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The organometallic monomers styrenetricarbo-
nylchromium and p-methylstyrenetricarbonyl-
chromium were copolymerized in ethyl acetate
solutions with methyl methacrylate and butyl
acrylate using azobisisobutyronitrile at 50°C
and a binary system including di-tert-butyl-
peroxytriphenylantimony at 30 °C as the free-
radical initiators. Comonomers are proposed to
form a molecular complex based on the results of
ultraviolet and electron spin resonance spectro-
scopy. A kinetic study shows that chromium-
containing monomers at high concentrations in
the mixture reduce the rate of copolymerization.
The addition of styrenetricarbonylchromium to
butyl acrylate significantly slows down the
autoacceleration. The reactivity ratios of the
comonomer pairs, namely, styrenetricarbonyl-
chromium–methyl methacrylate, styrenetricar-
bonylchromium–butyl acrylate and p-methyl-
styrenetricarbonylchromium–methyl methacry-
late, were determined using the method of
Kelen–Tudos for low conversion polymeriza-
tions. Copyright # 2001 John Wiley & Sons,
Ltd.
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INTRODUCTION

The synthesis of polymers1–6 containing organo-
metallic monomers and investigations of their
properties1,4 have accelerated during last two
decades. The radical-initiated vinyl addition copo-
lymerization of a variety of organometallic mono-
mers containing carbonyl groups, such as (vinyl-
cyclopentadienyl)tricarbonyl manganese,1 (vinyl-
cyclopentadienyl)dicarbonylnitrosylchromium,4 and
(2-phenylethyl methacrylate)tricarbonylchromium,5

have now been well established. The largest part of
the available literature deals with the synthesis of
organometallic monomers containing transition
metals (titanium, molybdenum, tungsten, cobalt,
etc.) which are generally complexed with vinyl-
cyclopentadienyl moiety.1,4,7These monomers were
said to take part both in homopolymerization and
copolymerization with common organic mono-
mers.7,8

Metal-containing polymers9 are of interest both
from practical and theoretical points of view. As far
as practical usage of these materials is concerned,
they are very attractive owing to their possible
applications as catalysts of chemical processes, X-
ray absorbers or materials having optical, biocidal
properties, etc. In addition, unsaturated organo-
metallic compounds of transition metals have been
investigated actively in recent years as novel
chromophores suitable for nonlinear optical appli-
cations.10–12Theoretically, metal atom introduction
into an unsaturated molecule can exert a significant
influence on the reactivity of a monomer and on the
corresponding macroradical, and hence on the
properties of the copolymers produced.

Our interest was concentrated on tricarbonyl-
chromium complexes of arenes in the radical
copolymerization with acrylates. The tricarbonyl
complexes are preferentially styrene derivatives.
Many of these compounds have been synthesized
during the last decade. Rauschet al.were the first to
prepare styrenetricarbonylchromium (STC).13 Re-
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cently styrenetricarbonylchromium complexes
have been used as a source of optically pure
chromiumtricarbonyls.14,15

Only afew organochromiummonomershavebeen
polymerized.Theseinclude(benzylacrylate)-,16 (2-
phenylethylacrylate)-,(2-phenylethylmethacrylate)-
tricarbonylchromium3,5 and STC.2 The latter has
been readily copolymerizedwith styrene, methyl
acrylate and vinylcymantrene,2 but it would not
homopolymerize.3 Sincethe 1970s,the literatureis
devoid of examplesof polymerscontaining(aryl)-
tricarbonylchromium groups. Unfortunately, pub-
lished works do not explain the reasonsfor the
inability of STCto homopolymerize.Also, thecited
literaturereportskinetic dataon the polymerization
andcopolymerizationof Cp-complexedmanganese-
and tungsten-containingmonomers,17,18 but infor-
mation relatedto the kinetic study of organochro-
mium monomersis very rare.4,6 Therefore,it is clear
that, in the presenceof a monomer molecule
containinga transition metal atom, macromolecule
formation may significantly differ from that in the
presenceof organicmonomersonly.

