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Reverseatomtransferradical polymerizationof styrenein thepresenceof aconventionalradicalinitiator (benzoylperoxide,
BPO) in bulk wassuccessfully implementedvia a new polymerization procedure.The system first reactsat 708C for ten
hours, thenpolymerizesat 1108C, which resultsin a well-controlled radicalpolymerization with high initiation efficiency
andnarrowmolecular weightdistributionof theresultingpolymer, i. e., thepolydispersityis aslow asMw/Mn = 1.32.The
initiation mechanismof BPOis differentfrom thatof AIBN becausethereis redoxreaction betweenBPO andCuI generated
from thereaction of radicalswith CuII. Theinitiation mechanismof BPO/CuIICl2/bpy is deducedthroughtheexperimental
data.Themolecularweightof theresultant polymeris in agreementwith thetheoreticalvaluecalculatedin accordancewith
theaforementionedmechanism.

1. Intr oduction

Thetransition-metal-catalyzedatomtransferradical ad-
dition, ATRA, givesauniqueandefficient wayfor carbon-
carbonbondformation in organicsynthesis[1]. Research
groupssuchasthoseofMatyjaszewski [2,3],Sawamoto[4],
Percec[5], andTeyssie[6] havesuccessfullyintroducedthis
approach intopolymerizationchemistryasanovel‘liv ing’/
controlled radical polymerizationprocess,i. e.,atomtrans-
fer radical polymerization, ATRP, which stimulatedmany
polymerchemiststo studythissortof polymerization. It is
importantin thisresearchareatofind anewiniti atorsystem.
Wangand Matyjaszewski [7] reportedthat in addition to a
typical ATRPinitiating system(usingaalkyl halide,R1X,
asaninitiatorandatransition-metalspeciescomplexedwith
suitable ligand(s),Mtn/Lx, asa catalyst, R1X/Mtn/Lx), a
‘living ’/controlled polymerization was observed using a
conventional radical initi ator(azodiisobutyronitrile,AIBN)
anda transition-metalcompound at higheroxidationstate
(e.g., CuIICl2) complexed with suitable ligands(e.g., 2,29-
bipyridine,bpy)asacatalyst. Af terward,Xia and Matyjas-
zewski[8] reportedthatbyusingalkylsubstitutedbipyridine
ligands, such as 4,49-nonyl-2,29-bipyridine (dNbipy),
reverse ATRPof methyl acrylatecanbecarriedout under
homogeneousconditions.Mostrecently, WangandYan[9]
developedanewprocedurefor reverseATRPof MA under
heterogeneousconditions.Authorsusually useAIBN asan
initiatorhitherto.Whatwil l happensif BPOisusedinreverse
ATRP. This article is devoted to the topic as mentioned.
WhenBPOisusedin theliving/controlledradicalpolymeri-
zationof styrene,theinitiationmechanismisdifferent from
thatof AIBN becausethereis redoxreactionbetween BPO
andCuI generated from thereaction of radicalswith CuII.
Consequently, A newmechanismis suggestedwhich con-
formsmentalresults.

2. Experimental

2.1. Materials

Styrene was vacuum distilled over CaH2 just before
polymerization. BPOwasusedafter ordinary purification.

CuCl2 and 2,29-bipyridine was used as received without
purification.

2.2. Polymerization

Catalyst, ligand, initiator, monomer were addedto a
flask with stirrer. The heterogeneous mixture was first
degassed(threetimes),secondly immersedin anoil bath,
heated at 708C for 10 h, then reacted at 1108C. After a
given time, the flask wasopenedandTHF wasaddedto
thesample to dissolvethepolymer.

2.3. Polymer characterization

The monomerconversion was determinedby gravime-
try. Molecularweight and molecular weight distribution
were obtainedby gel permeation chromatography (GPC)
that wascarried out with a Waters 208 instrument, using
tetrahydrofuranaseluent, andcalibration with polystyrene
standards.

1H NMR spectrum was taken on 300 MHz spectro-
metersatroomtemperaturein CDCl3.

3. Resultand discussion

In thereaction systemof this work, BPOcanresultin a
well-controlled radical polymerization with high initiation
efficiency 90% and rather low polydispersity Mw/Mn =
1.32. Figures1 and 2 showthat the measuredmolecular
weight linearly increases with increasing monomer con-
version, and it matches the theoretical value calculated
from Eq.(1) for bulk polymerization of styrene initi ated
with BPOin thepresenceof 2 molar equiv. of CuIICl2 and
4 molarequiv. of bpyat1108C.

