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SUMMARY: Polymers prepared by atom transfer radical polymerization (ATRP) contain end groups defined
by the initiator used. Alkyl halides, used as initiators, lead to polymers with an alkyl group at one end and a
halide as the other chain end. Using functionalized initiators such as 2-hydroxyethyl 2-bromopropionate,
hydroxyl groups can be directly incorporated at one polymer chain end while the other end functionality
remains a halogen. The direct displacement of the halogen end groups with hydroxyl groups was unsuccess-
ful due to side reactions such as elimination (for polystyrene) or hydrolysis of ester functions (for polyacry-
late). Another approach to generate hydroxyl end groups was based on the substitution of the halogen end
groups by ethanolamine. This was successful for polystyrene but additional substitution at the backbone
esters was observed in polyacrylates. Multiple substitution reactions could be avoided by using 4-aminobu-
tanol instead of 2-aminoethanol. Hydroxyl terminated polyacrylates were also obtained by extending the
polyacrylate chain end with one allyl alcohol unit in a one-pot process by adding an excess of allyl alcohol at
the end of e polymerization of acrylate.

Introduction
Atom Transfer Radical Polymerization (ATRP) combines
the advantages of a radical polymerization with the fea-
tures of a controlled polymerization process1–2). A large
range of vinyl monomers can be (co)polymerized, even in
the presence of different functionalities and impurities
such as water. The control over the radical polymerization
allows to produce polymers with molecular weights pre-
determined by DP =D[M] 0/D[I] 0, whereD[M] 0 andD[I] 0

are concentrations of reacted monomer and initiator, with
low polydispersities and control over functionalities3–4).
To obtain functionalized polymers, different approaches
are feasible with ATRP5). The controlled polymerization
of functionalized monomers such as poly(2-hydroxyethyl
methacrylate)6), poly(2-hydroxyethyl acrylate)7), poly(-
glycidyl acrylate)8) and poly(dimethylaminoethyl metha-
crylate)9) to yield polymers with functional side groups
has already been reported. The use of functionalized
initiators leads to macromolecules with end functional-
ities in the polymer chains because the incorporation of
the initiator is inherent in the mechanism of ATRP
(Scheme 1). The most commonly used initiator in ATRP

is an alkyl halide, RX. The alkyl group, R, becomes one
end group and the halide, X, the other end group of the
polymer chain. End-functional polymers are prepared
when the alkyl part contains functionalities such as epox-
ides, esters or hydroxyl groups5, 10–11).

The third method to incorporate functionalities in the
polymer chains is the chemical modification of the halo-
gen end groups12). As mentioned before, the use of an
alkyl halide as initiator generates a halogen at one chain
end. When di-, tri- or multifunctional initiators are used,
halogen terminated telechelic or star-like polymers are
produced. These halogen end groups can be transformed
by means of standard organic procedures. The resulting
telechelics, for example with hydroxyl end groups, may
be further used in the synthesis of polyurethanes.

In this report, the introduction of hydroxyl end groups
in polymers prepared by ATRP is described. Since the use
of functional monomers has already been reported by our
group6–9, 13), this report will focus on the introduction of
hydroxyl groups via functional initiators and especially
via end group transformation reactions. The transforma-
tion reactions include solvolysis, nucleophilic substitution
and radical reactions. The latter modification method is
based on the extension of the polymer chain with one less
reactive functional monomer unit such as allyl alcohol.
This extension procedure can be applied in a one-pot pro-
cess by adding the less reactive monomer to the polymer-
ization mixture at high conversion. A similar ‘end-cap-
ping’ procedure for living radical polymerization of
methyl methacrylate has been reported by Sawamoto14).
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Scheme1: Mechanism of ATRP
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Experimental part

Materials

Tetrahydrofuran(THF) wasdistilled from Na/benzophenone.
CuBr was purified by stirring in acetic acid, washingwith
methanolandthendrying. Styrenehasbeenpassedthrough
alumina, methyl acrylatewas distilled. All other reagents,
purchasedfrom Aldrich or Acros,wereusedasreceived.

Analysis

Gel permeationchromatography(GPC)measurementswere
carriedout usinga Waters510 liquid chromatographypump
equippedwith eitherfour Phenogelcolumns(100Å, 1000Å,
linear andguard)or PSSGPCcolumns(guard,105 Å, 103 Å
and 102 Å), with a Waters 410 differential refractometer.
Calibrationwasperformedwith linearpolystyrenestandards.
Similar resultswereobtainedwith bothsystems.A 300MHz
Bruker NMR spectrometerwas usedfor 1H NMR. Electro-
sprayIonization (ESI) MS wasconductedusinga Finnegan
LCQ, equippedwith anoctupoleandanion trapmassanaly-
zer. Polymersolutions(10–4 M in methanol, dopedwith H+ or
Na+) wereinjectedat 7 ll/min.

