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Novel bis(arene)metal-containing polyacrylo-
nitrile materials have been prepared by the
polycyanoethylation reaction between acrylo-
nitrile and (arene),M (M=Cr orV; arene =
PhH, C¢H4Et, or mesitylene) in the absence of
solvent. The resulting star-shaped molecules
consist of a central (arene)M species with up
to four polyacrylonitrile arms covalently bonded
to the arene ligands. The materials are readily
soluble and films can be cast from solutions in
acetonitrile. The IR and solid state 3C NMR
spectra (or EPR spectrum for the oxidized
chromium-containing polymer) are consistent
with the presence of a metal-arene bond and
confirm the persistence of the sandwich struc-
ture. The properties of the thermolysed materi-
als are consistent with the formation of
conjugated naphthyridine-type structures. The
value of h,| determined by the degenerate four-
wave mixing technique at 1064 nm with a 6 ns
pulse duration for a solution in conc. H,SO,
(1gI™ of the chromium-containing polymer
pyrolysed at 350°C was found to be
0.8x 10 *cm?W * corresponding to |Rg®)| =
0.4 x 10 *esu. Copyright © 2001 John Wiley
& Sons, Ltd.
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There is current interest in soluble polymers
containing transition metals because of the require-
ments for advanced materials in molecular electro-
nics, electro- or magneto-optics and catalytical
processes. We expect that polymers containing CN
groups and having transition metal sandwich com-
plexes in their macrochains should be promising
precursors of organometallic metal-containing nano-
materials with interesting magnetic, optical and per-
haps magneto-optical properties following chemi-
cal, photochemical or thermal treatment. Miller
and co-workers have shown that such materials can
be formed by the reaction between bis-benzene-
vanadium and tetracyanoethylene, which gives rise
to a high-temperature ferromagret. Similarly,
high temperature ferro- and ferri-magnetic beha-
viour has been observed for cyanometallate (Prus-
sian blue type) compounds, such as mixed valence
chromium_cyanides, with excellent photochromic
propertiess The present report focuses on the
synthesis and the characterization of new polymer
materials based on polyacrylonitrile incorporating
bis(arene)chromiufh or bis(arene)vanadium com-
pounds chemically bonded into the macrochains.
Novel bis(arene)chromium-containing polyacryl-
onitrile materials have been prepared by the
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ing bis(arene)chromium complex (or mixture) in
the absence of solvent under ardoA.cyanoethy-
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Schemel Polycyanoethylatiomechanism.

the bondlng of the metal complexwith polyacryl-
onitrile.> Acrylonitrile coord|nat|vepolymer|zat|on
takes place at (arene)M°, the chain termination
stepbeingtransferof an aromaticproton resulting
in formation of a bond betweenthe polyacryloni-
trile chain and the arene ligand of the metal
complex.

This reaction has now been extendedto the
polycyanoethylationof (arene)M, where M =Cr
orV, andarene= PhH, CgH4Et, or mesityleneThe
preparationof the Cr- containmgpolyacrylonitrile
has been describedpreviously” The vanadium-
containing material was synthesizedn a similar
fashion. Redistilled acrylonitrile and bis (benze-
ne)vanadiumwere mixed under argon in the
absenceof solvent. The reaction mixture was

Copyright© 2001JohnWiley & Sons,Ltd.

cooled and stirred at room temperaturefor ca
20min until the reaction product had hardened,
giving the brown-black product in essentially
guantitativeyield. The resulting star-shapednol-
eculesconsistof a central(arene)M specieswith
upto four polyacrylonitrilearmscovalentlybonded
to the areneligands,all the materialsbeingsoluble
in acetonitrile, DMF or DMSO. The ligand
compositionsof the starting (Et,CgHg.n)oM mix-
tures were determined by oxidizing the metal
complexes with H,O, followed by gas-liquid
chromatography{GLC) analysisof the m|xture of
arenesthus afforded (Table 1). The *H NMR
spectraof the productsshowthe expectedsignals
for protonsof polyacrylonitrile and alkyl-substi-
tutedbenzenesln accordancevith the mechanism
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Table 1 Areneligand compositionsof (Et,.CgHe_n)oM

Areneligand (mol%)?

