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Full Paper: The atom transfer radical polymerization
(ATRP) of styrene and methyl methacrylatewith a,0-
dichlorotoluengDCT) asinitiator resultsin therespective
chlorotelechelicpolymers.From a kinetic point of view,
however the polymerizationof styreneand methyl meth-
acrylateshowa differentbehavior:for the polymerization
of styreneDCT is a bifunctional, for the polymerization
of methylmethacrylatet is a monofunctionalinitiator.
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Intr oduction

Living polymerizationvia atomtransferradical polymeri-

zation (ATRP) providesa facile yet versdile methodto

preparea wide selection of polymes with controlled
molecubr weights andlow polydispersly index. Homo-,

co-, and hyperbrantied polymerswere succeshillly pre-

paredby severa groups™. To obtan a Poissondistribu-

tion of the molecula weight,aninitiation reacton asfast,

preferaby faster than the propagdéion reaction is

required.To generag a rate of initiation at leastequalto

the rate of propagatio, the structureof the alkyl halide

initiator shouldbe adjustedfor eachclassof monomes.

Consideing this, mostauthos prefer to emgdoy activaed

alkyl initiating systens with a chemical surrounding as
similar to the growing polymer chain end as possble.

Matyjaszewskiet al.? usedl-pherylethyl chloride for the

ATRP of styreneand2-bronmoisobutyrae for the ATRP of

MMA. Arenesulfonylchlorides e.g. subsituted benzene-
sulfonyl chloridesintroduced by Percecet al. are univer

sal initiators for metal-catalyzd “living” radical poly-

merizaton, sincethe rate constats of initiation for sty-

rene, methacylates, and acrylates are by five to three
ordersof magniudehigherthanthe rateconsantsof pro-

pagaion®®),

For asimplified preparatio of ABA block copolymers
the use of bifunctional initiators is preferabé. o,o'-p-
Dihaloxylenes(DHX) havebeenemployed in the ATRP
of styreneandacrylates As bereylhalide DHX shows a
slow initiation for styrenepolymerization as evidenced
by an induction period®. However after initiation, the
first orderkinetic plot is linear up to 90% convesion, M,
is close to the calculted value, and the polydispersiy
index M,,/M, < 1.3. The polymerization of acrylates,e.g.
2-ethylheyl acrylate and butyl acrylate,is affected by
the nature of the solventusedfor polymerizationtV. For
ethylene carbonate or dipheny ether in which both
monomerand polymer are soluwble, a linear dependece
of M, on converson anda low polydispersiy index was
observed Howeer, for poa solventsfor monomerand/
or polymer, lower molecularweightsandhighervaluesof
M,,/M, than expectedwere obseved. Bifunctional sulfo-
nyl chlorides e.g. phenoxybenene4,4-disulfornyl chlor-
ide (PDSC), havebeenusedasa bifunctional initiator for
the ATRP of styrene methacylates,andacrylate®?. The
drawbackof this classof initiators is their relatively com-
plicatedstructurewhich differs sigrificantly from that of
the repeatimg unit of vinylic or acnlic polymersandthe
resultingsulfonyl groupin the chair-1213,
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In our laboratoy a novel bifunctional initiator for the
ATRP wasdevelopé on the basisof ethylenebis(chlao-
phenyl acetate)(ECPA). The initiating alkyl chloride
specieds activatedby bothan a-phenylandan a-alkoxy-
carbony groug thus, styreneandacrylatetype monomes
are initiated with high efficiency. The drawbak of this
initiator is the exisienceof a heteroabm in themainchain
represering aweaklink.

In the presentommunicationwe pres&t our resultson
the ATRP initiated by o,a-dichloraoluene (DCT) as a
bifunctioral initiator for the controlled radical polymeri-
zationof both styreneandmethyl methacylate.

Experimental part

Materials

Styrene (St, from Bayer AG) and methyl methacrylate
(MMA, from Bayer AG) usedfor polymerizationswere of

high purity. Inhibitors containedin St and MMA were
removedby passingthe monomersthrough an aluminium

oxide column. a,a-Dichlorotoluene (DCT, Aldrich), CuCl

(98%, Aldrich) and2,2-bipyridine (bipy) (ABCR) wereused
as receivedwithout purification. Butyl acetate(from Bayer
AG) wasusedasa solventwithout purification. Polymeriza-
tions were carried out in nitrogen atmosphere Nitrogen
(Linde) was passedover molecularsieves(4 A) and finely

distributedpotassiurron aluminiumoxide.

Measuements

H NMR and**C NMR spectrawere recordedon a Bruker
DPX-300 FT-NMR spectrometeat 300MHz and 75 MHz,
respectively Deuteratedchloroform (CDCl;) was usedas a
solvent,andtetramethylsilan¢ TMS) servedasinternalstan-
dard.