Synthesis

2-Hydroxyethyl2-bromopropionatewas obtainedthrougha
coupling reactionof 2-bromopropionylbromide with ethy-
lene glycol and purified by destillation (b.p. 328C–378C/
0.2mm Hg)15).

2-Hydroxyethyl 2-bromopropionate as initiator of poly-
(methylacrylate): CuBr, 4,49-di(nonan-5-yl)-2,29-bipyridine,
methyl acrylateand 2-hydroxyethyl2-bromopropionateina
ratio (0.4/0.8/46/1)were,after degassing,reactedat 1008C
for 1.25h (90% conversion).The resultingpolyacrylate(M

—
n

= 3200,M
—

w/M
—

n = 1.24)wasprecipitatedin hexane.
1H NMR (CDCl3): d = 4.38 (1CH21OCO1), 4.27

(1CH(CO2Me)1Br), 3.60 (1CO2Me), 3.50 (1CH21OH),
2.53–1.40(1CH21CH1), 1.17(1CH3) ppm.

ESIMS: m/z= [117 (initiator) + n 86 (pMA backbone)+
79 (or 81) (1Br) + 1 (H)]+.

2-Hydroxyethyl2-bromopropionateasinitiator of polystyr-
ene:StyrenewaspolymerizedusingCuBr, 2,29-dipyridyl and
initiator (1/3/1)at 1108C. Theresultingpolymer(GPC:M

—
n =

2850,M
—

w/M
—

n = 1.29;1H NMR: M
—

n = 2080)wasprecipitated
in methanol.

1H NMR (CDCl3): d = 7.20–6.27 (1Ph), 4.40
(1CH(Ph)1Br), 4.28 (1CH21OCO1), 3.35 (1CH21OH),
2.25–1.20(1CH21CH1), 0.93(1CH3) ppm.

Solvolysis of halogen end groups: Water (15ml) and
CaCO3 (3.66g, 35mmol) wereaddedto a solutionof 1-phe-
nylethyl bromide (7 mmol) in 1,4-dioxane(15ml) and the
reactionmixture was refluxed overnight.The solution was
cooledto roomtemperatureanddioxaneevaporated.Methy-
lene dichloride (30ml) was added,followed by treatment
with dilute HCl until all solids had dissolved.The organic
phasewasseparated,washedwith a NaHCO3 solution,dried
overMgSO4, andfiltered. Yield: 40%.1H NMR (CDCl3): d =

7.25–7.40(m, 1Ph), 4.92(q, 1CH1), 1.83(b, 1OH), 1.51
(d,1CH3) ppm.

The sameprocedurewas applied to methyl 2-bromopro-
pionate.A mixtureof productswasobtained,partialhydroly-
sisof themethylesterwasobserved.

Also polystyrenewith bromine end groups was reacted
using the sameexperimentalconditions.From the 1H NMR
spectrum,it was estimatedthat 70% solvolysis (hydroxyl
end groups)and 30% elimination (alkeneend groups)had
occurred.

Nucleophilicsubstitution of thebromineendgroups:Poly-
styrene(M

—
n = 980, M

—
w/M

—
n = 1.15) with bromineendgroups

wasdissolvedin dimethyl sulfoxide (DMSO) and triethyla-
mine (30 eq.) and a 10-fold excessof ethanolaminewas
added.After stirring for 48 h at roomtemperature, the poly-
mer, pSty1NH1CH21CH21OH, wasprecipitatedin metha-
nol.

1H NMR (CDCl3): d = 7.30–6.30 (1Ph), 3.35
(1CH21OH), 3.15 (1CH(Ph)1NH1), 2.35 (NH1CH21),
2.2–1.15(1CH21CH1), 1.0(1CH3, initiator) ppm.

ESIMS: m/z= [105 (initiator) + n 104 (pSty backbone)+
60 (1NH1CH21CH21OH) + 1 (H)] +.

Poly(methyl acrylate) was reactedwith 4-aminobutanol
usingthesamereactionconditions.pMA1NH1(CH2)41OH
wasobtained.

ESIMS:m/z= [87 (initiator) + n 86 (pMA backbone)+ 88
(1NH(CH2)4OH) + 1 (H)] +.