M CsHe EtCsHs Et,CgH;  EtzCgHz
Cr <1 35 35 30
\Y <1 4.5 61.4 34.1

2 Arene ligand composition determinedby GLC analysis
following oxidation.

proposedy DomrachevandRazuvaevtheratio of
methyl to aromaticprotonsin the bis(arene)metal
mixturesis found to increaseduring the polycya-
noethylationreaction.

Consistentwith some coordinationof the CN
groupswith the metal atom, the IR spectraof the
polymers show additional CN group absorption
bandsapartfrom theoneat2220cm™ -, typical for
polyacrylonitrile (Fig. 1). The bandsat 425cm™*
(for the chromium-containing polymer) and
520cm ! (for the vanadium-containingolymer)
are characteristicof a metal-arenebond and
confirm the persistenceof the sandwichstructure.
This is supportedby the solid state **C NMR
spectrunfor thevanadiunmpolymer,which showsa
signalat 187ppmin theregionfor bis(arene)com-
plexes.A strongsignal appearsat 31 ppm (CH,)
andalessintenseresonanceat 123ppm (CN). The
relatively weak signal at 56 ppm most probably
correspondgto the methylenegroups of acrylo-
nitrile units covalently bondedwith areneligands
following the cyanoethylatiorreaction.The minor
signalto high field (at ca 10 pm) resultsfrom CHs
sidegroupsin the polymer.

Pristine chromium-containingpolyacrylonitrile
is diamagnetic. However, the material becomes
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Figure 1 IR CN bandsfor (Et,CeHs_n)2MPAN.
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Figure 2 ESRspectrumof (Et,CeHe_n)2CrPAN.

paramagneticon exposureto air as a result of
(arene)Cr’ being oxidized to Cr[areng] "OH".
The EPR spectra of the oxidized chromium
polymers (Fig. 2) show the typical anisotropic
signal of paramagneticchromium(l), with an
additional and broaderoverlappingsignal at the
same field value arising from the majority of
paramagneticcentrespresumablyin the form of
clustersof chromium(l) speciesundergoingmag-
netic exchangenteractions.
Low-temperatureisothermal (4.2K) magneto-
chemicalinvestigationsof the productof thermo-
lysis at 160°C chromium-containing polymer
revealedin some casesremanentmagnetization
on returning the field to zero, indicating the
presence of magnetic hysteresi§. The room-
temperaturanagnetizatiorplots for the productof
thermolysisat 160°C alsoshowedsomeferromag-
neticcomponentwith higherthermolysistempera-
tures resulting in a decreasedferromagnetic
contribution.However,it shouldbe notedthat the
formation of a ferromagnetic phase during the
thermolysisprocesss not readily reproducibleand
it may be thatsomemore controlledprocesgsuch
as redox reactionsleading to the magnetically
orderedmixed-valencemetalspeciesparerequired.
Thermolysis at temperaturesabove 200°C is
accompaniedy theevolutionof tracesof cyanogen
(graduallypolymerizingto dark-brownparacyano-
gen) aswell asammonia.This processis accom-
paniedby fundamentachangesn the IR and*C
NMR spectraof the solid residue.The appearance
of a strong IR absorbanceband at 1580cm*
indicatesformation of conLugated<etoiminefrag-
mentsandthat at 800cm™ ™ is consistentwith the
presencef aconjugatectarbonbackboneThe*C
NMR spectralend support to the presenceof
ketoiminefragmentsthe broadresonancet 152—
156ppm being assignedto the unsubstituted
pyrrole sp? carbon atoms, and the 126—128pm
resonancéo substitutecpyrrole sp” carbonatoms®
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Thesefragmentsarealsopresentn the conjugated
naphthyridine-typepolymers formed on thermo-
lysis of polyacrylonitrileitself.”~® However,unlike
the thermolysisproductsof pure acrylonitrile, the
polymericsolid residuebtainedcby thermolysisat
320-35C¢°C of metal-containingacrylonitrile are
solublein sulfuric acid giving intenselyred—brown
solutions. The properties of the materials are
consistent with the formatlon of conjugated
naphthyridine- typestructures. Elementalanalysis
gives the empirical formulae CrCy» dH1o N> ¢01 4
(for the product from the oxidized form of the
precursorandVCig Hig. Nz g All thethermolysis
productsare X-ray amorphous.

