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The third-order optical non-linearity in solution

of a series of poly(arylene-ethynylenesilylene)s
containing a variety of backbone arylene groups
and substituents at silicon has been studied by
using the degenerate four-wave mixing techni-
que at 1064 nm with a 6ns pulse duration.
Thermal grating effects may be neglected under
the experimental set-ups employed. The results
obtained are greater by more than two orders of
magnitude than those previously measured for
some of the polymers using th&-scan technique
at the same wavelength. The electronic contribu-
tion to the fast non-linearity is greater than the
nuclear (orientational) contribution by a factor
of at least 4. The presence of a single 8-
(dimethylamino)naphthy! ligand at silicon af-
fording pentacoordination has a beneficial effect
on the x® properties. The highx® properties of
the polymers (e.g. [Re(x®)|=9.5x 10 *?esu
for [ C=C—SiPh,—C=C — (1,4— CeH4)—In
in chloroform [5 g | ~*]) confirm the presence of

extensive through-Si conjugation along the
backbone. Copyright © 2000 John Wiley &
Sons, Ltd.
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High and fast optical non-linearities of organic and
organometallic materials are attracting consider-
able attention because of their potential uses in
optical computing, telecommunications, integrated
optics and opto-electronic devicks A wide
variety of organic polymers with conjugated
electron systems has been studied for third-order
nonlinear opticé:®> The magnitude of third-order
non-linear optical susceptibilities/)) has been
found to be affected by factors such as
delocalization length, donor—acceptor functional-
ities, chain orientation and packing density, con-
formation and dimensionalityHere we report the
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similar silicon-containing polymers of general
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OPTICAL PROPERTIESOF POLY(ARYLENE-ETHYNYLENESILYLENE)S
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structure[—C=C—SiR'‘R*—C=C—Ar—],, [poly
(arylene-ethynylendglene?s] have been deter-
mined at 590nm [Re(¥) = —9.3x 10 esuf
and 1064nm in the near-resonantregion [Re
(x®) =4.0x 10 *esu]® Here, we report the
considerablyhigher valuesobtainedby using the
DFWM techniquefor solutions of a variety of
poly(arylene-ethynignesilylene)s.

Following the route previously described**
polymers1-8 (Table 1) were preparedby palla-
dium-catalysedcross-couplingpolymerizationbe-
tween the appropriate diethynylsilane (obtained
from the correspondinglichlorosilane)and dibro-
moarengEqn[1]).

- 7 P
R'R®SICI, HCCMEBY Loy 7 _ATBL o RQSi/i ]
S [Pd] AN

A,
n

Polymers 3, 4 and 8 contain the 8-(dimethyl-
amino)naphthyligand, which gives stablehyper-
coordinatespecies?? Indeed, few polymers con-
taining hypercoordinate silicon are known,
althoughit exhibits very different chemical and
electronicbehaviourfrom tetracoordinatsilicon.*®
For polymers1, 3 and4, the Im(;®) andRe((*®)
values determined by the Z-scan method at
1064nm ulse duration 140ps, intensity
20GWcm ) in CHCl; solution (50g1~%) have
beenpreviouslyreported®

DFWM experimentswere made with a Q-
swichedNd:YAG laser-oscillatorat 1064nm and
both co- and cross-polarizedpumps, the pulse
durationbeing 6 ns unlessotherwisestated(Table
1). The pulseenergyof eachpumpingwavewasup
to 10mJ. For both experimental arrangements
thermal grating effects may be neglected.In the
first caseorthogonally polarized probe wave and
pumpswrotethe grating,which thereforecould not
be thermal. In the secondcasethe co-polarized
probewaveandco-runningpumpwrotethegrating
with period A ~ 200pm with delay time 4 for
the isobarformation given by Eqgn [2] (the speed
of soundin chloroform is ca cs=10°cms 3.
Thus, in the case of co-polarized probe wave
and co-running pump, the fast grating (due to
Kerr-like non-linearities)is estimatedto predomi-
nate over the thermally induced grating if the
non-linearsusceptibility »® is greaterthan 2.4 x
10 *3esu(asis so for all the presentpolymers).
By comparisonof the DFWM reflectivity results
for the two series of experimentsthe elec-
tronic contribution to the fast non-linearity can
be estimatedto be greater than the nuclear

Copyright© 2000JohnWiley & Sons,Ltd.

(orientational) contribution by a factor of at
least4.*

75 = 2mA.Cs = 34NS>> 6Ns 2]

The values of |ny] measuredfor chloroform
solutions(using pure chloroform measurementas
reference)f (a) startingmonomerPPhSi(C=CH),,
and (b) the previously reported model monomer
PhSi(C=C{9-anthryl}), wereessentiallyidentical
to that observedfor the neat solvent CHCl;
(Jng| =3 x 10 *°cm? W1),° beingaboutoneorder
of magnitude less than that observedfor the
polymer solutions (Table 1). Hence, it may be
concluded that the n, values for these two
monomersare very muchlower thanthosefor the
polymers.

