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andmethylmethacrylatewith a,a-dichlorotolueneas
initiator; a kinetic study
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Intr oduction
Living polymerizationvia atomtransferradicalpolymeri-
zation (ATRP) providesa facile yet versatile methodto
preparea wide selection of polymers with controlled
molecular weights andlow polydispersity index. Homo-,
co-, andhyperbranchedpolymerswere successfully pre-
paredby several groups1–7). To obtain a Poissondistribu-
tion of themolecular weight,aninitiation reaction asfast,
preferably faster than the propagation reaction is
required.To generate a rateof initiation at leastequalto
the rate of propagation, the structureof the alkyl halide
initiator shouldbe adjustedfor eachclassof monomers.
Considering this, mostauthors prefer to employ activated
alkyl initiating systems with a chemicalsurrounding as
similar to the growing polymer chain end as possible.
Matyjaszewskiet al.1) used1-phenylethyl chloride for the
ATRPof styreneand2-bromoisobutyrate for theATRPof
MMA. Arenesulfonylchlorides, e.g. substitutedbenzene-
sulfonyl chloridesintroduced by Percecet al. areuniver-
sal initiators for metal-catalyzed “living” radical poly-
merization, sincethe rate constants of initiation for sty-
rene, methacrylates, and acrylates are by five to three
ordersof magnitudehigherthantherateconstantsof pro-
pagation8,9).

For a simplified preparation of ABA block copolymers
the use of bifunctional initiators is preferable. a,a9-p-
Dihaloxylenes(DHX ) havebeenemployed in the ATRP
of styreneandacrylates.As benzylhalide, DHX shows a
slow initiation for styrenepolymerization as evidenced
by an induction period10). However, after initiation, the
first orderkinetic plot is linear up to 90%conversion,M

—
n

is close to the calculated value, and the polydispersity
index M

—
w/M

—
n a 1.3. The polymerization of acrylates,e.g.

2-ethylhexyl acrylate and butyl acrylate, is affected by
the nature of the solventusedfor polymerization11). For
ethylene carbonate or diphenyl ether, in which both
monomerand polymer are soluble, a linear dependence
of M

—
n on conversion anda low polydispersity index was

observed. However, for poor solventsfor monomerand/
or polymer, lower molecularweightsandhighervaluesof
M
—

w/M
—

n thanexpectedwere observed. Bifunctional sulfo-
nyl chlorides, e.g. phenoxybenzene-4,49-disulfonyl chlor-
ide (PDSC), havebeenusedasa bifunctional initiator for
the ATRP of styrene,methacrylates,andacrylates12). The
drawbackof this classof initiators is their relatively com-
plicatedstructurewhich differs significantly from that of
the repeating unit of vinyli c or acrylic polymersand the
resultingsulfonyl groupin thechain2,12,13).

Full Paper: The atom transfer radical polymerization
(ATRP) of styrene and methyl methacrylatewith a,a-
dichlorotoluene(DCT) asinitiator resultsin therespective
chlorotelechelicpolymers.From a kinetic point of view,
however, the polymerizationof styreneandmethyl meth-
acrylateshowa differentbehavior:for thepolymerization
of styreneDCT is a bifunctional, for the polymerization
of methylmethacrylateit is a monofunctionalinitiator.
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In our laboratory a novel bifunctional initiator for the
ATRPwasdeveloped on thebasisof ethylenebis(chloro-
phenyl acetate)(ECPA)14). The initiating alkyl chloride
speciesis activatedby bothana-phenylandana-alkoxy-
carbonyl group; thus,styreneandacrylatetypemonomers
are initiated with high efficiency. The drawback of this
initiator is theexistenceof aheteroatom in themainchain
representing a weaklink.

In thepresentcommunicationwe present our resultson
the ATRP initiated by a,a-dichlorotoluene (DCT) as a
bifunctional initiator for the controlled radical polymeri-
zationof bothstyreneandmethyl methacrylate.

Experimental part

Materials

Styrene (St, from Bayer AG) and methyl methacrylate
(MMA, from Bayer AG) usedfor polymerizationswere of
high purity. Inhibitors contained in St and MMA were
removedby passingthe monomersthrough an aluminium
oxide column. a,a-Dichlorotoluene(DCT, Aldrich), CuCl
(98%,Aldrich) and2,29-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 Å) and finely
distributedpotassiumon aluminiumoxide.

Measurements
1H NMR and 13C NMR spectrawere recordedon a Bruker
DPX-300 FT-NMR spectrometerat 300MHz and 75 MHz,
respectively. Deuteratedchloroform (CDCl3) was usedas a
solvent,andtetramethylsilane(TMS) servedasinternalstan-
dard.

Gel-permeationchromatography(GPC)analyseswerecar-
ried out usinga high pressureliquid chromatographypump
(Waters),a refractiveindexdetector(ERC),anda UV-detec-
tor (ERC, k = 254nm). The eluting solventwas tetrahydro-
furan(THF) stabilizedwith 2,6-di-tert-butyl-4-methylphenol
(0.25g/L), the flow ratewas0.5mL N min–1. Calibrationwas
achievedwith polystyreneand poly(methyl methacrylate)
standards.Fourcolumnswith PL-gel (from PolymerLabora-
tories)wereapplied:lengthof thecolumn300mm,diameter
7.5mm, diameterof gel particles5 lm, nominalporewidth
100Å, 500Å, 103 Å, and104 Å.