Radicaladdition to allyl alcohol: Methyl acrylate(1.3ml,
14 mmol) waspolymerizedusingCuBr, N,N,N9,N99,N99-penta-
methyldiethylenetriamine and methyl 2-bromopropionate
(0.1/0.1/1mmol). After 3 h at 408C, allyl alcohol(2 ml) and
Cu(0) (20mg) wereadded.After stirring overnightat 408C,
themixturewasfiltered overaluminaandthepolymer(M

—
n =

780,M
—

w/M
—

n = 1.19)wasprecipitatedin hexane.
To provetheincorporationof oneallyl alcoholmoleculeat

the chain end, 1H NMR (CDCl3) was used.Trichloroacetyl
isocyanatewas added to the NMR-tube to convert the
1CH2OH group,thepeakof which wasoverlappingwith the
esterpeaksof the polymer backbonein the 1H NMR spec-
trum, into 1CH2OCO1NHCO1CCl3, visible at 4.50ppm.

ESIMS:m/z= [87 (initiator) + n 86 (pMA backbone)+ 58
(1CH21CH(CH2OH)1) + 81 (or 79) (1Br) + 23 (Na)]+.

Resultsand discussion
In the following sections, the introduction of hydroxyl
groupsin polymer chains preparedby ATRP wil l be dis-
cussed. First, the use of functionalized initiators is
described.Then,the transformation of theendgroups via
solvolysis,nucleophilic substitution or radical addition is
discussed.

ATRPwith a functionalizedinitiator

2-Hydroxyethyl 2-bromopropionate wasusedas initiator
for the polymerization of methyl acrylate and styrene.
For methylacrylate,thepolymerizationwasperformedin
bulk with CuBr/4,49-di(nonan-5-yl)-2,29-bipyridine (1/2)
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as a metal/ligand complex. The theoretical(M
—

n = 3200)
andobtainedmolecular weight(M

—
n = 3700)were in good

agreement andpoly(methyl acrylate) with a low polydis-
persity(M

—
w/M

—
n = 1.24)wasobtained.Thepresenceof the

initiating moietyandthebromineendgroupwereverified
by 1H NMR andESIMS; the spectraareshown in Fig. 1
and Fig. 2, respectively. In the ESIMS spectrum, singly
charged(H+) species,m/z= [117 + n686 + 79 (81) + 1]+,

Fig. 1. 1H NMR spectrumof poly(methylacrylate),initiatedby 2-hydroxyethyl2-bromopropionate

Fig. 2. ESIMSspectrum of poly(methyl acrylate),initiated by 2-hydroxyethyl2-bromopropionate
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and doubly charged (H+, Na+) species,m/z = 1/2 [117 +
n686 + 79 (81) + 1 + 23]++, were observed. The doubly
charged specieshappenedto overlap partially with the
singly chargedmolecules,therefore the typical patternof
the isotopesfor bromo-terminatedchains(79Br/81Br: 50.5/
49.5)waslessresolved.

For polystyrene, similar reactionconditionswere used.
However, themolecularweightobtainedwas35%higher
thanthecalculatedmolecular weight (based on themole-
cularweightobtainedby NMR). Thedifference in theore-
tical andobtainedmolecularweight is possibly dueto an
intramolecular cyclization reactionat the early stageof
the styrenepolymerizationor to bimoleculartermination
during the initiation step.The polydispersity was fairly
low, M

—
w/M

—
n = 1.29.Thepresenceof thehydroxyl andbro-

mineendgroupswere confirmedby 1H NMR.
In conclusion,hydroxyl end groups were successfully

incorporated usinga hydroxyl containing initiator for the
ATRPof styreneandacrylates.

Conversionof analkyl halideinto analcohol,
solvolysis

The direct displacement of a halogen by an alcohol is
often accompaniedby sidereactions suchaselimination.
The successof the existing methodswhich includealka-
line and metal-mediated hydrolysis is largely dependent
on the halocompound used16–18). Nevertheless,1-phenyl-
ethyl bromide and methyl 2-bromopropionate were
refluxed with calcium carbonatein a mixture of water
and 1,4-dioxane, and the products were extracted with
methylene chloride. 1-Phenylethyl bromide was con-
verted to sec-phenylethyl alcohol but the yield was low
(40%). The reaction with methyl 2-bromopropionate
resultedin a mixture of products, and partial hydrolysis
of themethylesterwasobserved. Whenpolystyrenewith

bromineendgroups(M
—

n = 1230, M
—

w/M
—

n = 1.14)wastrea-
ted under the samereaction conditions, 1H NMR indi-
catedthat the resulting product washydroxyl-terminated
polystyrene(70%) mixed with alkene-terminated poly-
styrene(30%) becauseof elimination.