The real partof *® for eachpolymer (Table 1)
wasevaluatedy usingthevalueof Im(»*®)) derived
from transmittanceneasurement®gethemwith the
relationshipsR ~ (|é(3)92 (WhereR is the DFWM
reflectivity) and (|z®])° = (Imx®))? + (|Rer®))2.
Exceptfor 7 and8, the polg/merswereof sufficient
chain length for the 1@ effects to be at a
maximum? > the highestvalue being observed
for 1 containing tetracoordinate PhSi groups
(IRe(¢®)| =9.5x 10 *2esuin CHCl; [5glY)).
Basedon numberdensityconsideration$~0.5wt%
polymer in the solution), this value might be
expectedto be greaterby a factor of 200 for the
neat polymer, suggestingy® activity at leastas
high as that for derivativesof poly(1,4-vinylene-
phenylene)®*’

The measurementwere madeat concentrations
lying in the range2.5-12.551*. For purposesof
comparisonwherenecessaryhe valuesof n, and
7@ havebeenlinearI%/ extrapolatedo thereference
concentratior{5g 1™ 7). In eachcasetheabsorbance
of the solution was found to be negligible
(<0.05cm™ ). The resultsobtainedare greaterby
more than two orders of magnitudethan those
previously reportedfor 1 and 4 in concentrated
solutionsasdeterminedoy the Z-scantechniqueat
1064nm?® However, in this previous study the
valuesof n, wereextractedfrom the Z-scanresults
with largeuncertaintiesincethe datacould not be
fitted well; indeed for 3 no satisfactoryresultcould
be obtainedand apparentlyidentical resultswere
obtainedfor 1 and 4. Not only is comparisonof
results obtained using the two techniquesdiffi-
cult>'® but also it should be noted that a much
lower light beam intensity (=1 MW cm2) was
used in the presentstudy than for the Z-scan
determination (20GWcm 2).° At the greater
intensitiesusedin the Z-scanexperiment,higher-
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order non-linear susceptibilities (5 and »")
giving negative contributionscould decreasethe
overall non-linear effect of phase modulation®
Otherreasongor the smallvaluesof n, obtainedby
Z-scan measuremeninclude possible competing
effects such as two-photonabsorptionand stimu-
lated scatteringappearingat high beamintensity.
Indeed, the red anthracene-containingpolymers
(but not the others) show a strong two-photon
absorption;transmittancemeasurementfor poly-
mers 1, 3 and 4 gave p=5x10cmW,
correspondingo Im(x™) =2 x 10 *?esu.

As previously reported? for the series of
polymers 2—4 containing naphthyl (Np) or naph-
thyIamine(NpN)grougsatsilicon,smoothtrendsin
the 2°Si and SIC=C '°C NMR chemicalshifts as
well astheenergyof thev(C=C) IR absorbancare
observedwith increasingcoordinationnumber at
silicon, reflecting the changein the electronic
environment. However, in the case of the y®
results no such trend is observed, the effect
increasingfrom 2 to 3 and then decreasingon
going from 3 to 4, whereasthe value for 1 (with
phenyl groups at silicon) is very large. These
observationsreconsistentvith therebeinga steric
effect on the 4 results perhapsresulting from
unfavourableconformationsforced on the poly-
merscontainingNp or NpN groups.This effectmay
be offset to some extent by the favourable
electronic effect of the NpN group. Indeed, on
comparing7 and 8, the presenceof the naphthyl-
amine group can be seento havea most positive
effect in the caseof pentacoordinate®. Finally,
comparisorof theresultsfor 5 and6 suggestshat
phenylenggroupsin the polymerbackbonemay be
preferableto anthrylenegroups,althoughit should
be noted that the relative error in the measured
valuesof |n,| is ca20%.

In conclusionthevery high 5 propertiesof the
polymerscomparedvith thoseof modelmonomers
confirm the presence of extensive through-Si
conjugationalong the backboné. The results of
this study suggestthat the presenceof a single
8-(dimethylamino)naphtHyigandatsilicon afford-
ing pentacoordinatiorhas a beneficial effect on
the %® properties.Further incorporationof such
ligandsto give hexacoordinatepeciess deleteri-
ous. The high ® values observedfor 1 are
particularlyremarkablealthoughthe origin of this
effectis not clear.

The non-linearoptical and photorefractiveprop-
ertiesof organic—inorganicybrids madefrom the
polymersby the sol-geltechniqueare at present

Copyright© 2000JohnWiley & Sons,Ltd.

under investigation and are expectedto be of
interestin view of the high solution »® valuesre-
portedhere.Polymers5 and6 containtrimethoxy-
silyl groupsdesignedo facilitate incorporationof
the materialsinto gels by formation of covalent
bonds. Polymers7 and 8 contain amide groups
which are known to give rise to_ homogeneous
organic—inorgani@olymerhybrids*®
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