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Synthesis of polymers with hydroxyl end groups by atom transfer
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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 is an alkyl halide, RX. The alkyl group, R, becomes one

Atom Transfer Radical Polymerization (ATRP) combinesend group and the halide, X, the other end group of the

the advantages of a radical polymerization with the feaqolymer chain. End-fungtlonal polym_grs are prepared
tures of a controlled polymerization procss A large when the alkyl part contains functionalities such as epox-

; —-11)
range of vinyl monomers can be (co)polymerized, even iﬁl?l_sﬁ es’;?rj or hi/]drdoxyl _grou‘p%’ ' ¢ onalities in th
the presence of different functionalities and impurities | et Irh met_ ohto |rr]1corpo|rate d#_nctl_ona 'tf'eﬁ |r;1t|e
such as water. The control over the radical polymerizatioﬂO yme(rjc alns%;s ; € chemica dml;) f' |cat|ohn of the fao-
allows to produce polymers with molecular weights pregen end grouﬁ_ - AS mentioned before, the use o an
determined by DP A[M] /A[l] o, whereA[M] o and A[l] o alkyl halide as |n!t|ator ger\eratgs a h.aliolgen at one chain
are concentrations of reacted monomer and initiator, Witﬁnd' When d'f' tri- or mult|fupct|onal |n|t_|ators are used,
low polydispersities and control over functionalifigs alogen terminated telechelic or star-like polymers are
To obtain functionalized polymers, different approachegmduced' These halogen enq groups can be transformed
are feasible with ATRP. The controlled polymerization by means of standard organic procedures. The resulting
of functionalized monomers such as poly(2-hydroxyeth)}fliChi“Cs’ fo(rj gxe;]mple V\;]'th .hyc]Icrox?/I endhgroups, may
methacrylaté), poly(2-hydroxyethyl acrylaté) poly(- °€ urrtf eruse |nht e synthesis o ]Pﬁ yuret Ianes.
glycidyl acrylate} and poly(dimethylaminoethyl metha- N this report, the introduction of hydroxyl end groups
crylatep to yield polymers with functional side groups'n polymers prepared by ATRP is described. Since the use
has already been reported. The use of functionalize(g functlor)wal monomers has already been reported by our
-9,13 ; ; ; ;
initiators leads to macromolecules with end functionalgrourja , this report will focus on the introduction of

ities in the polymer chains because the incorporation &ydroxyl groups via functional initiators and especially

the initiator is inherent in the mechanism of ATRPVia end group transformation reactions. The transforma-

(Scheme 1). The most commonly used initiator in ATRFUOH reactions include solvolysis, nucleophilic substitution
' and radical reactions. The latter modification method is

based on the extension of the polymer chain with one less

Schemel: Mechanisn of ATRP reactive functional monomer unit such as allyl alcohol.
This extension procedure can be applied in a one-pot pro-
R-P,-X + Cu /L® == Rop_°*+ X_Cun/L@ cess by adding the less reactive monomer to the polymer-
.k ization mixture at high conversion. A similar ‘end-cap-
Qr) - N ping’ procedure for living radical polymerization of
monomer Parn methyl methacrylate has been reported by Sawatfioto
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Experimental part

Materials

Tetrahydrofura THF) wasdistilled from Na/benzophenone.

CuBr was purified by stirring in acetic acid, washingwith
methanoland thendrying. Styrenehasbeenpassedhrough
alumina, methyl acrylate was distilled. All other reagents,
purchasedrom Aldrich or Acros,wereusedasreceived.

Analysis

Gel permeationchromatography{GPC) measurementa/ere
carriedout usinga Waters510 liquid chromatographyump
equippedwith eitherfour Phenogetolumns(100A, 1000A,
linearandguard)or PSSGPCcolumns(guard,10° A, 10° A
and 1¢* A), with a Waters 410 differential refractometer
Calibrationwasperformedwith linear polystyrenestandards.
Similar resultswereobtainedwith both systemsA 300MHz
Bruker NMR spectrometewas usedfor *H NMR. Electro-
spraylonization (ESI) MS was conductedusinga Finnegan
LCQ, equippedwith anoctupoleandanion trap massanaly-
zer. Polymersolutions(10 m in methano) dopedwith H* or
Na") wereinjectedat 7 pl/min.

Synthesis

2-Hydoxyethyl 2-bromoppopionate was obtainedthrough a
coupling reactionof 2-bromopropionylbromide with ethy-
lene glycol and purified by destillation (b.p. 32°C-37°C/
0.2mm Hg)™®.

2-Hydroxyethyl 2-bromopopionate as initiator of poly-
(methylacrylate): CuBr, 4,4-di(nonan-5-yl)-2,2bipyridine,
methyl acrylateand 2-hydroxyethyl 2-bromopropionateira
ratio (0.4/0.8/46/1)were, after degassingreactedat 100°C
for 1.25h (90% conversion) The resultingpolyacrylate(M,
=3200,M./M, = 1.24)wasprecipitatedn hexane.