To conclude, the solvolysis of the bromineendgroups
wasunsuccessfulbecauseof the occurrenceof sidereac-
tions,thereforeother methodsto transform thehalideinto
hydroxyl endgroupswerestudied.

Nucleophilicsubstitutionof thehalogenendgroup

As shown in previous publications, the halogen end
groupsof polymersprepared by ATRPcanbesubstituted
by good nucleophiles such as azides or primary
amines12,19,20). The reactions werecarriedout under mild
conditions andno significant sidereactionsoccurred.To
achieve quantitative yields, the end groupswere trans-
formed under homogeneousconditions, in solventssuch
as dimethylformamide (DMF) or DMSO, which pro-
motednucleophilic substitution reactions.

From the model studieswith 1-phenylethyl bromide
and methyl 2-bromopropionate,modelsfor respectively
polystyreneandpoly(methyl acrylate),the rateconstants
of the reactions of the modelswith butylamine (1.1 eq.)
in the presence of triethylamine (1.1 eq.) at 258C were
determined (Tab.1). As theseresultsindicated that pri-
mary amines were good and selective nucleophiles to
substitute the bromine end groups,2-aminoethanol was

Tab.1. Rateconstantsfor the reactionsof model compounds
(1 M in DMSO) with butylamine(1.1 eq.), in the presenceof
triethylamine(1.1eq.),at 258C

1-Phenylethyl
bromide

Methyl 2-bromo-
propionate

k/(l N mol–1 N s–1) 7.5 N 10–4 4.6 N 10–3

Tab.2. Reactionconditionsandoutcomeof modelstudiesof 1-PEBr(1-phenylethyl bromide)or MBP (methyl2-bromopropionate)
(1 M in DMSO;moleratiosgiven)with alkanolamines

1-PEBr NH21(CH2)21OH Et3N Resulta) Yieldb)

1 1 1 Me1CH(Ph)1NH(CH2)2OH F 95%
1 2 – Me1CH(Ph)1NH(CH2)2OH F 95%

MBP NH21(CH2)21OH Et3N

1 1 1 Me1CH(COOMe)1NH(CH2)2OH F 95%
1 2 – Me1CH(CO2Me)1NH(CH2)2OH

sideproducts
77%
23%

MBP NH21(CH2)41OH Et3N

1 2 – CH31CH(CO2Me)1NH(CH2)4OH F 95%

a) Resultsweredetermined after24h stirring at roomtemperature.
b) Yieldsweredetermined by 1H NMR of thereaction mixtures.
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studiedasa nucleophile in orderto introducealcoholend
groups. The reactions between1-phenylethyl bromide
and2-aminoethanol (Tab.2) in DMSO at room tempera-
ture occurred without detectable side reactions. With
methyl 2-bromopropionate however, the reactioncondi-
tionshadto bealtered. Methyl 2-bromopropionate mixed
with one equivalent of respectively 2-aminoethanol and
triethylamine gave the expected product in quantitative
yields (Tab.2). When an excessof 2-aminoethanol was
used, disappearance of the methyl ester peak was
observedin the 1H NMR spectrum. This result was
ascribedto the fact that after the substitution of the bro-
mineby 2-aminoethanol,formation of a 6-memberedring
could occur (Scheme2). Af terwards, ring opening by
attackof a second2-aminoethanol molecule could leadto
the doublesubstituted product. With an excessof 2-ami-
noethanol andat higher temperatures,completesubstitu-
tion of the bromine as well as of the methyl esterwas
observed. Thestructureof thedouble substitution product
wasconfirmedby massspectrometry, m/z= 177.

Basedon the resultsof this model study, a selective
substitution of the bromineendgroups of polystyreneby

2-aminoethanol was expected.Reaction of poly(methyl
acrylate)-Br with 2-aminoethanol was expectedto result
in multiple substituted product. As the concentration of
functional end groups attached to polymer chains is
lower, the useof an excessof 2-aminoethanol is neces-
sary to enhancethereaction rate21).

Polystyrene (M
—

n = 980, M
—

w/M
—

n = 1.15) with bromine
end groups was reacted with 10 equivalents of 2-ami-
noethanol in the presenceof triethylamine at room tem-
perature and after 48 h, complete substitution was

Fig. 3. 1H NMR spectrumof polystyrene-NH1CH2CH21OH

Scheme2: Substitutionof thebromineby 2-aminoethanol,fol-
lowedby the formation of a 6-ring intermediateandsubsequent
ring openingby 2-aminoethanol
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observed in 1H NMR. No noticeable side reactions
occurred and the substitution was also confirmed by
ESIMS.Thespectraareshown in Fig. 3 andFig. 4.

