Synthesis and characterisation of an octupolar polymer and new molecular
octupoles with off-resonant third order optical nonlinearities
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The first synthesis and Z-scan measurements of an octupolar
polymer with off-resonant third order nonlinear optical
properties are discussed; two other new molecular thio-
phene-based octupoles with similar nonlinearities are also
reported.

In the quest for materials suitable for electro-optical and all-
optical devices,® the last decade has witnessed considerable
interest in the quadratic nonlinear optical (NLO) properties of
organic or organometallic octupolar molecules.2 Such octupolar
compounds with multi-directional charge-transfer transitions
enlarge the scope of molecular engineering for nonlinear
optics,3 previoudly restricted to dipolar compounds with single-
directional charge-transfer transitions. Improving the NLO
efficiency/transparency (or figure-of-merit) trade-off stands out
among the important goals of this approach. Indeed, the
particular symmetry of octupoles may lead to a better
transparency and improved stability compared with classical
dipoles,2 although the question has not been completely
elucidated as yet.# Besides, all-optical poling, which does not
require a permanent dipole, has been shown to alow for
noncentrosymmetric statistical macroscopic orientation.2

In all-optical applications based on the optical Kerr effect, it
is also of paramount importance to improve the figures-of-
merit5 (recalled below) of cubic NLO materials because high
nonlinear refractive indices in dipolar organics are generally
obtained via resonant enhancement, at the expense of large
linear or nonlinear absorption losses. However, only a small
number of studies have reported cubic NLO properties of
octupolar compounds. Large nonlinear refractive indices have
been effectively measured in only two recent works, onedealing
with organic octupolar molecules and the second with
organometallic octupolar complexes.” But in both cases,
resonant enhancement of the nonlinear refractive index oc-
curred, resulting from, respectively, three- or two-photon
dispersion effects associated with absorption losses.

Moreover, to the best of our knowledge, no synthesis of
octupolar polymers having NLO properties has so far been
reported in the literature in spite of their potentia interest
towards further material and device investigations.

We report here the first efficient synthesis of an octupolar
polymer  {poly[2,4,6-tris(5’-(5-allylthio-2,2’-bithienyl-5-yI)-
1,3,5-triazine]} as well as two new molecular octupoles
[2,4,6-tris(5-alkylthio-2,2’-bithienyl-5-yl)-1,3,5-triazine]
which exhibit large non-resonant nonlinear refractive indices.
The synthesis, UV-visible spectroscopy and Z-scan measure-
ments of these three compounds are presented and their figures-
of-merit are also discussed.
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We chose 5-n-butylthio-2,2’-bithiophene 1a and 5-allylthio-
2,2'-hithiophene 1b as precursorsin view of the two following
assets: (i) then-butyl chain of 1a helpsto increase the solubility
of final molecule 2a, and (ii) theallylthio function of 1b can be
easily homopolymerised using AIBN as aradical initiator.8

These two precursors 1a,b were synthesised following Hill
et al.® All products were purified by column chromatography
with light petroleum—CHCl, (1: 1) as eluent. According to our
earlier method,1° octupoles 2a,b were synthesised via a triple
aromatic nucleophilic substitution of 3 equiv. of 5-akylthio-
2,2'-hithienyl-5-yllithium salt on cyanuric chloride (see Scheme
1). Such reactions are efficient, with yields as high as 90%. The
trisubstituted products 2a,b¥ were only isolated because such
reactions are activated by the mesomer attractive power of the
three nitrogen atoms of cyanuric chloride. This electronic
property stabilises the intermediate species of the aromatic
nucleophile substitution. Octupoles 2 display Dz, symmetry.
These molecules are completely planar in the absence of steric
hindrance around the 1,3,5-triazine centre. Such symmetry has
been confirmed by ab initio and semi-empirical computationsas
well asby electrochemical characterisation inthe case of similar
octupolar molecules.11

The new polymer 3 was synthesised in quantitative yield by
radical homopolymerisation of octupolar monomer 2b with
AIBN asradical precursor (see Scheme 2). In order to obtain the
pure polymer only, the reaction was continued until monomer
2b was no longer detectable by thin layer chromatography. The
crude polymer was then precipitated in Et,O to obtain pure
polymer 3% as an orange-yellow powder. The octupolar
character of monomer 2b is retained during its homopolymer-
isation because the monomer is based on a very rigid sp?
skeleton. All products 2 and 3 are very soluble in toluene at
concentrations close to 0.1 mol |-1. Also, THF is a good
solvent. The polymer was analysed by SEC (THF solution,
evaluation by comparison with a polystyrene standard) giving
M, = 1970 g mol—1, M,, = 4800 g mol—1 and polydispersity =
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2.43. Therefore, from SEC analysis, polymer 3 can be
considered as an oligomer (3-6 monomers).

