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Tricarbonylchromium complexes of styrenes
in radical copolymerization’
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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 ditert-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 polymets containing organo-
metallic monomers and investigations of their
propertied* 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 manganésdyinyl-
cyclopentadienyl)dicarbonylnitrosylchromiuhand
(2-phenylethyl methacrylate)tricarbonylchromidm,
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:*’ These monomers were
said to take part both in homopolymerization and
copolymerization with common organic mono-
mers/®

Metal-containing polymersare 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'®*?Theoretically, 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-
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copolymerization with acrylates. The tricarbonyl
complexes are preferentially styrene derivatives.
Many of these compounds have been synthesized

reluring the last decade. Rausatral. were the first to

prepare styrenetricarbonylchromium (STE€)Re-
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cently styrenetricarbonylammium complexes
have been used as a source of optically pure
chromiumtricarbonyls***°

Only afew organochromiunmonomersavebeen
polymerized.Theseinclude (benzylacrylate)-2° (2-
phenylethylacrylat(?%-,(2-phenylethylmethacrylate)-
tricarbonylchromium® and STC? The latter has
been readily copolymerizedwith styrene, methyl
acrylate and vinylcymantrene’ but it would not
homopolymerize. Sincethe 1970s,the literatureis
devoid of examplesof polymerscontaining (aryl)-
tricarbonylchromium groups. Unfortunately, pub-
lished works do not explain the reasonsfor the
inability of STCto homopolymerizeAlso, the cited
literaturereportskinetic dataon the polymerization
andcopolymerizatiorof Cp-complexednanganese-
and tungsten-containingnonomers,”*® but infor-
mation relatedto the kinetic study of organochro-
mium monomerss very rare*® Thereforejt is clear
that, in the presenceof a monomer molecule
containinga transition metal atom, macromolecule
formation may significantly differ from that in the
presencef organicmonomersonly.

Herein we report the results of the study of
interaction betweenmetal-containingand organic
monomersby ultraviolet (UV) and electron spin
resonanc€ESR)spectroscopyaswell asa kinetic
investigation of the radical copolymerizationof
tricarbonylchromiumcomplexesof styrenesand
acrylic monomers.

EXPERIMENTAL

All reactionsinvolving tricarbonythromiumcom-
plexes were carried out under an atmosphereof
argon using standardtechniques® STC, and the
relatedmonomer(p-metylstyrene)tricarboylchro-
mium (PMSTC(}, havebeea synthesizedaccording
to method$®?° via the intermediate complex,
(NH3)3Cr(CO). The syntresisof this intermediate
hasbeensimplified by using atmospheriqressure
conditions.lts physicalconstars arein agreement
with datain the literature?*32° The overall yields
of STC and PMSTC were 62% and 50% respec-
tively. Methyl methacrylat (MMA) and butyl
acrylate(BA) were purified by vacuumdistillation
before use. 2-Methyl-2-nitrosopopane was pro-
ducedvia a methodalreadydescribed* STC and
PMSTC were copdymerizedwith MMA and BA,
bothin bulk andin ethyl acetate using azobisiso-
butyronitrie (AIBN) as the free radical initiator
at 50°C. Di-tert-butylperoxytiphenylantimay
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(DPA) was also usedas a radical sourceat 30°C.
Concentrabns of AIBN andDPA of 0.5 wt% and
1.6 wt.% respectvely wereemployed.

The copolymerizationswereconductedisingthe
techniquepreviouslydescribed Weighedbatches
of STC were dissolved in ethyl acetate, and
measuredamountswere chargedinto tubeswith
appropriateamountsof comonomerand initiator.
Thetubesweretriply degassedndimmersedn a
constant-temperaturédath for a predetermined
time. After polymerization,the tubeswere cooled
and the mixture diluted with a small amount of
ethyl acetate. Prepared 5-10ml solution was
precipitateddropwisein 200ml of heptanebubbled
with argon.Theisolatedpolymerwaswashedhree
times with fresh portions of heptane. After
reprecipitationthe polymerswerefreeze-driedand
thenweighed.