As expectedfor poly(methyl acrylate),partial substitu-
tion of the methyl estergroupsfrom the backbone could
not be avoided. Multiple substitution reactions however
could be suppressedby using4-aminobutanol instead of
2-aminoethanol as nucleophile. Model studies (Tab.2)
indicated that when methyl 2-bromopropionate was
reactedwith anexcessof 4-aminobutanol,substitution of
only the brominewasobtained.Poly(methyl acrylate)-Br
reactedwith an excessof 4-aminobutanol resulted in
poly(methyl acrylate)-NH1(CH2)41OH, as indicatedby
theESIMS spectrum(Fig. 5).

In conclusion, nucleophilic substitution of the bromine
endgroups of polystyrenewith 2-aminoethanol is a con-
venient way to obtain hydroxyl groups on polystyrene
chain ends.To obtain hydroxyl terminatedpolyacrylate,
4-aminobutanolhad to be usedasa nucleophilebecause
with 2-aminoethanol, multiple alcohol functionalities
wereincorporatedin thepolyacrylatechain.

Reactionwith lessreactivemonomer

Polymerssynthesized with ATRP contain halogen end
groupsthatcanbere-activatedin thepresenceof a metal/
ligand complex with the formation of radicals. Upon
additionof a secondmonomer, the polymer chaincanbe
extendedwith thatmonomer, resulting in a block copoly-
mer22). However, when allyl alcoholis added,a monomer
which is not polymerizableby ATRP due to a very low
equilibrium constant,radicaladditionwill takeplace,fol-
lowed by deactivation of the chainend(kp(allyl alcohol)

s kd) (Scheme3). Reactivation of the resultingchainend
becomesimpossible, due to the absenceof a stabilizing
groupneartheradicalcenter.

Poly(methyl acrylate) was synthesized in bulk with
CuBr/2,29-dipyridyl and when high conversion was
reached,thepolymer wasdissolvedin allyl alcohol anda
small amountof Cu(0) wasadded.The addition of Cu(0)
enhances the radical generationas Cu(0) and Cu(II)

Fig. 4. ESIMSspectrumof polystyrene-NH1CH21CH21OH

Fig. 5. ESIMS spectrum of poly(methyl acrylate)-
NH1(CH2)41OH

Scheme3: Incorporation of allyl alcohol at the chain end of
poly(methylacrylate)
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metathesize,resulting in two Cu(I) molecules23). After stir-
ring overnight, the polymer waspurified by precipitation
and the incorporation of allyl alcohol at the chain end
(Scheme3) wasconfirmedby ESIMS(Fig. 6).Thisproce-
dure was improved by using CuBr/N,N,N9,N99,N99-penta-
methyldiethylenetriamine (1/1) as metal/ligandcomplex
duringthepolymerizationof acrylate.Theuseof thetria-
mineasligandhadtheadvantage that thepolymerization

mixturewasquitehomogeneousresulting in thesynthesis
of well-defined polymer with lower polydispersity. To
quantify theincorporationof allyl alcoholat thechainend,
1H NMR wasused.Trichloroacetyl isocyanatewasadded
to theNMR-tubeto convert the1CH2OH group, thepeak
of whichwasoverlappingwith theesterpeaksof thepoly-
mer backbone in the 1H NMR spectrum, into CH2O-
CO1NHCO1CCl3, visibleat4.50ppm(Fig. 7).

Fig. 6. ESIMSspectrumof poly(methylacrylate)-CH21CH(CH2OH)1Br

Fig. 7. 1H NMR spectrumof poly(methylacrylate)-CH21CH(CH2OH)1Br
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Addition of allyl alcohol at the endof the polymeriza-
tion of poly(methyl acrylate) is a convenient way to
obtainalcoholendgroupsat thechainend.

Conclusions
Polymers with hydroxyl end functionalities were pre-
paredusing different approaches.Hydroxyl end groups
were incorporatedusing 2-hydroxyethyl 2-bromopropio-
nateasinitiator for theATRPof styreneandacrylate.Sol-
volysis of halogenend groupsof polymersprepared by
ATRP was not successful because of the occurrenceof
sidereactions. Substitutionof the halogenendgroupsof
polystyrene with 2-aminoethanol resulted in hydroxyl
endfunctionalizedpolystyrene.To obtain hydroxyl termi-
natedpoly(methyl acrylate)4-aminobutanolwasusedas
nucleophile, while 2-aminoethanol led to a multiple sub-
stitution product. Addition of allyl alcohol at the end of
theATRPof methyl acrylateresultedalsoin hydroxyl ter-
minatedpoly(methylacrylate).
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