Polymerizationof styreneandmethylmethacrylatein butyl
acetateasa solvent

Generalprocedure:
DCT (or MCT), CuCl, andbipy in a molar ratio of 1:1:3

were introduced into a Schlenk-glass-tube.Monomer and
butyl acetate(1:1 vol.) were addedand the heterogeneous
mixture was degassed(3 times), filled with nitrogen and
immersedin an oil bath at 1308C. After a certain time the
polymerizationwasterminatedby cooling to room tempera-
ture(r.t). Theproductwasdissolvedin THF andprecipitated

into methanol.The polymer was isolatedby filtration and
driedto constantweight.

Theexperimentalresultsandthekinetic datafor thepoly-
merizationof St and MMA are summarizedin Tab.1 and
Tab.2.

Resultsand discussion
The application of a,a-dichlorotoluene (DCT) as an
initiator for the living radical polymerizationof styreneis
the most evident conclusion if a bidirectional chain
growth is desired.Uponaddition of thefirst styrenemole-
cule, 1,3-dichloro-1,3-diphenylpropane(DDP) is formed,
which is a symmetrical molecule (Eq. (1)). The two
chlorine atomsare in an identical chemical surrounding
which, in addition, is similar to a growing polystyrene
chain end.Thus,it is to beexpectedthatATRPof styrene
proceedsbidirectionally with this initiator.

The dependenceof conversionandof ln([M]0/[M]) on
time for thepolymerizationof St initiated with DCT, cat-
alyzedby CuCl/bipy in butyl acetateis shownin Fig. 1a.
The linearity of theplot ln([M]0/[M]) vs. time showsthat
the polymerization follows first order kinetics with
respect to the monomer and that the concentration of
growing radicalsremainsconstant. To confirm the bidir-
ectional chaingrowth during the polymerization,several
polymerizations initiated with a-chlorotoluene (MCT )
were performed under the same conditions. From the
kinetic data (Fig. 1b, Tab.1) it is apparent that, while
proceedingin a living manner, the ATRP with MCT
exerts a rateconstantof propagation which is lower by a
factor of 2 than the rate constantobserved with DCT
(kapp

p;DCT = 6.49N 10–5 s–1, kapp
p;MCT = 2.43N 10–5 s–1). Thecalcu-

lation of the stationary concentration of radicals[P9]St in
the reaction mixture givesa valueof 2.78 N 10–8 mol N L–1

for DCT and 1.04N 10–8 mol N L–1 for MCT as initiator,
respectively. Thesevalues are in good accordancewith
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the expectationthat DCT is a bifunctional initiator. The
orderof magnitudeof thestationary radical concentration
is in agreement with that calculatedby other groupsfor
theATRP of styrene1,2). The stationary radicalconcentra-
tion is low enough to preventbimolecularside reactions
suchasrecombination or disproportionation which would
result in a lossof control over the polymerization. Fig. 2
showsthe plot of M

—
n,th vs. M

—
n,exp for polystyrene samples

obtainedwith DCT and MCT as initiators. All experi-
mental values are slightly higher than the calculated
valuesbut increaselinearly with conversion (cf. Tab.1)
demonstrating the living nature of both polymerization
systems.Sincethe polymerswereprecipitatedfrom THF
solution into methanol, the deviation of M

—
n,exp from M

—
n,th

is due to fractionation. The polydispersity index of all
polystyrene samples is typical for polystyreneprepared
via ATRP in heterogeneoussystems.

Sincesome of the styrenepolymerization initiators are
known to be active in the ATRP of (meth)acrylates,we
investigatedtheperformanceof DCT and,for comparison
reasons, of MCT in theATRPof MMA . Uponaddition of
the first MMA monomerto DCT, methyl 2,4-dichloro-2-
methyl-4-phenylbutyrate (DMPB) is formed (Eq. (2)),
which represents a bifunctional initiator with two differ-
ent activated halogenatoms and, hence,with different
initiation efficienciestowardMMA .

Methyl methacrylate was polymerized with DCT (or
MCT ) asinitiator andCuCl/bipy ascatalystin butyl acet-
ate at 1308C. A conversion of 88% was reachedafter
50min for DCT, while with MCT as initiator the poly-
merization proceeds slowlier (Tab.2). The first order
kinetic plots for both initiators are linear indicating that

Fig. 1. Plots of conversionand ln([M] 0/[M]) vs. time for the
polymerization of styrenein butyl acetateat 1308C with (a)
DCT and (b) MCT as initiator (I). (Polymerization conditions:
[St]0/[I] 0 = 100,[I] /[CuCl]/[bipy] = 1/1/2.5,[St]0 = 4.35mol/L)

Tab.1. ATRP of styrene in butyl acetate initiated with a,a-
dichlorotoluene (DCT) and a-chlorotoluene (MCT ); kinetic
dataa)

Initiator Time
in h

Conver-
sion

in wt.-%

ln([M] 0/[M]) M
—

n,th
b) M

—
n,exp

c) M
—

w /M
—

n
c)

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

a) Polymerization conditions: [St]0 = 4.35mol/L, [St]/[I] /
[CuCl]/[bipy] = 100:1:1:2.5 (molar ratio), reactiontempera-
tureT = 1308C.

b) Calculated according to: M
—

n = [St]/[I] N xp N 104+ 161 (for
DCT) and+127(for MCT).

c) Determined by meansof GPCwith polystyrenestandards.

