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Saturation of the Hyperpolarizability of Oligothiophenes
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W. ten Hoeve and H. Wynberg

Syncom BV, University of Groningen, P.O. Box 2253, NL-9704 CG Groningen, The Netherlands
(Received 28 February 1990)

We report the observation of saturation with chain length of the second hyperpolarizability of a series

of long, well-defined, conjugated oligothiophenes.

This saturation occurs at the same length as that of

the band gap and of the polarizability, and is attributed to a saturation of the effective conjugation
length. Solvatochromic and thermochromic measurements indicate that conformational effects play a

role.

PACS numbers: 42.65.Ky, 33.90.+h

Conjugated organic molecules have attracted much at-
tention during the last decade for their nonlinear optical
properties, both from a fundamental point of view and
for their potential application in optical data processing. '
An important factor governing this nonlinearity is the
effective conjugation length of the r-electron system.
Many theoretical studies have been published that focus
on the length dependence of both the polarizability ¢ and
the second hyperpolarizability y (Refs. 1-10, and refer-
ences therein). All of them predict a strong increase of y
with chain length up to moderate lengths, assuming a
planar molecular conformation. For long chain lengths
in polyacetylene, at approximately fifteen double bonds,
sattzration of the second hyperpolarizability is predict-
ed.

Up to now, very little experimental data on the second
hyperpolarizability of very long, well-defined, conjugated
molecules have been published, '® merely due to the inac-
cessibility of these molecules. Recently, a systematic
study was reported by Zhao, Singh, and Prasad'' for a
series of oligothiophenes, ranging in length from one to
six thiophene repeat units. They were able to describe
their results for a and y with a power-law dependence on
the number of repeat units N, implying no saturation of
the conjugation up to N=6. On the other hand, the
band gap E,, determined from optical-absorption mea-
surements, started to level off at N =6. They were
prevented from going beyond N=6 by solubility prob-
lems.

Fichou et al.® have reported measurements on thin
solid films of some long oligothiophenes. However, the
presence of many molecular conformations in such a ma-
terial, as witnessed by a multitude of optical transitions
in the absorption spectra, prevented the determination of
the intrinsic molecular hyperpolarizability.

Since polythiophenes with 3-alkyl substituents are
soluble in organic solvents, we have synthesized well-
defined alkyl-substituted oligothiophenes. By using a
new synthetic route, that will be published separately, we
have made soluble oligomers with N=3, 4, 5, 7, 9, and

11 repeat units. The structures are given in Table I. In
order to minimize steric hindrance and hence conforma-
tional disorder, we synthesized oligomers without adja-
cent alkyl groups. Here we report on measurements of
the band gap, the polarizability «, and the second hyper-
polarizability y of these well-defined oligothiophenes.
Thin-film samples were prepared by introducing a few
wt% oligothiophene in a polymethylmethacrylate
(PMMA) matrix, using chlorobenzene as a solvent and
spin coating on indium-tin-oxide-covered glass sub-
strates. The maximum concentrations where no aggre-
gation occurred, as monitored by the optical-absorption

TABLE 1. Properties of the oligothiophenes I-VI, deter-
mined by optical-absorption measurements (E,), refractive-
index measurements at 632.8 nm (a), and electric-field-
induced second-harmonic generation (EFISH) at 1064 nm (),
all in a PMMA matrix at room temperature.

Molecule N  Ez(eV) a (1072 esu) y (10 * esu)
I 3 3.67 1.1 9.9
11 4 3.13 1.4 22
I 5 3.01 2.6 107
Iv 7 2.81 6.6 360
\" 9 2.78 R 370
VI 11 2.77 7.0 460
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FIG. 1. Polarizability and band gap vs the number of repeat
units for oligothiophenes in a PMMA matrix at room tempera-
ture. The solid lines are only meant to guide the eye.

spectra, ranged from 5 wt% for N=3 to 0.8 wt% for
N=11. The polarizabilities were determined from accu-
rate refractive-index measurements using m-line tech-
niques at a wavelength of 632.8 nm, assuming a constant
PMMA density. This assumption may introduce a sys-
tematic error in the values for a. Electric-field-induced
second-harmonic generation (EFISH) was used to deter-
mine the orientation-averaged (y(—2w;w,®,0)) (Ref.
12) at room temperature at a fundamental wavelength of
1064 nm. The dc electric field was applied by a corona
discharge and determined by a compensation tech-
nique.'? Fields up to 1.5 MV/cm were used in this way.
The second-harmonic intensity was calibrated against
that of a y-cut crystal quartz plate. From the symmetry
of the molecules, only a very small permanent dipole mo-
ment and first hyperpolarizability will be present. Furth-
ermore, the PMMA matrix at room temperature does
not allow molecular reorientation on the time scale of the
measurements (minutes). Therefore the contribution of
the first hyperpolarizability of the oligothiophenes to the
EFISH signal can be neglected. From the electric-field
and concentration dependence, the contribution of the
oligothiophenes to the third-order susceptibility can easi-
ly be determined.