AIBN was purified by recrystallization from
methanolat 50°C. DPA waspreparedaccordingto
a publishedmethod?* Monomerratios presentin
thecopolymerg(i.e. copolymercompositionsvere
determined by chromium elemental analyses,
which were performed spectrophotonteically.?®
The copolymerswerecharacterizedby gel permea-
tion chromatography.These measurementsvere
madeusing a Watersinstrument(USA) equipped
with a set of five Styragel columns with pore
diametersof 10°, 3x10%, 10%, 10°* and 250 anda
Waters R-403 differential refractometer.Polysty-
rene standardswith a narrow molecular weight
distribution were used for calibration®* Gel
permeationchromatogramswere run in THF at
30°C. Estimatesof r, and ro were obtainedusing
the Kelen—Tudos method®> ESR spectra were
recordedon an AE 4700 radiospectrometeiin
specialtubes. The methodusedwas similar to a
publishedprocedure&® UV spectrawere recorded
for the purified compoundsandfor mixturesin an
original cell using a SpecordM-40 spectrophot-
ometer.The kinetic studywas carriedout usinga
thermometrictechnique?

RESULTS AND DISCUSSION

To initiate copolymerizationof acrylic monomers
andSTC (aswell asPMSTC)we usedthecommon
initiator, AIBN, and the sg)ecific organometallic
binary initiator STC-DPA?

By spin trapping ESR spectroscopy, STC
(PMSTC)wasfoundto reactwith initiating radicals
to form thecorrespondingropagatingadicals.For

Appl. OrganometalChem.2001;15: 169-177
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Figure 1 The ESR spectra of the STC-DPA system.
T =25°C. Spin-trap:2-methyl-2-nitrosopropang®.08mol I™%).
STC:DPA=1:1 (mol). [STC]=0.03mol I"X. Solvent:hexane.

example the ESRspectraof the STC-DPAsystem
exhibits signals of the tert-butoxyl radical spin
adduct (1) (Fig. 1), a triplet having constant
an = 27.3G. 2-Methyl-2-nitracsopropanewas used
as a spin trap. Theseradicalswere producedvia
decompositiorof DPA in its reactionwith STC. A
triplet of doublets(ay =15.0G; ay=1.6G) was
assignedo spinadduct(2) — thereactionproduct

of theterminalpropagatingstyrenetricarbonylchro-

mium radicalandthe spintrap. It is interestingto
notethattheay constanof thisadductis somewhat

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 2 The ESR spectraof the STC-DPAsystemin the
presenceof MMA. T=25°C. Spin-trap: 2-methyl-2-nitroso-
propane (0.08mol 1Y). STC:DPA=1:1 (mol). [STC]=0.03
mol I, [MMA] =4.5mol I"X. Solvent:hexane.

lower than that of the polé/styreneradical adduct
(an = 15.0G; a = 2.2G).2° Delocalizationof spin

densityon the (arene)tricarbonylclamium moiety

via a vacantd-orbital of the metal atom may be

responsibldor this phenomenon.

WhenMMA wasintroducedj.e.in studiesof the

copolymerizationof STC with acrylic monomers,
spinadduct(1) signalsandpolymericMMA radical

Appl. OrganometalChem.2001;15: 169-177
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t-Bu-N=0 + ‘OBu-t —> t-Bu—ril—OBu-t
o.
1)

t-Bu-N=0 + ~CH2—CFH ——> ~CHgCH-N-Bu-t

¢ ¢
Buo’ Yo Buo” Yo
(5)

Figure 3 The ESR spectraof the STC-DPA ssystemin the

presenceof BA. T=25°C. Spin-trap: 2-methyl-2-nitrosopro-
pane(0.08mol I™Y). STC:DPA = 1:1 (mol). [STC] = 0.03mol I,

[BA] =4.5mol It Solvent:hexane.

adduct(3) signalsweredetectedn the ESRspectra
(Fig. 2). This spectrumwas the combinationof a
triplet (ay=15.3G) and a triplet of triplets
(an =15.1G; ag =10.1G). The latter signalswere
assignedo the spinadduct(4), which resultsfrom
hydrogen atom abstraction of MMA by the
propagatingmacroradicalor the initiator radical.
Therefore chaintransferto monomeroccurs.