Gel-permeatiorthromatographyGPC)analysesverecar
ried out using a high pressurdiquid chromatographyump
(Waters),arefractiveindex detector(ERC),anda UV-detec-
tor (ERC, 4 = 254nm). The eluting solventwas tetrahydro-
furan (THF) stabilizedwith 2,6-ditert-butyl-4-methylphenol
(0.25g/L), theflow ratewas0.5mL - min-%. Calibrationwas
achievedwith polystyreneand poly(methyl methacrylate)
standardskour columnswith PL-gel (from PolymerLabora-
tories)wereapplied:lengthof the column300mm, diameter
7.5mm, diameterof gel particles5 um, nominal porewidth
100A, 500A, 10° A, and10* A.

Polymerizatiorof styreneand methylmethacrylaten butyl
acetateasa solvent

Generaprocedure:

DCT (or MCT), CuCl, andbipy in a molarratio of 1:1:3
were introducedinto a Schlenk-glass-tubeMonomer and
butyl acetate(1:1 vol.) were addedand the heterogeneous
mixture was degassed3 times), filled with nitrogen and
immersedin an oil bathat 130°C. After a certaintime the
polymerizationwasterminatedby cooling to roomtempera-
ture (r.t). The productwasdissolvedn THF andprecipitated

into methanol.The polymer was isolated by filtration and
driedto constantveight.

The experimentaresultsandthe kinetic datafor the poly-
merizationof St and MMA are summarizedin Tab.1 and
Tab.2.

Resultsand discussion

The appication of a,a-dichlorotoluere (DCT) as an
initiator for theliving radcal polymerizationof styreneis
the most evident corclusion if a bidirectional chain
growthis desired Upon addition of thefirst styrenemole-
cule, 1,3-dicHoro-1,3diphenypropane(DDP) is formed
which is a symmetical molecule (Eq. (1)). The two
chlorine atomsare in an identical chenical surrounding
which, in addition, is similar to a growing polystyrene
chan end.Thus,it is to be expectedthat ATRP of styrene
proceedsidirectionally with this initiator.
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The dependenceof corversionandof In([M]o/[M]) on
time for the polymerization of St initiated with DCT, cat-
alyzed by CuCl/bipy in butyl acetatds shownin Fig. 1a.
Thelinearity of the plot In([M]o/[M]) vs.time showsthat
the polymerization follows first order kinetics with
respect to the monomer and that the concentration of
growing radicalsremainsconstait. To confirm the bidir-
ectional chain growth during the polymerization,seveal
polymerizadions initiated with o-chlorotduene (MCT)
were performed under the same conditions. From the
kinetic data (Fig. 1b, Tab.1) it is appareh that while
proceedingin a living mamer, the ATRP with MCT
exets a rate constantof propagtion which is lower by a
factor of 2 than the rate constantobservel with DCT
(Kober = 6.49- 10° s, kifwier = 2.43+ 10° s%). Thecalcu
lation of the stationay concentration of radicals[P"]s: in
the readion mixture givesavalueof 2.78- 108 mol - L™
for DCT and 1.04- 108 mol - L= for MCT asiinitiator,
resgectively. Thesevalues are in good accodancewith
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Fig.1. Plots of conversionand In([M]«/[M]) vs. time for the
polymerizaion of styrenein butyl acetateat 130°C with (a)
DCT and (b) MCT asinitiator (). (Polymeization conditions:
[Stlo/[1] 0 = 100, [I] /[CuCl)/[bipy] = 1/1/2.5,[St]o = 4.35mol/L)

Tab.1. ATRP of styrenein butyl acdate initiated with a,o-
dichlorotolusme (DCT) and a-chlorotoluene (MCT); kinetic
dat&

Initiator Time Conve- In((M]o/[M]) May® Myexd My/MO
inh sion
in wt.-%
DCT 1.93 35.25 0.4346 3580 4430 1.34
DCT 2.90 51.00 0.7134 5600 6730 1.28
DCT 3.00 53.50 0.7657 5590 6410 1.30
DCT 4.50 65.56 1.0660 7150 7980 1.27
DCT 4.85 68.70 1.1616 7360 8020 1.32
DCT 5.50 69.65 1.1924 7340 7970 1.30
DCT 6.43 74.93 1.3835 7500 8250 1.28
MCT 6.42 42.00 0.5447 4500 5740 1.39
MCT 9.72 59.29 0.8987 6230 7150 1.36
MCT 13.90 70.35 1.2157 7560 7530 1.38
MCT 15.57 73.39 1.3239 7770 8350 1.37

3 Polymerization conditions [St]o=4.35mol/L, [St])/[I]/
[CuCl}/[bipy] = 100:1:1:2.5 (molarratio), reactiontempera-
tureT=130°C.