Herein we report the results of the study of
interactionbetweenmetal-containingand organic
monomersby ultraviolet (UV) and electronspin
resonance(ESR)spectroscopy,aswell asa kinetic
investigation of the radical copolymerizationof
tricarbonylchromiumcomplexesof styrenesand
acrylic monomers.

EXPERIMENTAL

All reactionsinvolving tricarbonylchromiumcom-
plexes were carried out under an atmosphereof
argon using standardtechniques.19 STC, and the
relatedmonomer(p-methylstyrene)tricarbonylchro-
mium (PMSTC),havebeen synthesizedaccording
to methods13,20 via the intermediate complex,
(NH3)3Cr(CO)3. The synthesisof this intermediate
hasbeensimplified by usingatmosphericpressure
conditions.Its physicalconstants are in agreement
with datain the literature.2,13,20 The overall yields
of STC and PMSTC were 62% and 50% respec-
tively. Methyl methacrylate (MMA) and butyl
acrylate(BA) werepurified by vacuumdistillation
before use. 2-Methyl-2-nitrosopropane was pro-
ducedvia a methodalreadydescribed.21 STC and
PMSTC were copolymerizedwith MMA and BA,
both in bulk and in ethyl acetate, using azobisiso-
butyronitrile (AIBN) as the free radical initiator
at 50°C. Di-tert-butylperoxytriphenylantimony

(DPA) wasalsousedasa radical sourceat 30°C.
Concentrations of AIBN andDPA of 0.5 wt% and
1.6 wt.% respectively wereemployed.

Thecopolymerizationswereconductedusingthe
techniquepreviouslydescribed.3 Weighedbatches
of STC were dissolved in ethyl acetate, and
measuredamountswere chargedinto tubeswith
appropriateamountsof comonomerand initiator.
The tubesweretriply degassedandimmersedin a
constant-temperaturebath for a predetermined
time. After polymerization,the tubeswerecooled
and the mixture diluted with a small amountof
ethyl acetate. Prepared 5–10ml solution was
precipitateddropwisein 200ml of heptanebubbled
with argon.Theisolatedpolymerwaswashedthree
times with fresh portions of heptane. After
reprecipitationthe polymerswerefreeze-driedand
thenweighed.

AIBN was purified by recrystallization from
methanolat 50°C. DPA waspreparedaccordingto
a publishedmethod.22 Monomerratios presentin
thecopolymers(i.e. copolymercompositions)were
determined by chromium elemental analyses,
which were performed spectrophotometrically.23

Thecopolymerswerecharacterizedby gel permea-
tion chromatography.These measurementswere
madeusing a Watersinstrument(USA) equipped
with a set of five Styragel columns with pore
diametersof 105, 3�104, 104, 103 and250 and a
WatersR-403 differential refractometer.Polysty-
rene standardswith a narrow molecular weight
distribution were used for calibration.24 Gel
permeationchromatogramswere run in THF at
30°C. Estimatesof r1 and r2 wereobtainedusing
the Kelen–Tudos method.25 ESR spectra were
recorded on an AE 4700 radiospectrometerin
special tubes.The methodusedwas similar to a
publishedprocedure.26 UV spectrawere recorded
for the purified compoundsandfor mixturesin an
original cell using a SpecordM-40 spectrophot-
ometer.The kinetic studywascarriedout usinga
thermometrictechnique.27

RESULTS AND DISCUSSION

To initiate copolymerizationof acrylic monomers
andSTC(aswell asPMSTC)weusedthecommon
initiator, AIBN, and the specific organometallic
binary initiator STC–DPA.28

