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Intr oduction
Radical polymerizationis oneof themostimportantcom-
mercialprocessesleadingto high molecular weightpoly-
mersbecausea wide variety of monomerscan be poly-
merized and copolymerized. This process does not
demanda high level of purity, suchasrequiredby anionic
polymerization. A drawback of conventional radical
polymerization is the lack of control of the molecular
weight and its distribution due to the presenceof un-
avoidable chain-breakingreactions, such as termination
or transfer. Various strategies have been developed
recently in order to minimize termination reactions and
thus,to reacha controlledradical polymerization1–3). One
approachis atomtransfer radicalpolymerization (ATRP).
Dormant halogenated chain-endsarereversibly activated
by a copper (I) complex, CuX/Ln (X = Cl or Br, L =
ligand, n = 1 or 2) via halogenatom transfer reaction
leading to free radicals and Cu(II) complexes in a fast,
dynamic equilibrium. For the polymerization of meth-
acrylates and acrylates, p-toluenesulfonylchloride4), a-
bromo- and chloroesters3,5) havebeenusedas initiators.

Homogeneouspolymerization is reached by using 4,49-
dinonyl-2,29-bipyridine (dNbipy) as ligand resulting in
PMMA of low polydispersity (PDI a 1.05) andmolecular
weights up to 105 (ref.6)). New ligands, such as
N,N,N9,N99,N99-pentamethyldiethylenetriamine (PMDETA)
showanaccelerationof the rateof polymerization dueto
the lower redox potential of the coordination complex
betweencopperandaliphaticoligoamines7).

Formerly, we hadsynthesizedgraft copolymers with an
acrylatebackbone, e.g.PBuA-graft-PMMA, via conven-
tional radical copolymerization of PMMA macromono-
merswith BuA8). For applicationsas thermoplasticelas-
tomers, high molecular weight copolymers are needed
corresponding to a high degreeof polymerization of the
backbone(DPn L 1000).In orderto gainbettercontrolof
thechainlength of thebackbonewe haveinvestigatedthe
useof ATRPfor this copolymerization9). Herewe wish to
reportexperiments of polymerization of BuA up to high
molecular weightswhich indicatethat transfercannotbe
excludedin this process.

Communication: Poly(butyl acrylate) (PBuA) of high
molecularweightwassynthesizedby atomtransferradical
polymerization(ATRP) in ethyl acetate.Whereasfor low
molecularweight polymers,a linear increaseof the num-
ber-averagemolecularweight, M

—
n, versusconversionand

narrow molecular weight distributions indicate the sup-
pressionof side reactions,a downwardcurvaturein the
plot of M

—
n versusconversionwasobservedfor high mole-

cular weights(M
—

n A 50000). This effect is explainedby
chain transfer reactions,leading to branchedpolymers.
GPC measurementswith a viscosity detectorgive evi-
dencefor thebranchedstructureof high molecularweight
polymersobtainedin ATRP. In addition, transferto sol-
ventor monomeris likely to occur.
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Number-averagemolecular weightsdetermined by GPC
using linear PBuA standards (f) or universalcalibration
(j), aswell aspolydispersity index(h) versusconversion
for thetimeconversionplot in Fig. 3
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Experimental part

Reagents

Butyl acrylate(BuA, BASFAG) wasfractionatedfrom CaH2

over a 1 m column filled with Sulzer packing at 45 mbar,
stirred over CaH2, degassedand distilled in high vacuum.
CuBr (95%, Aldrich) was purified by stirring overnight in
aceticacid.After filtration it waswashedwith ethanol,ether,
and then dried. N,N,N9,N99N99-pentamethyldiethylenetriamine
(PMDETA, Aldrich) was degassedand distilled in high
vacuum.Ethyl acetate(Aldrich), copperpowder (99% for
organic synthesis,Aldrich) and methyl 2-bromopropionate
(Aldrich) wereusedasreceived.