® Calculatel accading to: M,=[St]/[]] - X, - 104+ 161 (for
DCT) and+127 (for MCT).

9 Determine& by meansof GPCwith polystyrenestandads.
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Fig.2. Plotsof My Vs. My expfor polystyrenesampesprepared
with (w) DCT and(A) MCT asinitiators. (Polymerizationcondi-

tions: [St]o/[1] o = 100, (1I)//[CuCl]/[bipy] = 1/1/2.5, solvert: butyl

acetate[St], = 4.35mol/L, T=130°C)

the expectationthat DCT is a bifunctional initiator. The
orderof magnitudeof the stationay radcal concentation
is in agreemenwith that calculatedby other groupsfor

the ATRP of styrené?. The stationay radical concenta-
tion is low enaugh to preventbimolecularside reactions
suchasrecombinaibn or disproprtionatian which would

resultin alossof cortrol overthe polymerization. Fig. 2

showsthe plot of My VS. M, e, fOr polystyrere sampes
obtainedwith DCT and MCT as initiators. All expei-

mental values are slightly higher than the calcuated
valuesbut increaselinearly with converson (cf. Tab.1)

demonstrahg the living natue of both polymerization
systemsSincethe polymerswere precipitatedfrom THF

solutioninto methaml, the deviaion of M; ex, from M
is due to fractionation. The polydispersiy index of all

polystyrere sampes is typical for polystyreneprepaed
via ATRP in heterogneoussystens.

Sincesone of the styrenepolymerizaion initiators are
known to be active in the ATRP of (methacrylaes, we
investigaedthe pefformanceof DCT and,for compari®n
reasonsof MCT in the ATRP of MMA . Uponaddtion of
thefirst MMA monomerto DCT, methyl 2,4-dicHoro-2-
methyl-4-phenylbdyrate (DMPB) is formed (Eq.(2)),
which represert a bifunctional initiator with two differ-
ent activated halogenatoms and, hence,with different
initiation efficienciestowardMMA .

//\TL,COOCHa (2)

¢ d

c._¢

§ \/f ATRP
S
=z \
DCT

MMA DMPB

Methyl methacrylag was polymerized with DCT (or
MCT) asinitiator andCuCl/bipy ascatalystin butyl acet-
ate at 130°C. A convesion of 88% was reachedafter
50 min for DCT, while with MCT asinitiator the poly-
merizatbn procee@ slowlier (Tab.2). The first order
kinetic plots for both initiators are linear indicating that
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Fig.3. Plotsof conversionandIn([M]o/[M]) vs. time for the
polymerizationof methylmetharylatein butyl acetateat 130°C
with (a) DCT and(b) MCT asinitiator (). (Polymerizationcon-
ditions: [MMA] o/[1]o = 100, [I)/[CuCl}/[bipy] = 1/1/3, [MMA] o
=4.67mol/L)

the concentation of radcals is constantduring the poly-

merizaton (Fig. 3). Howe\er, for bothinitiatorsaninduc-
tion peiiod is observedndicatingslow initiation. The sta-
tionary radical concentrations were determinedto be
higherby approxmately oneorderof magniude (ascom

paredto styrenepolymerization) i.e.2.33- 107" mol - L™
for DCT and 1.26- 107 mol - L™ for MCT asiinitiator.

Thesevalues are again in accodancewith the values
foundby othergroup$.

The ATRPof MMA with DCT gives well definedpoly-
merswith controlled molecubrweight, alinearincreasef
molecubr weight with converson, andlow polydispersi
ties.In contrasto this, the polymeizationwith MCT dis-
playsa lack of controlwith respecto both polydispersity
and molecubr weight (Tab.2) while first order kinetics
with respecttothemonomeiareobservedA conmparisorof
theexperimemal numbe averagamolecularweight(M ex)
with the calculated value reveds a good agreementfor
DCT and assgnmentdiscrepacy for MCT as initiator
(Fig. 4). Thesedatado not allow a firm conclusionwith
respecto amono-or abidirectioral chaingrowth for DCT
asinitiator for theMMA polymerization.For kinetical rea-

Tab.2. ATRP of methyl methacrylaten butyl acetateinitiated
with a,a-dichlorotoluene(DCT) and a-chlorotoluene (MCT);
kinetic dat&

Initiator Time Conver In([M]o/[M]) Moi® MyexS My/MO

inh sion
in wt.-%
DCT 0.27 31.71 0.3814 3310 4720 153
DCT 0.33 45.80 0.6125 4650 6110 1.40Y
DCT 050 69.62 1.1914 7260 9330 1.38"
DCT 0.73 81.40 1.6820 7870 10100 1.45
DCT 0.88 88.16 2.1337 9610 13300 1.44
MCT 0.33 11.34 0.1072 1180 26400 1.40
MCT 0.50 26.65 0.3099 2780 33500 1.47
MCT 0.58 35.30 0.4354 3800 38000 1.52
MCT 0.66 48.30 0.6597 4960 39000 1.53
MCT 1.33 84.70 1.8773 8510 37000 1.72
MCT 2.00 94.80 2.9565 9760 33500 1.82

&

Polymerizabon conditions [MMA] o =4.67mol/L, [MMA]/

[I/[CuCl)/[bipy] =100:1:1:3 (molar ratio), reaction tem-

peraturel = 130°C.