By spin trapping ESR spectroscopy, STC
(PMSTC)wasfoundto reactwith initiating radicals
to form thecorrespondingpropagatingradicals.For
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example,theESRspectraof theSTC–DPAsystem
exhibits signals of the tert-butoxyl radical spin
adduct (1) (Fig. 1), a triplet having constant
aN = 27.3G. 2-Methyl-2-nitrosopropanewas used
as a spin trap. Theseradicalswere producedvia
decompositionof DPA in its reactionwith STC.A
triplet of doublets(aN = 15.0G; aH = 1.6G) was
assignedto spinadduct(2) — thereactionproduct
of theterminalpropagatingstyrenetricarbonylchro-
mium radicalandthe spin trap. It is interestingto
notethattheaN constantof thisadductis somewhat

lower than that of the polystyreneradical adduct
(aN = 15.0G; aH = 2.2G).26 Delocalizationof spin
densityon the (arene)tricarbonylchromium moiety
via a vacantd-orbital of the metal atom may be
responsiblefor this phenomenon.

WhenMMA wasintroduced,i.e. in studiesof the
copolymerizationof STC with acrylic monomers,
spinadduct(1) signalsandpolymericMMA radical

Figure 1 The ESR spectra of the STC–DPA system.
T = 25°C. Spin-trap:2-methyl-2-nitrosopropane(0.08mol l-1).
STC:DPA= 1:1 (mol). [STC] = 0.03mol l-1. Solvent:hexane. Figure 2 The ESR spectraof the STC–DPAsystemin the

presenceof MMA. T = 25°C. Spin-trap: 2-methyl-2-nitroso-
propane(0.08mol l-1). STC:DPA= 1:1 (mol). [STC] = 0.03
mol l-1. [MMA] = 4.5mol l-1. Solvent:hexane.

Copyright# 2001JohnWiley & Sons,Ltd. Appl. Organometal.Chem.2001;15: 169–177

Tricarbonylchromiumcomplexesof styrenes 171



adduct(3) signalsweredetectedin theESRspectra
(Fig. 2). This spectrumwas the combinationof a
triplet (aN = 15.3G) and a triplet of triplets
(aN = 15.1G; aH = 10.1G). The latter signalswere
assignedto thespinadduct(4), which resultsfrom
hydrogen atom abstraction of MMA by the
propagatingmacroradicalor the initiator radical.
Therefore,chaintransferto monomeroccurs.

Similar data were obtained in studies of the
copolymerization of STC with BA. The ESR
spectrumexhibits bandsof spin adduct (1) and
polybutylacrylateradical adduct(5) (aN = 15.0G;
aH = 2.9G) (Fig. 3). It shouldbe notedthat, in the
presenceof acrylates,therearenosignalsdueto the
poly(STC) radical adduct (2), which had been
observedin the spectraobtainedwhenMMA and
BA wereabsent(Fig. 1).

This fact allows us to suggestthat a molecular
complex is formed betweenthe two monomers
(STC…acrylate). Molecular complex formation
betweenthe electron-rich (arene)tricarbonylchro-
mium and acceptorshasbeendescribedin litera-
ture.29 Thus,chainpropagationis proposedto occur
due to addition of this STC…acrylatecomplexto
theterminalradical.Hence,apoly(acrylate)radical
A� is expectedto terminatethepolymericchain:

�P� ��STC��� A� ! �Pÿ STCÿ A�
where�P� is a propagatingmacroradical.

A similar mechanismhasbeenput forward by
others,30 basedon ESR spectroscopydata for the
complex–radicalcopolymerization of sulfur diox-
ide andbutadiene.

Donor–acceptormonomer complex formation
duringchainpropagationwasconfirmedby UV–vis
spectroscopy.For example, STC solutions in
hexaneexhibit an absorptionband (l� 365nm)
that can be attributed to ligand–metal charge
transfer.31 This band was found to shift slightly
uponintroductionof acrylic monomer.In addition,
thebandshift is enhancedon coolingSTCsolution
in MMA toÿ45°C. Also, theintensityof theband
increasedconsiderably as the temperaturewas
lowered. Reheatingof the solution to ambient
temperatureresults in spectra identical to that
presentedabovefor MMA.