Polymerization

All solid chemicals were weighed into an ampoule and
degassed.In a glove-box, all degassedliquids wereaddedto
the ampoulewhich wassealedand immersedin an oil bath
at 908C. Experimentswereperformedwith CuBr ascatalyst
and methyl 2-bromopropionate(MBP) as initiator in ethyl
acetateas solvent.All kinetic sampleswere takenfrom the
sameampouleby cooling down to room temperaturein a
glove-box,withdrawingan aliquot,andplacingthe ampoule
back into the oil bath. After the reaction,the solution was
diluted with THF andfiltered over an aluminiumoxide col-
umnin orderto removethecatalyst.After evaporationof the
solvent,the polymer wasdissolvedin benzene,filtered and
freeze-dried.

Analysis

Monomerconversionwasdeterminedfrom thereactionsolu-
tion by GC. Decanewasusedasinternalstandard.GPCwas
performedusing THF as eluentat a flow rate of 1 ml/min.
Detectors:2 6 Jasco-Uvidec100 III with variable wave-
length,Bischoff RI detector8110,ViscotekH 502B andcol-
umnsets:(a) 2660cm,5 l PSSSDV gel,100Å andlinear:
102–105 Å; (b) 3630cm, 5 l PSSSDV gel, 103 Å, 105 Å
and106 Å. PMMA andPBuA standardsobtainedby anionic
polymerizationwere usedfor calibrationof column set (a)
and universalcalibration in conjunctionwith the viscosity
detectorwasusedfor columnset(b). Theabsolutemolecular
weightsof thePBuA standardsweredeterminedby MALDI-
TOFmassspectrometryandlight scatteringmeasurements10).

Resultsand discussion
All polymerizationsof BuA were performedin ethyl acet-
ate at 808C using methyl a-bromopropionate(MBP) as
initiator and CuBr/PMDETA as catalyst. The initial
monomerconcentration was [BuA]0 = 2.33mol/l. The
kinetic plots for a calculatedfinal degreeof polymeriza-
tion, DPn = 100, are presentedin Fig. 1 and 2. A linear
first-order time-conversionplot is observedindicating a
constantnumberof growing radicals.The number-aver-
agemolecular weightsof the polymersincreaselinearly
with conversion and are close to the calculated values
(Fig. 1 and 2). The polydispersity index first decreases

with conversionand then remains at low values (M
—

w/
M
—

n = 1.15).Theseresults showthatterminationandtrans-
fer reactionsareinsignificant at low molecularweights.

In the next experiment, the concentrationof the initia-
tor wasreducedby a factor of 10 in orderto obtainhigher
molecularweights(DPn = 1000). In order to increasethe
polymerization rate, copper powder was added.Cu(0)
transforms Cu(II) (formed during termination events)
backto Cu(I)11). Now, thefirst-ordertime-conversionplot
(Fig. 3) shows a distinct downward curvature. This is
easily explainedby some terminationreactionsleadingto
an increasein the concentrationof Cu(II) shifting the
activation equilibrium toward the dormant side, since
Rp V [Cu(I)]/[Cu(II) ]11).

A downward curvature is also observedin the plot of
M
—

n (asdetermined by GPCusinglinear PBuA standards)
versusconversion (Fig. 4), and the polydispersity index
increases with conversion up to a valueof M

—
w/M

—
n L 1.9.

Termination by recombination would rather lead to an
upward curvature of the plot of M

—
n vs conversion and a

polydispersity of 1.5. Thus, a reasonableexplanation
could bechain transfer.

Fig. 1. First-ordertime-conversionplot of theATRPof BuA in
ethyl acetateat 808C. [BuA]0 : [MBP]0 : [CuBr]0 : [PMDETA] =
100 : 1 : 2 : 2

Fig. 2. Number-averagemolecular weight and polydispersity
indexversusconversionfor thetime-conversionplot in Fig. 6



866 S.G. Roos,A. H. E. Müller

When M
—

n is determined by using a viscosity detector
and universal calibration12), the downward curvature is
lesspronounced. Sincebranchedpolymershavea lower
hydrodynamicvolumethanlinear ones,thepolymers will
elute later in GPC leading to an apparently lower M

