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Communication: Poly(butyl acrylate) (PBuA) of high
molecularweightwassynthesizedy atomtransferradical
polymerization(ATRP) in ethyl acetate Whereador low
molecularweight polymers,a linear increaseof the num-
beraveragemolecularweight, M., versusconversionand
narrow molecular weight distributions indicate the sup-
pressionof side reactions,a downwardcurvaturein the
plot of M, versusconversiorwasobservedor high mole-
cular weights (M, > 50000). This effect is explainedby
chain transfer reactions,leading to branchedpolymers.
GPC measurementsvith a viscosity detectorgive evi-
dencefor the branchedstructureof high molecularweight
polymersobtainedin ATRP In addition, transferto sol-
ventor monomeris likely to occut

Numberaveragemoleallar weights determinel by GPC
using linear PBUA standard (m) or universalcalibraion
(v), aswell aspolydispersiy index (A) versusconveasion
for thetime convesionplotin Fig. 3
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Intr oduction

Radicd polymeizationis oneof the mostimportantcom-
mercialprocesssleadingto high moleculr weight poly-
mersbecausea wide variety of monomerscan be poly-
merized and copolymeized. This process does not
demand a high level of purity, suchasrequiredby anionic
polymeization. A drawback of conventonal radcal
polymerization is the lack of contrd of the molecukbr
weight and its distribution due to the presenceof un-
avoidabk chainbreakingreactiors, such as termiration
or transfer Various stratgjies have been devdoped
recerly in order to minimize termination reactons and
thus,to reacha controlledradcal polymerizaion*—. One
approachs atomtransfe radical polymerization (ATRP).
Dormant halogenatd chan-endsarerevesibly activaed
by a copper(I) complex CuX/L, (X = Cl or Br, L =
ligand, n = 1 or 2) via halogenatom transfe reaction
leading to free radcals and Cu(ll) compleesin a fast,
dynamt equilibrium. For the polymerization of meth-
acrylates and acnjates, p-toluenesulfonythloride®”, a-
bromo- and chloroester$® have beenusedas initiators.

Homogeneouspolymeriztion is reacted by using 4,4'-
dinonyl-22’-bipyridine (dNbipy) as ligand resultirg in
PMMA of low polydispersiy (PDI < 1.05) andmolecubr
weights up to 10° (ref?). New ligands, such as
N,N,N',N”,N"-pentamethldiethyleretriamine (PMDETA)
showan acceleation of the rate of polymerizaion dueto
the lower redox potential of the coordinaton conmplex
betweencopperandaliphaticoligoamines).

Formety, we hadsyntheg&zed graft copolymes with an
acrylatebackbor, e.g. PBuA-graft-PMMA, via corven-
tional radcal copolymerizaton of PMMA macromano-
merswith BuA®. For applicatons as thernoplasticelas-
tomers, high molecula weight copolymers are neeckd
corresponihg to a high degreeof polymerization of the
backbongDP, = 1000).In orderto gainbettercontrol of
thechainlengh of the backbonewe haveinvestigatedthe
useof ATRP for this copolymerizatbn®. Herewe wish to
reportexperimets of polymeization of BUA up to high
molecula weightswhich indicatethat transfer cannotbe
excludedin this process.
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Experimental part

Reagents

Butyl acrylate(BuA, BASFAG) wasfractionatedrom CaH
over a 1 m column filled with Sulzer packing at 45 mbar,
stirred over CaH,, degassedand distilled in high vacuum.
CuBr (95%, Aldrich) was purified by stirring overnightin
aceticacid. After filtration it waswashedwith ethanol.ether
and then dried. N,N,N’,N"N"-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 chemicalswere weighed into an ampoule and
degassedn aglove-b, all degassediquids wereaddedto
the ampoulewhich was sealedandimmersedin an oil bath
at 90°C. Experimentswere performedwith CuBr ascatalyst
and methyl 2-bromopropionat€dMBP) as initiator in ethyl
acetateas solvent.All kinetic sampleswere takenfrom the
sameampouleby cooling down to room temperaturein a
glove-box,withdrawingan aliquot, and placingthe ampoule
back into the oil bath. After the reaction,the solution was
diluted with THF andfiltered over an aluminium oxide col-
umnin orderto removethe catalyst.After evaporatiorof the
solvent,the polymerwas dissolvedin benzenefiltered and
freeze-dried.