Fig. 2. Plotsof M
—

n,th vs.M
—

n,exp for polystyrenesamplesprepared
with (f) DCT and(h) MCT asinitiators. (Polymerizationcondi-
tions: [St]0/[I] 0 = 100, (I]/[CuCl] /[bipy] = 1/1/2.5, solvent: butyl
acetate;[St]0 = 4.35mol/L, T = 1308C)
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the concentration of radicals is constantduring the poly-
merization (Fig. 3). However, for bothinitiatorsaninduc-
tion period is observedindicatingslow initiation. Thesta-
tionary radical concentrations were determined to be
higherby approximatelyoneorderof magnitude(ascom-
paredto styrenepolymerization), i. e.2.33N 10–7 mol N L–1

for DCT and 1.26N 10–7 mol N L–1 for MCT as initiator.
Thesevalues are again in accordancewith the values
foundby othergroups1).

TheATRPof MMA with DCT giveswell definedpoly-
merswith controlledmolecularweight, alinearincreaseof
molecular weight with conversion, andlow polydispersi-
ties.In contrastto this, thepolymerizationwith MCT dis-
playsa lack of controlwith respectto bothpolydispersity
and molecular weight (Tab.2) while first order kinetics
with respectto themonomerareobserved.A comparisonof
theexperimentalnumber averagemolecularweight(M

—
n,exp)

with the calculated value reveals a good agreementfor
DCT and assignmentdiscrepancy for MCT as initiator
(Fig. 4). Thesedatado not allow a firm conclusionwith
respectto amono-or abidirectional chaingrowth for DCT
asinitiator for theMMA polymerization.For kinetical rea-

sons,however, weassumeamonodirectionalchaingrowth.
Slow initiation of MMA polymerization with 1-pheny-
lethyl chloride has beenalready reported,however, the
slowinitiationcanbeimprovedbyexchanging thechlorine
withbrominein thedormantspecies15,16).

Thesedataput some doubt on the feasibility of a com-
bined TEMPO/ATRP “liv ing” radical polymerization of
p-chloromethylstyrene and MMA to receive well-con-
trolled comb-shapedpolymers asdescribedin the litera-
ture17).

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

Initiator Time
in h

Conver-
sion

in wt.-%

ln([M] 0/[M]) M
—

n,th
b) M

—
n,exp

c) M
—

w /M
—

n
c)

DCT 0.27 31.71 0.3814 3310 4720 1.53d)

DCT 0.33 45.80 0.6125 4650 6110 1.40d)

DCT 0.50 69.62 1.1914 7260 9330 1.38d)

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

a) Polymerization conditions: [MMA] 0 = 4.67mol/L, [MMA]/
[I]/[CuCl]/[bipy ] = 100:1:1:3 (molar ratio), reaction tem-
peratureT = 1308C.

b) Calculatedaccording to: M
—

n = [MMA]/[I] N xp N 100+ 161(for
DCT) and+127(for MCT).

c) Determined by means of GPC measurements with poly-
(methylmethacrylate)standards.

d) From GPCwith columncombination:26100Å, 26500Å,
and103 Å.

Fig. 3. Plots of conversionand ln([M]0/[M]) vs. time for the
polymerizationof methylmethacrylatein butyl acetateat 1308C
with (a) DCT and(b) MCT asinitiator (I). (Polymerizationcon-
ditions: [MMA] 0/[I] 0 = 100, [I]/[CuCl]/[bip y] = 1/1/3, [MMA] 0

= 4.67mol/L)

Fig. 4. Plots of M
—

n,th vs. M
—

n,exp for poly(methyl methacrylate)
samples preparedwith (f) DCT and (h) MCT as initiators.
(Polymerization conditions: [MMA] 0/[I] 0 = 100, [I]/[CuCl]/
[bipy] = 1/1/3, solvent: butyl acetate, [MMA] 0 = 4.67mol/L,
T = 1308C)
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Conclusion
a,a-Dichlorotolueneactsas an efficient initiator for the
ATRP of both styreneandmethyl methacrylate. Further-
more,for styrenepolymerization it is thefirst initiator for
whichbidirectionalchaingrowthwasproven from kinetic
data.For the polymerization of methyl methacrylatethe
bidirectional chaingrowth is not probable.Thefeasibility
of DCT asan initiator for the facile preparation of ABA
block copolymers via ATRP is currently underinvestiga-
tion.
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