the lowest excited state is responsible for a significant portion (but
not all) of the nonlinearity at 1.06 pm. Although exact a® values at
1.06 pm for III-V are not available, a similar conclusion can be made
regarding the contribution of their lowest excited states to the total
nonlinearity. Assuming again that at 2w resonance the contribution
of this state to the total a'® is a factor of 10-20 times larger than its
contribution at 1.06 pm, this contribution at 1.06 wm must also rep-
resent a significant portion of the total nonlinearity, which is not
more than 2 x 107 esu,

It should be noted, however, that although the lowest excited states
of molecules 1I-VI all have fairly similar oscillator strengths and
transition linewidths for one-photon absorption, the magnitude of
a'? arising from this state is clearly not the same in all these molecules,
demonstrating again that electron delocalization, as well as oscillator
strength, is important in a®.

The case of molecule I is a little more complicated. The lowest
excited state has a weak oscillator strength, and thus its contribution
to a'® far from resonance may not be as significant as the contribution
to af? from the lowest excited states of the other molecules. However,
the resonant enhancement factor for molecule I should be somewhat
larger than that for the other molecules, because of both a narrower
transition and the presence of a close lying state with a much larger
oscillator strength.

The monolayer method for determining «® also yields an average
value for 8, the orientation of the major nonlinear optical axis to the
water surface normal (see Table I). For I-VI this axis is the long
molecular axis, passing through all the phenyl (or pyrimidine) rings
and including the CN group. Thus it is seen that in all molecules
these groups lie rather flat on the water surface, although the more
flexible hydrocarbon chains may not.
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CONCLUSION

This study has demonstrated the relationship between molecular
structure and optical nonlinearity for a series of cyano substituted
aromatic molecules. Measured o® values have been correlated well
with the accepted concepts of the role of electron delocalization lengths,
electron donor and acceptor groups, and resonant enhancement in
second order nonlinear polarizability.
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