Thesedata indicate the formation of a labile
complex(STC…MMA) with partial chargetrans-
fer,32 whereSTCactivelyparticipatesin redistribu-
tion of electrondensity.

The proposedstructuresof the complexesare
presentedin Fig. 4.

Therefore,thecopolymerizationof STC,aswell
as PMSTC and acrylates,can be consideredan

Figure 3 The ESR spectraof the STC–DPAsystemin the
presenceof BA. T = 25°C. Spin-trap:2-methyl-2-nitrosopro-
pane(0.08mol l-1). STC:DPA = 1:1(mol). [STC] = 0.03mol l-1.
[BA] = 4.5mol l-1. Solvent:hexane.

Figure 4 Proposedstructuresof the partial chargetransfer
complexes.
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exampleof coordination-radicalpolymerization.33

Theinfluenceof ametalatomis oneof thefeatures
of this type of polymerization.The metal atom
influencesto a largeextentthepropagationstepof
thepolymerization.Thus,it wasof interestto study
the rate law for the copolymerization betweenthe
metal-containingmonomerandacrylates.

The ratesof polymerization,degreeof conver-
sionandcopolymercompositionaredeterminedby
themonomerratio in the initial mixture.

A thermometricmethodwas usedto study the
overall rate of MMA copolymerformation when
initiatedby AIBN at65°C. Themonomermixtures
employed contained STC concentrationsup to
10mol%. It was found that using 10% of STC
hardlyinfluencesthekineticsof thepolymerization
(Fig. 5a).Theprocesscontinuesup to a conversion
of 91–94% in 5–8h at 65°C. The maximum
conversion diminishes significantly with an in-
creasein organometallicmonomerconcentration.
For example,at 30mol% the conversiondoesnot
exceed50%. Simultaneously, the polymerization
rateslowssignificantly.Furtherincreasein theSTC
concentrationleadsto heterogeneity,sincetheSTC
solubility in MMA (as well as in other esters)is
about 0.4mol of arenetricarbonylin 1 mol of
MMA.

Therefore, to enable copolymerizationsto be
conductedover a wide set of monomer ratios,
solutionswereemployed.Ethyl acetatewasusedas
the solvent,sinceit dissolvesbothmonomersvery
well. The AIBN-initiated polymerization was
carried out at 50°C for a numberof STC:MMA
ratios up to conversionsthat did not exceed30%
(Table1). Datalistedin Tables1 and2 demonstrate

Figure 5 The kinetics of copolymerization:(a) the STC–
MMA mixture.T = 65°C. Initiator: AIBN (0.5wt%). (1) STC:
0%; (2) STC: 5%, (3) STC: 10%. (b) The STC–BA mixture.
T = 50°C. Initiator: AIBN (0.5wt%). (1) STC: 0%; (2) STC:
1%; (3) STC: 3%.

Table 1 Copolymerizationof styrenetricarbonylchromium(M1) andMMA (M2) at 50°C in ethyl acetatea

Polymer Initial M1 (mol%)
Polymerization

time (h) Yield (%)
M1 in copolymer

(mol%)

1 5.8 3.8 11.3 6.9
2 10.0 5.0 13.1 13.4
3 12.2 4.3 7.6 14.9
4 19.2 6.5 10.9 17.2
5 27.0 12.6 14.3 25.1
6 30.0 12.0 9.3 26.4
7 35.8 15.5 21.1 30.3
8 40.0 13.0 7.7 33.7
9 46.2 21.0 23.6 34.4

10 50.0 15.0 7.2 42.3
11 56.5 23.5 16.9 48.2

a 75vol.% of ethyl acetatewasusedin solution.Initiator: AIBN (0.5wt.%).
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that the increasein the STC concentrationreduces
therateof polymerization.For example,to reacha
conversionof 7% in copolymerizationscontaining
12.2mol%, 40.0mol% and 50.0mol% of STC
takes4.3h, 13.0h and 15.0h respectively(Table
1).