Similar data were obtainedin studies of the
copolymerization of STC with BA. The ESR
spectrumexhibits bandsof spin adduct (1) and
polybutylacrylateradical adduct(5) (ay = 15.0G;
ay = 2.9G) (Fig. 3). It shouldbe notedthat, in the
presencef acrylatestherearenosignalsdueto the
poly(STC) radical adduct (2), which had been
observedn the spectraobtainedwhen MMA and
BA wereabsent(Fig. 1).

Copyright© 2001JohnWiley & Sons,Ltd.

This fact allows us to suggestthat a molecular
complex is formed betweenthe two monomers
(STC--acrylate). Molecular complex formation
betweenthe electron-rich (arene)tricarbonylcto-
mium and acceptorshas beendescribedin litera-
ture?® Thus,chainpropagatioris proposedo occur
dueto addition of this STC:--acrylatecomplexto
theterminalradical.Hence a poly(acrylateyadical
A- is expectedo terminatethe polymericchain:

~P-+(STC--A) — ~P — STC— A-

where~P- is a propagatingnacroradical.

A similar mechanismhas beenput forward by
others® basedon ESR spectroscopylatafor the
complex—radicakopolymerization of sulfur diox-
ide andbutadiene.

Donor—acceptormonomer complex formation
duringchainpropagatiorwasconfirmedby UV-vis
spectroscopy.For example, STC solutions in
hexaneexhibit an absorptionband (1 ~ 365nm)
that can be attributed to ligand—metal charge
transfer’! This band was found to shift slightly
uponintroductionof acrylic monomer.In addition,
thebandshift is enhancean cooling STC solution
in MMA to —45°C. Also, theintensityof the band
increased considerably as the temperaturewas
lowered. Reheatingof the solution to ambient
temperatureresults in spectraidentical to that
presentedbovefor MMA.

These data indicate the formation of a labile
complex(STC:---MMA) with partial chargetrans-
fer 32 whereSTCactively participatesn redistribu-
tion of electrondensity.

The proposedstructuresof the complexesare
presentedn Fig. 4.

Therefore the copolymerizatiorof STC,aswell
as PMSTC and acrylates,can be consideredan
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Figure 4 Proposedstructuresof the partial chargetransfer
complexes.
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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%.

exampleof coordination-radicapolymerization®>

Theinfluenceof a metalatomis oneof thefeatures
of this type of polymerization. The metal atom
influencedo a large extentthe propagatiorstepof

the polymerization.Thus,it wasof interestto study
the rate law for the copolymerizatio betweenthe

metal-containingnonomerandacrylates.

The ratesof polymerization,degreeof conver-
sionandcopolymercompositionaredeterminedy
the monomerratio in theinitial mixture.

A thermometricmethodwas usedto study the
overall rate of MMA copolymerformation when
initiated by AIBN at 65 °C. Themonomemixtures
employed contained STC concentrationsup to
10mol%. It was found that using 10% of STC
hardlyinfluenceghekineticsof the polymerization
(Fig. 5a). The processontinuesup 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 30 mol% the conversiondoesnot
exceed50%. Simultaneousl, the polymerization
rateslowssignificantly.Furtherincreasen theSTC
concentratiorleadsto heterogeneitysincethe STC
solubility in MMA (aswell asin 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 acetatavasusedas
the solvent,sinceit dissolvesboth monomersrery
well. The AIBN-initiated polymerization was
carried out at 50°C for a numberof STC:MMA
ratios up to conversionghat did not exceed30%
(Tablel). Datalistedin Tablesl and2 demonstrate

Table 1 Copolymerizatiorof styrenetricarbonylchromiurtM,) andMMA (M,) at 50°C in ethyl acetat8

Polymerization My in copolymer
Polymer Initial M; (mol%) time (h) Yield (%) (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 35.8 155 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 56.5 235 16.9 48.2

3 75vol.% of ethyl acetatewasusedin solution. Initiator: AIBN (0.5wt.%).