UV-visible spectra in toluene exhibit a single narrow linear
absorption band of 30 nm width, centred at 380 and 376 nm for
octupoles 2 and polymer 3, respectively.

Z-scan measurements were performed in the picosecond
range using a sensitive single-shot multi-channel method.12
With this method, it was possible to perform closed- and open-
aperture Z-scans for the same incident pulseto allow simultane-
ous measurements of the nonlinear refractive index and the
nonlinear absorption.13 Linearly polarised 50 ps TEMqo pulses
at 1064 nm were delivered by amode-locked Nd: YAG laser at
a repetition rate of 10 Hz. The confocal parameter in our
experimental setup was Z = 23.5 mm. All compounds were
tested in solution (concentration 0.12 mol [-1) in toluene with a
2 mm thick quartz cell. Under our experimental conditions, the
nonlinear refraction of the solvent alone was beneath the
baseline noise of our apparatus. The nonlinear samples were
measured with an incident energy of E = 37 uJ and a linear
transmittancel4 S = 0.62 for n, measurements (closed-aperture
Z-scan) and S = 1 for § measurements (open-aperture Z-scan).
The nonlinear refractive indices n, and the two-photon
absorption coefficients B for all compounds were measured
according to the procedure described by Sheik-Bahae et al.14
The experimental data were calibrated using the standard CS;
reference (Nycsz) = 3.5 X 10-18 m2 W—1),

For all three compounds, the measured relative nonlinear
index nu/Nycsz) Was 0.6. None of the octupoles 2 and polymer
3 exhibited detectable two-photon absorption at 1064 nm. This
isin accordance with the position of the linear absorption peak
wavelengths, giving a two-photon absorption band around 760
nm, far from the exciting wavelength. Hence, octupoles 2 and
polymer 3 in solution have an off-resonant nonlinear refractive
index close to that of pure CS,. The expected extrapolated
values n, for the solutes are close to the best off-resonance
nonlinear refractive index data reported for single crystal
polydiacetylene toluene-p-sulfonate (PTS)5 (n, = 2.2 X 10—16
m2W-1 @ A = 1600 nm). However, one should keep in mind
that the extrapolation from solution to the solid state is not
straightforward. Nonlinear refraction and absorption measure-
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ments on thin solid films of the new polymer 3 are currently
being performed so as to investigate this critical issue.

Stegeman et al.5 defined two figures-of-merit, W = n,l/ad
and T = Af/n,, to assessthe suitability of acubic NLO material
for realistic all-optical applications based on the optical Kerr
effect. The two criterig, W >> 1or T << 1, must be satisfied
whether the nonlinearity and the losses in the material are
dominated by linear or two-photon absorption, respectively. As
no linear (c) or two-photon () absorption has been detected in
our measurements, we have introduced the limit sensitivities
(Omin <0.05 m—1 and Bnin<2 X 1012 m W-1) of our
experimental setup. For compounds 2 and 3, this yields W >
2200 and T < 1 as an estimation of the lower and upper limits
of thefigures-of-merit Wand T, respectively. All threematerials
in solution exhibit very good figures-of-merit. Moreover, the
photostability of the polymer in solution has been found to be
very satisfactory up to energies per pulse of 120 uJ, i.e
intensities up to 18 GW cm—2, corresponding to the damage
threshold of the quartz cell.

In conclusion, we have reported the synthesis of the first
octupolar polymer and two new octupolar thiophene-based
molecules, which exhibit off-resonant third order NLO proper-
ties. Due to the absence of detectable linear and nonlinear
absorption at 1064 nm, the figures-of-merit are good. Moreover,
no modification with respect to the nature of the substituant has
been detected on the nonlinear refractiveindex and on the linear
and two-photon absorption properties.

The authors thank Dr A. J. Attias (DM SC, ONERA, France)
for his help with the polymer characterisation by SEC.
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F HRMS analysis of 2a: M+ = 837. 2b: M+ = 789. All NMR dataarein
agreement with the three proposed structures.
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