The results are given in Table I and visualized in Figs.
1-3. A strong length dependence of a and y for N <7 is
observed, that changes into a much weaker, more or less
linear one for V> 7, where the band gap E, becomes
constant. It should be noted that part of the increase in
y with increasing chain length is due to an increasing
resonance enhancement as the second-harmonic photon
energy approaches the band gap. To a lesser extent, this
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FIG. 2. Second hyperpolarizability vs the number of repeat
units for oligothiophenes in a PMMA matrix at room tempera-
ture. The solid line is only meant to guide the eye.
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FIG. 3. Normalized polarizability and second hyperpolari-
zability vs the number of repeat units (up to N=7) for oli-
gothiophenes in a PMMA matrix at room temperature. The
lines represent power-law dependences with exponents of 2.4
(dashed) and 4.6 (solid).
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is also the case for the increase in a. As a linear behav-
ior is typical for nonconjugated molecules, '® these obser-
vations show that at the optical frequencies used here,
for N> 7 the oligothiophenes can no longer be con-
sidered as effectively conjugated over their entire length.
Our values for E, agree with those reported by Zhao,
Singh, and Prasad'' for N < 5, whereas our results for a
are consistently lower than theirs. The cause for the
discrepancy may lie in the systematic density error. Our
results for y are consistently higher, which may be as-
cribed to the different measurement techniques and
wavelengths used (degenerate four-wave mixing at 602
nm vs EFISH at 1064 nm). If we describe the length
dependence of a and y with a simple power law, we find
the exponents to be 2.4 and 4.6, respectively (Fig. 3).
Theoretical predictions range from 1.3 to 3 for the case
of @ and from 3.2 to 5.2 for the case of y.

The saturation of y for NV > 7 can have an electronic
or a conformational origin. The two can, however, not
be regarded as independent: Electronic delocalization
will increase the bond order of the bonds connecting the
thiophene rings, which makes planar configurations ener-
getically favorable. And vice versa, twisting around this
bond will cause electronic localization on planar seg-
ments. This interrelation was clearly demonstrated by
the calculations of Rossi and Viallat.'* It is very likely
that the oligothiophenes as we studied them are not fully
planar. Poly-3-alkyl-thiophenes show a strong solvato-
chromism and thermochromism,'*>'® which are attribut-
ed to twisting of (groups of) rings around the connecting
bond,'” disrupting the conjugation. We also observe sol-
vatochromism and thermochromism for the longer oli-
gothiophenes, albeit rather weak (for N=11 at room
temperature, E; =2.92 eV in l-propanol and E;=2.71
eV in tetrahydrofuran; for =5 in 1-propanol, £, =3.01
eV at 300 K and E, =2.94 eV at 200 K). This indicates
that the molecules are not fully planar in a PMMA ma-
trix at room temperature (for N=5, E,=3.01 eV; for
N=11, E, =2.77 eV, see Table I) and that larger hyper-
polarizabilities could be expected if the molecules could
be planarized, especially for the longer ones. From
small-angle neutron-scattering experiments, a statistical
planar chain length of 5.5 nm was deduced for the poly-
3-alkyl-thiophenes,'® which corresponds to about four-
teen repeat units. Although it is not clear how this
length relates to the conjugation length relevant in opti-
cal measurements, these results are further support that
conformational effects are important on a length scale
comparable to the lengths of the molecules studied by us.

To our knowledge, no theoretical study of the length
dependence of y for oligothiophenes has been published
that takes both conformational and electron-correlation
effects into account. Heflin er al.” have shown that the
latter is essential to obtain the correct sign and magni-
tude of the y of planar polyenes. Prasad, Perrin, and
Samoc'® have presented a simple, empirical model that
agrees very well with the results of Zhao, Singh, and

Prasad,'' but the simplifications and the sensitivity to
the parameter choice of this model do not allow for gen-
eral conclusions to be drawn. The results of complete
neglect of differential overlap calculations by Fichou ez
al.® of the length dependence of the band gap and the
hyperpolarizability of fully planar oligothiophenes show
a saturation of the gap at V=10 and a transition to a
weaker length dependence of y at the same length. For
N =< 10 they find a power-law dependence of y with an
exponent of 4.3, in fair agreement with our results.
Furthermore, they confirm that the hyperpolarizability
drops as the thiophene rings rotate around the connect-
ing bond. As it is well established that the linear optical
properties of the oligothiophenes are similar to those of
the polyenes that would result from taking out the
sulphur atom,?*?! a comparison with theoretical results
for the second hyperpolarizability of polyenes seems
meaningful. Heflin et al.,” assuming a planar conforma-
tion, have shown that the calculated y is determined by
the geometrical length of the molecule. They find a
power-law dependence of y on the length, with an ex-
ponent of 4.6, in excellent agreement with our experi-
mental findings. They infer a saturation of y around 5-
nm chain length, which would correspond to roughly
twelve thiophene rings. This value should be regarded as
an upper limit for what could be expected experimental-
ly, as the interrelation between electronic delocalization
and conformation implies that the intrinsic, electronic
saturation of conjugation will be accompanied by or pre-
ceded by a loss of planarity, depending on the forces on
the molecule. The theoretical results of Beratan, Onuch-
ic, and Perry® for polyenes, using in essence an empiri-
cally parametrized single-particle model, imply satura-
tion of the y of planar oligothiophenes between seven
and eight repeat units. The good agreement with our re-
sults may be somewhat fortuitous, in view of the simpli-
fications in the model.

It will be clear that further work is needed to fully un-
derstand the nonlinear optical properties of long conju-
gated molecules. As no molecule in a condensed phase
can be considered to be fully planar, extension of current
theories towards conformational effects and their interre-
lation with conjugation seems highly desirable. At the
same time, experimental studies of the dependence of the
nonlinearity on temperature and molecular environment
are required. The aliphatic tails may provide a con-
venient extra handle in influencing the conformational
effect.

In conclusion, we report the observation of saturation
with chain length of the band gap, the first polarizability,
and the second hyperpolarizability for oligothiophenes at
about seven repeat units. To our knowledge, this is the
first time that a saturation of the hyperpolarizability
with chain length has been experimentally observed.
The observation of solvatochromism and thermochrom-
ism indicates conformational effects to play a role in lim-
iting the conjugation length. Obviously, understanding
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the causes for this saturation may have strong impact on
the design and synthesis of thiophene-based nonlinear
optical materials.
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