'H NMR (CDClk): 6 = 4.38 (—CH,—OCO—), 4.27
(—CH(CO.Me)—Br), 3.60 (—CO.Me), 3.50 (—CH,—OH),
2.53-1.40(—CH,;—CH—), 1.17(—CH,) ppm.

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

2-Hydroxyethyl2-bromopopionateasinitiator of polystyr
ene:StyrenewaspolymerizedusingCuBr, 2,2-dipyridyl and
initiator (1/3/1) at 110°C. Theresultingpolymer(GPC:M, =
2850, M,/M, = 1.29;*H NMR: M, = 2080) was precipitated
in methanol.

'H NMR (CDCk): 6 = 7.20-6.27 (—Ph), 4.40
(—CH(Ph)—Br), 4.28 (—CH,—0OCO—), 3.35 (—CH,—OH),
2.25-1.20(—CH;—CH—), 0.93(—CH3) ppm.

Solvolysis of halogen end groups: Water (15ml) and
CaCqQ (3.66g, 35 mmol) wereaddedto a solutionof 1-phe-
nylethyl bromide (7 mmol) in 1,4-dioxane(15ml) and the
reactionmixture was refluxed overnight. The solution was
cooledto roomtemperatureanddioxaneevaporatedMethy-
lene dichloride (30 ml) was added,followed by treatment
with dilute HCI until all solids had dissolved.The organic
phasewasseparatedwashedwith a NaHCG; solution,dried
overMgSQ,, andfiltered. Yield: 40%.*H NMR (CDCly): 6 =
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7.25-7.40(m, —Ph), 4.92(q, —CH—), 1.83(b, —OH), 1.51
(d, —CHs) ppm.

The sameprocedurewas appliedto methyl 2-bromopro-
pionate A mixture of productswasobtained partial hydroly-
sisof themethylesterwasobserved.

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

Nucleophilicsubstitution of the bromineendgroups:Poly-
styrene(M, = 980, M,/M,, = 1.15) with bromineend groups
was dissolvedin dimethyl sulfoxide (DMSO) and triethyla-
mine (30 eq.) and a 10-fold excessof ethanolaminewas
added After stirring for 48 h at room temperatue, the poly-
mer, pSty—NH—CH,—CH,—OH, wasprecipitatedn metha-
nol.

'H NMR (CDCk): ¢ = 7.30-6.30 (—Ph), 3.35
(—CH,—OH), 3.15 (—CH(Ph)—NH—), 2.35 (NH—CH,—),
2.2-1.15(—CH,;—CH—), 1.0(—CHj, initiator) ppm.

ESIMS: m/z= [105 (initiator) + n 104 (pSty backbone)+
60 (—NH—CH,—CH,—OH) + 1 (H)] *.

Poly(methyl acrylate) was reactedwith 4-aminobutanol
usingthe samereactionconditions.pMA—NH—(CH,),—OH
wasobtained.

ESIMS:m/z= [87 (initiator) + n 86 (pMA backbone)+ 88
(—NH(CH),OH) + 1 (H)] *.

Radicaladditionto allyl alcohol: Methyl acrylate(1.3ml,
14 mmol) waspolymerizedusing CuBr, N,N,N',N”,N"-penta-
methyldiethyleneiamine and methyl 2-bromopropionate
(0.1/0.1/2mmol). After 3 h at40°C, allyl alcohol (2 ml) and
Cu(0) (20 mg) were added After stirring overnightat 40°C,
the mixture wasfiltered over aluminaandthe polymer (M, =
780, M./M, = 1.19)wasprecipitatedn hexane.

To provetheincorporationof oneallyl alcoholmoleculeat
the chainend,*H NMR (CDCly) was used.Trichloroacetyl
isocyanatewas added to the NMR-tube to convert the
—CH,OH group,the peakof which wasoverlappingwith the
esterpeaksof the polymer backbonein the *H NMR spec-
trum, into —CH,OCO—NHCO—CCI;, visible at4.50ppm.

ESIMS:m/z= [87 (initiator) + n 86 (pMA backbone)}+ 58
(—CH;—CH(CH,OH)—) + 81 (or 79) (—Br) + 23 (Na)T".

Resultsand discussion

In the following sectias, the introduction of hydroxyl
groupsin polymer chairs preparedby ATRP will be dis-
cussed First, the use of functiondized initiators is
descibed. Then,the transformatbn of the endgrouys via
solwolysis, nucleoplilic substituton or radcal addtion is
discuwssed.