Copyright© 2001JohnWiley & Sons,Ltd.
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Table 2 Copolymerizatiorof styrenetricarbonylchromiurtM,) andMMA (M,) at 30°C in ethyl acetaté

Polymerization

M, in copolymer

Polymerno. Initial M1 (mol%) time (h) Yield (%) (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

280vol.% of ethyl acetatewvasusedin solution.Radicalsource:DPA (1.6wt.%).

Table 3 Copolymerizatiorof p-methylstyrenetricarbonylchromiuiiM,) andMMA (M,) at 50°C in ethyl acetaté

Polymerization

My in copolymer

Polymerno. Initial M1 (mol%) time (h) Yield (%) (mol%)
1 5.0 5.0 9.5 35
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 11.7 344
6 60.0 23.0 10.8 42.7

280vol.% of ethyl acetatevasusedin solution. Initiator: AIBN

thattheincreasdn the STC concentratiorreduces
therateof polymerization.For example to reacha
conversionof 7% in copolymerizationgontaining
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 the monomerratiosstudied(Table 2).

(0.5wt.%).

A kinetic study was performed both for the
copolymerizationof the STC derivative, such as
PMSTCwith MMA, andof STCwith BA. Asin the
presencef smallamountsof STC,the overallrate
of PMSTC-MMA polymerization slightly de-
pendedon the MCM content(up to 5mol%). An
influenceof the MCM contenton the kinetic curve
shapewas also observedwhen STC was copoly-
merizedwith BA. The introductionof MCM into
thesystemeadsto adecreasén the gel effect (Fig.
5b). It is of interestto notethatthe rate of the BA—
STC (97:3mol.%) copolymerization remained
practicallythe samethroughoutthe process.

Table 4 Copolymerizatiorof p-methylstyrenetricarbonylchromiuiiM,) andMMA (M,) at 30°C in ethyl acetaté

My in copolymer

Polymerno. Initial M; (mol%)  Polymerizationtime (h) Yield (%) (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 15 28.9
5 60 40.6 1.6 45.6

350vol.% of ethyl acetatewasusedin solution.Radicalsource:DPA (1.6wt.%).

Copyright© 2001JohnWiley & Sons,Ltd.
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Table 5 Copolymerizatiorof styrenetricarbonylchromiurtM,) andBA (M,) at50°C in ethyl acetaté

Polymerization

M in copolymer

Polymerno. Initial M1 (mol%) time (h) Yield (%) (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 18.4 217
6 20 15.0 46.5 20.7
7 25 35 10.9 25.5
8 40 4.2 11.8 42.0
9 40 16.5 51.7 36.0

250vol.% of ethyl acetatewasusedin solution. Initiator: AIBN (0.5 wt.%).

Table 6 Copolymerizatiorof styrenetricarbonylchromiurtM,) andBA (M,) at 30°C in ethyl acetaté

Polymerization

My in copolymer

Polymerno. Initial M1 (mol%) time (h) Yield (%) (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

250vol.% of ethyl acetatevasusedin solution. Radicalsource:DPA (1.6wt.%).

Somedependenciesf copolymercompositions
on the compositionsof initial monomermixtures
for copolymerizatios of PMSTC with MMA and
STC, bothwith MMA andBA in an ethyl acetate
solution at low conversionsusing AIBN and the
binary systemas initiators, were obtained.These
dataare summarizedn Tables1, 3 and5 andin
Tables2, 4 and6 for the copolymerizationgarried
out in the presenceof AIBN and binary initiator
respectively.