Calculatedaccordng to: M, = [MMAJ/[I] - X,* 100+ 161 (for

DCT) and+127(for MCT).

9 Determined by meansof GPC measuremes with poly-
(methylmethacryhte)standads. . .

9 From GPCwith columncombination:2 x 100A, 2 x 500A,

and1CG*A.
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Fig. 4. Plots of My VSs. Myex, for poly(methyl methacrylatg
sampes preparedwith (m) DCT and (A) MCT as initiators.
(Polymeization conditions: [MMA] o/[l]o =100, [I}/[CuCI}/
[bipy] = 1/1/3, solvert: butyl acetate [MMA],=4.67mol/L,
T=130°C)

sonshoweve, weassumeamonodiredionalchaingrowth.
Slow initiation of MMA polymerizdion with 1-pheny-
lethyl chloride has beenalready reported,however the
slowinitiationcanbeimprovedby exchangiig thechlorine
withbrominein thedormanspecie¥1°.

Thesedataput sorre doubt on the feasibility of a com
bined TEMPO/ATRP “living” radical polymerization of
p-chloromethylstyrene and MMA to receive well-con-
trolled comb-shapedpolyme's as describedn the litera-
ture!t”.
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Conclusion

a,a-Dichlorotolueneacts as an efficient initiator for the
ATRP of both styreneand metyl methacrylag. Further

more,for styrenepolymerizaion it is thefirst initiator for

which bidirectionalchaingrowthwasproven from kinetic
data. For the polymerization of methyl metacrylatethe
bidiredional chaingrowth is not probable The feasibility

of DCT asaninitiator for the facile prepaation of ABA

block copolymes via ATRP is currertly underinvestiga-
tion.

Acknowedgement: Financial support of this work by the
Fonds der Chemischenindustrie and Bayer AG is greatly
acknowledgsd.

D J.-S. Wang, K. Matyjaszewki, Macromolecules28, 7901
(1995)

2) V. Percec B. Barboiu, A. Neumann,J. C. Ronda,M. Zhao,
Macromolealles29, 3665(1996

3 K. Matyjaszewsi, T. E. Patten,J. Xia, J. Am. Chem Soc.
119, 674(1997)

4 J.-L. Wang, T. Grimaud,K. Matyjaszewki, Macromolecules
30, 6507(1997)

% (a) S. G. Gaynor S. Edelman K. Matyjaszewki, Macromo-
lecules29, 1079(1996);(b) K. MatyjaszewskiS. G. Gaynor
A. Kulfan, M. Podwika,Macromolecules30, 5192(1997)

6) S. G. Gaynor K. Matyjaszewski Macromolecules30, 4241
(1997)

7) D. M. Haddletm, C. B. Jasiezek, M. J. Hannon A. J. Shoo-
ter, Macromolealles30, 2190(1997)

8 V. Pacec, B. Barboiu, Polym. Prept (Am. Chem.Soc.,Div.
Polym.Chem.)38, 733(1997)

9 V. PercecH.-J. Kim, B. Barboiu, Macromolecules30, 6702
(1997)

10) K. Matyjaszewski,Y. Nakagawa, S. G. Gaynor Macromol.
Rapid.Commun18, 1057(1997)

1) K. MatyjaszewskiY. Nakagawa,C. B. Jaseczek,Macromo-
lecules31, 1535(1998)

12) . PercecH.-J. Kim, B. Barboiu, Macromolecules30, 6702
(1997)

13) V. PercecB. Barboiu,Macromolecule8, 7970(1995)

14) B. Reining, H. Keul, H. Hocker, Polymer40, 3555 (1999)

15) K. Matyjaszewski,J.-L. Wang, T. Grimaud, D. A. Shipp,
Macromolecules31, 1527(1998)

16) K. MatyjaszewskiD. A. Shipp J.-L. Wang, T. Grimaud, T.
E. PattenMacromolecles 31, 6836(1999

17) C. J. Hawke, G. G. Barclay R. B. Grubks, J. M. J. Frechet,
Polym. Prepr. (Am. Chem Soc.,Div. Polym. Chem) 37(2),
515(1996)