The copolymerizationof MMA with STC in
ethyl acetateat 30°C using the binary initiator
STC–DPAat variousmonomerratiosgavea yield
not exceeding 4.3mol.%. An increased STC
concentrationalso slowed down the conversion.
The copolymer was enriched in STC for the
majority of themonomerratiosstudied(Table2).

A kinetic study was performed both for the
copolymerizationof the STC derivative, such as
PMSTCwith MMA, andof STCwith BA. As in the
presenceof smallamountsof STC,theoverall rate
of PMSTC–MMA polymerization slightly de-
pendedon the MCM content(up to 5 mol%). An
influenceof theMCM contenton thekinetic curve
shapewas also observedwhen STC was copoly-
merizedwith BA. The introductionof MCM into
thesystemleadsto adecreasein thegeleffect(Fig.
5b). It is of interestto notethat therateof theBA–
STC (97:3mol.%) copolymerization remained
practically thesamethroughouttheprocess.

Table 2 Copolymerizationof styrenetricarbonylchromium(M1) andMMA (M2) at 30°C in ethyl acetatea

Polymerno. Initial M1 (mol%)
Polymerization

time (h) Yield (%)
M1 in copolymer

(mol%)

1 5.0 8.4 4.3 7.4
2 10.0 18.8 4.3 13.3
3 20.0 24.6 2.9 24.2
4 30.0 33.8 2.3 34.3
5 40.0 34.0 2.1 40.8

a 80vol.% of ethyl acetatewasusedin solution.Radicalsource:DPA (1.6wt.%).

Table 3 Copolymerizationof p-methylstyrenetricarbonylchromium(M1) andMMA (M2) at 50°C in ethyl acetatea

Polymerno. Initial M1 (mol%)
Polymerization

time (h) Yield (%)
M1 in copolymer

(mol%)

1 5.0 5.0 9.5 3.5
2 10.0 9.4 12.8 6.9
3 20.0 9.1 8.6 9.4
4 40.0 18.6 11.8 24.7
5 50.0 19.6 11.7 34.4
6 60.0 23.0 10.8 42.7

a 80vol.% of ethyl acetatewasusedin solution.Initiator: AIBN (0.5wt.%).

Table 4 Copolymerizationof p-methylstyrenetricarbonylchromium(M1) andMMA (M2) at 30°C in ethyl acetatea

Polymerno. Initial M1 (mol%) Polymerizationtime (h) Yield (%)
M1 in copolymer

(mol%)

1 5 16.0 4.0 8.0
2 10 17.0 3.6 9.2
3 20 27.5 5.3 22.6
4 40 35.5 1.5 28.9
5 60 40.6 1.6 45.6

a 50vol.% of ethyl acetatewasusedin solution.Radicalsource:DPA (1.6wt.%).
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Somedependenciesof copolymercompositions
on the compositionsof initial monomermixtures
for copolymerizations of PMSTCwith MMA and
STC, both with MMA andBA in an ethyl acetate
solution at low conversionsusing AIBN and the
binary systemas initiators, were obtained.These
dataare summarizedin Tables1, 3 and 5 and in
Tables2, 4 and6 for thecopolymerizationscarried
out in the presenceof AIBN and binary initiator
respectively.

Relativeratiosareof interestastheycharacterize
thereactivityof growingradicals.Theseparameters

maydiffer significantlyfor aregularradicalprocess
andcomplex–radicalpolymerization.Relativeratio
constants(Table7) werecalculatedwith theKelen–
Tudosmethodandderivedfrom thedatashownin
Tables1–6.Therelativeratiosof STCandPMSTC
were equal to zero and agreedwith the litera-
ture.2,13,20 The constants of copolymerization
obtainedlistedin Table7 allowedusto drawsome
conclusions.MMA andBA hadsimilarconstantsat
thesameprocesstemperatureandin thepresenceof
the sameinitiator. This fact is consistentwith the
known regularity of a small decreaseof the