Analysis

Monomerconversiorwasdeterminedrom thereactionsolu-
tion by GC. DecanewasusedasinternalstandardGPCwas
performedusing THF aseluentat a flow rate of 1 ml/min.
Detectors:2 x Jasco-Uvidecl00 Il with variable wave-
length,Bischof RI detector8110, ViscotekH 502B andcol-
umnsets:(a) 2 x 60cm, 51 PSSSDV gel, 100A andlinear:
102—10'°A (b) 3x30cm, 54 PSSSDV gel, 10 A, 10° A
and10° A. PMMA and PBUA standard®btainedby anionic
polymerizationwere usedfor calibration of column set (a)
and universal calibration in conjunctionwith the viscosity
detectorwasusedfor columnset(b). The absolutemolecular
weightsof the PBUA standardsveredeterminecby MALDI-
TOF massspectrometnandlight scatteringneasurementl.

Resultsand discussion

All polymerizationsof BuA were performedin ethyl acet-
ate at 80°C using methyl a-bromoprgionate (MBP) as
initiator and CuBr/PMDETA as catalyst. The initial
monomer concentrationwas [BuA], = 2.33mol/l. The
kinetic plots for a calculktedfinal degreeof polymeriza-
tion, DP, = 100, are presentedn Fig.1 and 2. A linear
first-order time-conversionplot is observedindicating a
constantnumberof growing radicals. The numberaver
age molecular weightsof the polymersincreaselinearly
with converson and are close to the calcuated values
(Fig. 1 and 2). The polydispersityindex first deceases
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Fig.1. First-ordertime-conversiomlot of the ATRP of BUA in
ethylacdateat 80°C. [BuA], : [MBP], : [CuBr], : [PMDETA] =
100:1:2:2
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Fig.2. Numberaveragemolecular weight and polydispesity
indexversusconversiorfor thetime-convesionplot in Fig. 6

with conversionand then remairs at low values (M,/
M, = 1.15). Thesereslts showthattermination andtrans-
fer reactionsareinsignificant atlow molecularweights.

In the next experimem, the conantrationof the initia-
tor wasreducedby afactor of 10in orderto obtainhigher
molecularweights(DP, = 1000). In orderto increasethe
polymerizaion rate, copper powder was added. Cu(0)
transforms Cu(ll) (formed during termination evens)
backto Cu(l)™. Now, thefirst-ordertime-conversiorplot
(Fig. 3) shows a distinct downward curvatue. This is
eadly expainedby sone terminationreactonsleadingto
an increasein the concentrationof Cu(ll) shifting the
activation equilibrium toward the dormant side, since
Ry o [Cu(]/[Cu(i) ™.

A downwad curvatue is also observedn the plot of
M, (asdeternined by GPCusinglinear PBUA standard)
versus convesion (Fig. 4), and the polydispersty index
increass with convesion up to a value of M,/M, = 1.9.
Termination by recomlination would rather lead to an
upwad curvatue of the plot of M, vs conversbn and a
polydispersiy of 1.5. Thus, a reasonableexplanation
coud bechai transfer
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Fig.3. First-oder time-convesion plot of the polymerizaion
of BUA in ethyl acdate at 80°C. [BuA]o : [MBP], : [CuBr]o:
[PMDETA] : [Cu]p=1000:1:2:2:2
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Fig.4. Numberaverage molecular weights determined by
GPC using linear PBUA standads (m) or universal calibration
(v), aswell as polydispesity index (A) versusconvesion for
thetime convesionplotin Fig. 3