Mn,th= 1046{D [M]/([BPO])}6conv. (1)

Figures3 and4 showthefirst-orderkineticplot, indicat-
ing thattheconcentrationof thegrowingspeciesremained
constant.The first point is beyond the experimental error
from the linear plot, andthe monomer conversion at this
momentis apparently higherthanthatin a living polymer-
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ization.It seemsthatthepolymerizationoccurredpartially
at low temperature.

Theseexperimentsdataindicated that the polymeriza-
tion of styrene initiated by the BPO/CuIICl2/bpy system
proceededvia a living/controlled polymerizationmechan-
ism.Themolecular weight wasessentially proportional to

thereciprocalof theconcentrationof BPO.Furthermore,a
goodcorrelationbetweenthecalculatedmolecularweight
andthe experimentalonewas found, andthe polydisper-
sity is lower than 1.39, indicating a high initiation effi-
ciency of BPO. Thestructureof resulting polystyrenewas
studiedby 1H-NMR. The1H-NMR spectrum of PSis illu-
stratedin Fig. 5. Signalswereobserved at 1.2~2.1 ppm,
originating from the metheneandmethine protonsof the
main chain. A signal wasdiscernedat7.9ppm,assignedto
thearomatic protonsat orthoposition of thebenzoyl moi-
ety attachedto thepolymerhead group, Thebroadtriplets
at 4.4ppmareattributedto theendgroupchlorine. More-
over, comparison of the integration of the signals of end

Fig. 1. Molecularweight,Mn, andmolecularweightdistribution,
Mw/Mn, dependenceon monomerconversionfor theheterogeneous
reverseATRP of styrene at 1108C in bulk, [styrene]: [BPO]:
[CuCl2] : [bpy] = 100:1:2:4.

Fig. 2. Molecularweight,Mn, andmolecularweightdistribution,
Mw/Mn, dependenceon monomerconversionfor theheterogeneous
reverseATRP of styreneat 1108C in bulk, [styrene]: [BPO]:
[CuCl2]: [bpy] = 150:1:2:4.

Fig. 3. Semilogarithmickineticplot for thebulk reverseATRPof
styreneat1108C [styrene]: [BPO]: [CuCl2] : [bpy] = 100:1:2:4.

Fig. 4. Semilogarithmickinetic plot for thebulk reverseATRPof
styreneat1108C [styrene]: [BPO]: [CuCl2] : [bpy] = 150:1:2:4.

Scheme1.
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groupwith thoseof metheneand methinein themainchain
of PSgivesamolecularweight, Mn,NMR = 12000,closeto
theonefrom GPCbasedonPSstandards,Mn,GPC= 11000.
Thereactionschemeis suggestedasbelow:

The present outcomes can be explained in terms of
Scheme1.First,onemoleculeof BPOdecomposeinto two
primary radicals,CuII cannot takeelectronfrom primary
radicals due to the strong oxidation of primary radicals
from BPO; second, after a monomer adds to a primary
radical, the oxidation of the radical decreases greatly;
third, nowCuIICl2 cangetrid of electronfrom this radical,
forming dormant speciesandCuI; finally, redox reaction
betweenBPO andCuI takesplaceand producesonepri-
mary radical. This processcontinually repeats at lower
temperature.Fromtheanalysiswecanseethatonemoleof
BPOwil l resultin onemole of radicals. During thisperiod
the inhibited reaction is predominant, little polymer was
generated. So the initi ation mechanismof BPO/CuIICl2/
bpy is somewhatdifferentfrom thatof AIBN/CuIICl2/bpy.
After tenhoursat708C,mostof BPOwasexhausted while
thereducedtransition-metalspecies, CuI, and thedormant
specieswere accumulated.Whenthe system is heatedto

1108C, however, in thepresenceof acoordinative liganda
reversibleactivation of the resulting alkyl chlorides was
observed, andthepolymerizationunderconsiderationpro-
ceededvia theATRPmechanism.
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Fig. 5. 1H-NMR of thepolystyrenewith BPO/CuIICl2/bipy.