—
n

value. GPC separates according to the hydrodynamic
volume, thusthe productof intrinsic viscosity andmole-
cular weight of branched structuresequalsto that of lin-
ear ones at a given elution volume (Vh = [g]br N Mbr =
[g] lin N Mlin). Thus,molecular weights determinedby GPC
usinga viscosity detectorare not affected by branching,
in contrastto valuesdeterminedfrom calibrationwith lin-
ear standards. The observed deviationof M

—
n values thus

indicatestheexistenceof branchedstructures.
This is further corroboratedby Mark-Houwink plots

obtainedfrom on-line viscosity measurementsof PBuA
samplesat different conversions (Fig. 5). At a given
molecularweight, theintrinsic viscosity is lower for poly-
mersobtainedat higherconversions.TheMark-Houwink
parameter of the higher molecular weight sample(95%
conversion), a = 0.62l 0.02, is significantly lower than
that obtained at 50% conversion (a = 0.67l 0.01), and

this value is again lower than that of linear PBuA stan-
dardsmade by anionic polymerization10) (a = 0.716) indi-
cating an increasingly branched structure. The contrac-
tion factor, g9 = [g]branched/[g]linear, steadily decreaseswith
increasingmolecular weight.

The existenceof branchedstructurescanbe explained
by transfer to polymer. Recently, Ahmad et al.13) gave
NMR evidencefor transfer to polymer in the conven-
tional radical polymerization of BuA. The transfercon-
stanthasnot beendeterminedso far, sinceit is a compli-
catedfunction of monomerconcentrationandconversion.
Transferto polymer shouldnot effect M

—
n, sincethe total

numberof chains remainsconstant.
The residual downward curvature of M

—
n obtained by

universal calibration comparedto the theoretical line
could be explainedby transferreactions to solvent,ethyl
acetate,or monomerBuA. In principle, the transfercon-
stantof themonomer(ktr,M/kp = 2610–5 at 908C14); ktr,M/kp

= 8610–5 at 708C15)) is too low to affect the molecular
weight so strongly. The transfer constantof ethyl acetate
has not beendeterminedso far, but it should be lower
than that of ethyl propionate (ktr,S/kp = 2.6610–4 at
908C14)) becauseethyl acetatelackssecondary protons.

Conclusions
GPC-viscosity coupling givesgoodevidencefor theexis-
tenceof chain transferin the ATRP of butyl acrylate at
high molecular weights. From the mechanismof con-
trolled radical polymerization it becomesclearthat trans-
fer reactionscannotbesuppressed. Themainprincipleof
termination control is thedecreasein freeradicalconcen-
trationwhich decreasestheprobability of radical encoun-
ters necessary for recombination or disproportionation,
Rt/Rp V [P9]/[M]. However, no effect is expectedon the
probability of a givenradical to undergo transfer which is
given by the ratio of concentration of the transfer agent,

Fig. 3. First-order time-conversion plot of the polymerization
of BuA in ethyl acetate at 808C. [BuA]0 : [MBP]0 : [CuBr]0:
[PMDETA] : [Cu]0 = 1000: 1 : 2 : 2 : 2

Fig. 4. Number-average molecular weights determined by
GPC using linear PBuA standards (f) or universal calibration
(j), as well as polydispersity index (h) versusconversion for
thetime conversionplot in Fig. 3

Fig. 5. Mark-Houwink plots of PBuA sampleswith corre-
spondingmolecular weight distributions synthesizedby ATRP
at 50% conversion (———), a = 0.67l 0.01, and at 95% con-
version( N N N ), a = 0.62l 0.02
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[TA] , to monomerand, thus, independent of the radical
concentration, Rtr/Rp = ktr[TA]/kp[M]. Sincethe propagat-
ing species is still a free radical, its selectivity, kp/ktr

shouldremainunchanged.Similarly, it will bedifficult to
polymerizemonomerswhichareliable to monomertrans-
fer (dueto tertiary hydrogens,e.g.2-ethylhexyl acrylate)
to high molecular weights. Polymerizations should be
performed at lower temperaturesincethe energy of acti-
vation for transfer is higher than that for polymerization
(Ea,tr A Ea,p).
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