Table 5 Copolymerizationof styrenetricarbonylchromium(M1) andBA (M2) at 50°C in ethyl acetatea

Polymerno. Initial M1 (mol%)
Polymerization

time (h) Yield (%)
M1 in copolymer

(mol%)

1 5 3.3 13.7 4.9
2 5 8.6 38.3 4.7
3 10 3.8 14.9 8.0
4 10 11.0 45.0 10.2
5 20 4.3 18.4 21.7
6 20 15.0 46.5 20.7
7 25 3.5 10.9 25.5
8 40 4.2 11.8 42.0
9 40 16.5 51.7 36.0

a 50vol.% of ethyl acetatewasusedin solution.Initiator: AIBN (0.5 wt.%).

Table 6 Copolymerizationof styrenetricarbonylchromium(M1) andBA (M2) at 30°C in ethyl acetatea

Polymerno. Initial M1 (mol%)
Polymerization

time (h) Yield (%)
M1 in copolymer

(mol%)

1 5 13.5 7.0 4.9
2 10 20.0 7.3 10.9
3 20 25.3 4.7 23.2
4 40 28.5 3.0 24.7
5 60 28.3 2.7 46.9

a 50vol.% of ethyl acetatewasusedin solution.Radicalsource:DPA (1.6wt.%).

Table 7 Reactivity ratios for the copolymerizationof styrenetricarbonylchromium(M1) and p-methylstyrene-
tricarbonylchromium(M1) with organicmonomers(M2)

a

Monomerpair Initiator Temperature( °C) M1 M2 r2
b

1 AIBN 50 STC MMA 0.71
2 DPA 30 STC MMA 0.60
3 AIBN 50 STC BA 0.75
4 DPA 30 STC BA 0.65
5 AIBN 50 PMSTC MMA 1.44
6 DPA 30 PMSTC MMA 1.10

a In ethyl acetatesolution.
b r1 = 0.
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constantswith decreasein temperature(here,from
50 to 30°C). Changing from STC to PMSTC
resultedin a significantincreasein relativeratio of
MMA: from 0.71to 1.44wheninitiatedwith AIBN
(Table7, entries1 and5) andfrom 0.60to 1.10in
thepresenceof DPA (Table7, entries2 and6). The
constantsof copolymerizationwerefitted to them1
vsM1 plotsfor monomerpairs,suchasMMA–STC,
MMA–PMSTC andBA–STC.

The molecularweight distributionof the metal-
containingpolymerswasstudiedby gelpermeation
chromatography.Thecalculatedvaluesof molecu-
lar weight and the polydispersity coefficients
obtained for some samples of MMA–STC,
MMA–PMSTC and BA–STC copolymers are
presentedin Table 8. It should be noted that all
the synthesizedmetal-containingpolymersexhib-
ited monomodalchromatograms.In all casesthe
molecular weight values for the copolymers
synthesizedwith AIBN asinitiator decreaseasthe
STC contentin the copolymerincreases(Table8,
samples2–7).WhenPMSTCis usedin copolymer-
ization the molecularweight of the polymer falls
significantly(Table8, sample9). The introduction
of DPA as an initiator exertsa similar influence
bothin themolecularweightandintrinsic viscosity
(Table 8, sample8). This fact is explainedby the
active participationof DPA28 and PMSTC in the
chaintransferreaction.

As a conclusion, it is worth noting that
incorporationof a transition metal atom into an
unsaturatedmoleculeexertsa significantinfluence
on reactivity of both monomerandcorresponding
macroradical, as well as on polymeric chain
propagationfactors and kinetic features of the
polymerization.Takinginto accountthefeaturesof

elementarystepsof the process,the synthesisof
polymers including chromium-containing mono-
mersandacrylatescanbeconsideredasanexample
of complex–radicalpolymerization.
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