Thepresencef extensiveelectronconjugations
confirmedby the extraordinarily high nonlinear-
optical propertiesof CrPAN thermolysedat 350°C
as measuredoy the degeneratdour-wave mixing
(DFWM) and Z-scantechniquesDFWM experi-
mentswere madewith a Q-switchedsingle-mode
Nd:YAG laser-oscillatorat 1064nm and both co-
and cross-polarizedpumps, the pulse duration
being 6 ns. The pulse energy of each pumping
wavewasupto 10mJ.It canbeshownthatfor both
experimentalrrangementshermalgrating effects
may be neglected. We made two series of
measurementsln the first the probe wave was
orthogonallypolarizedto both pumpingwaves.So
the grating, which waswritten by probebeamand
pumpscouldnotbethermal.n theseconccasethe
probewave was co-polarizedwith the co-running
pump and orthogonally polarized to the near
backwardpump. The interferencefield of the near
running waves wrote the grating with period
A =~ 200pum with a delaytime for isobarformation
of aboutrS 2n/Acs=34ns > 6ns (the speedof
sound in the solventis ca cs=10°cmsec }).2°
Thus, in the caseof the co-polarizedprobewave
and the co-runningpump the fast grating (due to
Kerr-like nonlinearities)is estimatedto predomi-
nate over the thermally induced grating (the
absorbanceof the solution was found to be
negllglble(<0 05cm™ b)) if the nonllnearsusceptl—
bility 5 is greaterthan 2. 4>< 10 esu(asis so
for the presentpolymer)!® In addition to the
DFWM experiment, Z-scan measurementsat
1064nm with a 6 ns pulse were also made. For
the Z-scanexperimentwe useda lenswith a focal
distanceof 60cm. The beamdiameterin the focal
planewas about200um, so the thermal contribu-
tion was negligible. The values of |n,| for the
solutionswere measuredmmg purechloroform as
referencg(ny| =3 x 10 *°

By comparisorof theresultsfor thetwo seriesof
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DFWM experimentsandthe Z-scanmeasurements
the electroniccontribution, nuclear(orientational)
contribution and contribution due to two-photon
absorptlonto the fast nonlinearity can be sepa-
rated*°*? The electronic contribution was found
to be greaterthan the nuclearone by a factor of
seven.The value of the electronic|n,| determined
by DFWM measurement$or CrPAN for a very
dilute solutionin conc HZSO4 (1gl™*) wasfound
to be 0.8x 10! (corresponding to
|Re/ | =0.4% 10 i1 esu) The Z-scan measure-
mentsshoweda negativevalue for the electronic
contributionto n, thatwasonly 10% lessthanthat
measuredby the DFWM technique.lt should be
notedthatthe Z-scandid not showany two-photon
absorptiorfor beamintensitiesupto 0.3GW cm 2

Based on number density considerations
(~ 0.1wt.% polymerin the solution), the value of
n, might be expectedo be greaterby threeorders
of magnitudefor the neatpolymer suggesting,©®
activity exceedingeventhatfor on(l 4-vinylene-
phenylene)and its derivatives.> The metal-con-
taining polymersform transparentilms on casting
from acetonitrilesolutionandit should,therefore,
be possible to obtain films of the pyrolysed
materialswith extremelyhigh third-ordernonlinear
optical properties.

In conclusion,the novel metal-containingpoly-
acrylonitrile materialsdescribedhere exhibit not
only interesting magnetic but also promising
optical properties,in particular the outstanding
nonlinearrefractiveindex.
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