When M, is detamined by using a viscasity detector
and universa calibration'?, the downward curvatue is
lesspronounce. Since branchedpolymers havea lower
hydrodyramic volumethanlinear ones the polymes will
elute later in GPC leading to an apparently lower M,
value GPC sepaates accoding to the hydrodynamic
volume thusthe productof intrinsic viscosty andmole-
cular weight of branchel structuresequalsto that of lin-
ear onesat a given elution volume (Vi = [#]or * Mo =
[#]in * Miin). Thus,moleculr weights deternined by GPC
using a viscosity detectorare not affected by branching,
in contrasto values determinedrom calibrationwith lin-
ear standads. The obseved deviationof M, valuesthus
indicatesthe existenceof branchedstructures.

This is further corraboratedby Mark-Houwink plots
obtainedfrom on-line viscosity measurerants of PBUA
samplesat differert convesions (Fig.5). At a given
molecubrweight theintrinsic viscesity is lower for poly-
mersobtainedat higher convesions.The Mark-Houwink
parameer of the higher molecubr weight sample(95%
converson), a = 0.62+ 0.02, is significantly lower than
that obtained at 50% converson (« = 0.67+0.01), and
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Fig.5. Mark-Houwink plots of PBuA sampleswith corre-
spondingmolealar weight distribuions synthesized by ATRP
at 50% convesion ( ), a =0.67+0.01, and at 95% con-
version(* * +),a=0.62+0.02

this value is againlower than that of linear PBUA stan-
dardsmace by anionic polymerizaion'® (a = 0.716 indi-
cating an increasingy branchel structure. The contac-
tion factor, g’ = [#]uranched[#]inean Steadly decreaseswith
increasingmolecula weight.

The existenceof branchedstructurescan be explained
by transferto polymer. Recenly, Ahmad et al!® gave
NMR evidencefor transferto polymer in the conven
tional radical polymerization of BuA. The transfercon
stanthasnot beendeternined sofar, sinceit is a conmpli-
catedfunction of monomerconcentationandconverson.
Transferto polymer shouldnot effect M,, sincethe total
numberof chairs remainsconstant.

The resdual downward curvatue of M, obtained by
universal calibraton comparedto the theaetical line
could be expained by transferreactiors to solvent,ethyl
acetate or monomerBuUA. In principle, the transfercon-
stantof the monomer(kyw/k, = 2 x 10° at 90°C; kyu/k,
= 8 x 10° at 70°C®) is too low to affect the molecuhr
weight so strangly. The transkr constantof ethyl acetate
has not beendeterminedso far, but it should be lower
than that of ethyl propionae (k.g/k, = 2.6 x 10* at
90°C') becausethyl acetatdacksseconary protons

Conclusions

GPC-viscaity coupling givesgoodevidencefor the exis-
tenceof chaintransferin the ATRP of butyl acryjate at
high molecuar weights. From the mechanismof con-
trolled radcal polymerizaion it becomesglearthattrans-
fer reactons cannotbe suppressedrhe main principle of
terminatian controlis the decreasen free radicalconcen-
trationwhich decreaseghe probaility of radcal encoun-
ters necessar for recombinaibn or disproprtionation,
R/R, o< [PT/[M]. Howeve, no effect is expectedon the
probability of a givenradcal to undergo transfe whichis
given by the ratio of concentration of the transfe agent
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[TA], to monomerand, thus, indepenént of the radical
concentation, R/R, = ke[TA)/k,[M]. Sincethe propagat-
ing species is still a free radical, its selectvity, Ky/ky
shouldremainunchamged. Similarly, it will be difficult to
polymeriz monomes which areliable to monomertrans-
fer (dueto tertiaty hydrogensg.g. 2-ethylheyl acrylate)
to high molecubr weights. Polymeizations should be
performed at lower temperaturesincethe enegy of acti-
vation for transfe is higherthanthat for polymerizaion

(Ea,tr > Ea,p)-
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