Relativeratiosareof interestastheycharacterize
thereactivity of growingradicals. Theseparameters

maydiffer significantlyfor aregularradicalprocess
andcomplex—radicapolymerization Relativeratio
constantgTable7) werecalculatedvith theKelen—
Tudosmethodandderivedfrom the datashownin
Tables1-6.Therelativeratiosof STCandPMSTC
were eqzual to zero and agreedwith the litera-
ture>*329 The constants of copolymerization
obtainedistedin Table7 allowedusto drawsome
conclusionsMMA andBA hadsimilar constantat
thesameprocesgemperatur@andin thepresencef
the sameinitiator. This fact is consistentwith the
known regularity of a small decreaseof the

Table 7 Reactivity ratios for the copolymerizationof styrenetricarbonylchromiunfM,) and p-methylstyrene-

tricarbonylchromium(M,) with organicmonomergM,)?

Monomerpair Initiator Temperaturd °C) M, M, ro°

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.
rl = 0.

Copyright© 2001JohnWiley & Sons,Ltd.
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Table 8 Molecularweight andintrinsic viscosity determinationgor a seriesof copolymersof styrenetricarbonyl-
chromiumand p-methylstyrenetricarbonylchromiuiiM,) with organicmonomergM,)?

Mq in
No. M, M,  monomerfeed Initiator Yield (%) M, x 10° M, x 10° M,/M, [7] dlg?
1 — MMA — AIBN 10 142 257 1.8 0.581
2 STC MMA 5 AIBN 57 114 197 1.7 0.481
3 STC MMA 10 AIBN 47 82 139 1.7 0.377
4 STC MMA 20 AIBN 46 73 142 1.9 0.382
5 STC BA 5 AIBN 38 181 369 2.0 0.700
6 STC BA 10 AIBN 45 151 320 2.1 0.630
7 STC BA 20 AIBN 47 105 215 2.0 0.470
8 STC MMA 5 DPA 29 48 85 1.8 0.189
9 PMSTC MMA 40 AIBN 12 40 65 1.6 0.225

2 In ethyl acetatesolution.

constantswith decreasén temperaturé¢here,from
50 to 30°C). Changing from STC to PMSTC
resultedin a significantincreasen relativeratio of
MMA: from 0.71to 1.44wheninitiated with AIBN

(Table7, entriesl and5) andfrom 0.60to 1.10in

thepresencef DPA (Table7, entries2 and6). The
constant®f copolymerizationwerefitted to the m;
vsM; plotsfor monomerpairs,suchasMMA-STC,
MMA-PMSTC andBA-STC.

The molecularweight distribution of the metal-
containingpolymerswasstudiedby gel permeation
chromatographyThe calculatedvaluesof molecu-
lar weight and the polydispersity coefficients
obtained for some samples of MMA-STC,
MMA-PMSTC and BA-STC copolymers are
presentedn Table 8. It should be noted that all
the synthesizedmetal-containingpolymersexhib-
ited monomodalchromatogramsin all casesthe
molecular weight values for the copolymers
synthesizedvith AIBN asinitiator decreasasthe
STC contentin the copolymerincreasegTable 8,
sample2—7).WhenPMSTCis usedin copolymer-
ization the molecularweight of the polymer falls
significantly (Table 8, sample9). Theintroduction
of DPA as an initiator exertsa similar influence
bothin the molecularweightandintrinsic viscosity
(Table 8, sample8). This fact is explainedby the
active participationof DPA?® and PMSTCin the
chaintransferreaction.

As a conclusion, it is worth noting that
incorporationof a transition metal atom into an
unsaturatednoleculeexertsa significantinfluence

on reactivity of both monomerand corresponding

macroradical, as well as on polymeric chain
propagationfactors and kinetic featuresof the
polymerization.Takinginto accountthe featuresof

Copyright© 2001JohnWiley & Sons,Ltd.

elementarystepsof the process.the synthesisof
polymers including chromium-contaiing mono-
mersandacrylatescanbeconsiderecsanexample
of complex—radicapolymerization.
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