ATRPwith a functionalizednitiator

2-Hydroxyethyl 2-bromopppionat was usedas initiator
for the polymeization of methyl acrylate and styrene.
For methylacrylate, the polymerizationwasperformedin
bulk with CuBr/4,4-di(nonanb-yl)-2,2-bipyridine (1/2)
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Fig.1. *H NMR spectrunof poly(methylacrylate),initiated by 2-hydroxyethyl2-bromopropionte
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Fig.2. ESIMSspectum of poly(methyl acrylate),initiated by 2-hydroxyethyl2-bromopopionate

as a metal/ligand complex The theoretical(M, = 3200 initiating moiety andthe bromine endgroupwereverified
andobtainedmolecula weight (M, = 3700)werein good by *H NMR and ESIMS; the spectraare shown in Fig. 1
agreemehand poly(methyl acrylate) with a low polydis- and Fig. 2, respectivgy. In the ESIMS spectrum, singly
persity (M,/M, = 1.24)wasobtained.The presenceof the chaged(H*) speciesm/z=[117+ nx 86+ 79(81) + 1",
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anddouwly chaged (H*, Na") speciesywz = 1/2 [117 +
nx 86+ 79 (81) + 1 + 23], were observed The doubly
chaged specieshappenedo overlap pattially with the
singly chaged molecuks,therebre the typical patternof
the isotopedor bromo-erminatedchains ("Br/#'Br: 50.5/
49.5)waslessresolved

For polystyrene similar reactioncondiions were used.
However the molecularweight obtainedwas 35% higher
thanthe calculatedmolecubr weight (basel on the mole-
cularweightobtainedby NMR). Thedifferen@ in theore-
tical and obtainedmolecularweight is possilly dueto an
intramolewlar cyclization reactionat the early stageof
the styrenepolymerizationor to bimoleculartermination
during the initiation step. The polydispersiy was fairly
low, M,/M, = 1.29. The presaceof the hydroxyl andbro-
mine endgrougs were confirmedby *H NMR.

In conclusion, hydroxyl end groups were succeshully
incorporded usinga hydroxyl containng initiator for the
ATRP of styreneandacnylates.

Conversiorof analkyl halideinto an alcohol,
solvolysis

The direct dispdacement of a halogen by an alcohol is
often acconpaniedby sidereactons suchaselimination.
The succesf the existing methodswhich include alka
line and metal-medhted hydrolysis is largely dependat
on the halacompound used®'®. Nevertheless1-pheryl-
ethyl bromide and metyl 2-bronopropiorate were
refluxed with calcium carbonatein a mixture of water
and 1,4-dixane, and the produds were extraced with
methylene chloride. 1-Pheaylethyl bromide was con-
vertedto seecphenyethyl alcohol but the yield was low
(40%). The readion with methyl 2-bronopropiorate
resultedin a mixture of prodicts, and partial hydrolysis
of the methyl esterwasobservedWhenpolystyrenewith
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bromineendgroups(M, = 1230, M./M, = 1.14)wastrea
ted under the samereadion conditions, 'H NMR indi-
catedthat the resulting prodict was hydroxyl-terminated
polystyrene (70%) mixed with alkeneterminatd poly-
styrene(30%) becausef eliminaton.

To condude, the solvolysk of the bromineend groups
wasunsucessfulbecausef the occurrance of sidereac
tions, thereforeother metodsto transfam the halideinto
hydroxyl endgroups were studed.

Nucleophilicsubstitutionof the halogenendgroup

As shown in previous publicafons, the halogen end
groupsof polymersprepare by ATRP canbe substitued
by good nucleophiles such as azides or primary
amines?1%29, The reactons were carriedout under mild
conditions and no significant side reactionsoccurred.To
achieve gquantitative yields, the end groupswere trans-
formed under homogneousconditions, in solventssuch
as dimetylformamide (DMF) or DMSO, which pro-
moted nudeophilic subsitution reactons.

From the model studieswith 1-pherylethyl bromide
and methyl 2-bromoprojonate, modelsfor respectively
polystyreneand poly(methyl acrylate),the rate constants
of the reactiors of the modelswith butylamine (1.1 eq.)
in the presace of triethylamine (1.1 eq.) at 25°C were
detemined (Tab.1). As theseresultsindicatel that pri-
mary amines were good and selective nucleophiles to
subsitute the bromine end groups, 2-aminoehanol was

Tab.1. Rateconstantdfor the reactionsof model compounds
(1 m in DMSO) with butylamine(1.1 eq.), in the presenceof
triethylamine(1.1eq.),at25°C

1-Phaylethyl Methyl 2-bromo-
bromide propionate
K(-mott-sy) | 7.5-10% 46 10°

Tab.2. Reactionconditionsandoutcomeof modelstudiesof 1-PEBr(1-phenylethyl bromide)or MBP (methyl2-bromopropioate)

(1 m in DMSO; moleratiosgiven)with alkandamines

1-PEBr NH;—(CH,),—OH Et;N Resul® Yield?

1 1 1 Me—CH(Phy—NH(CH,),OH = 95%

1 2 - Me—CH(Ph)—NH(CH,),OH = 95%

MBP NH;—(CH,),—OH EtN

1 1 1 Me—CH(COOMe)—NH(CH,),OH = 95%

1 2 - Me—CH(COMe)—NH(CH,),OH 77%
sideprodicts 23%

MBP NH;—(CH,)—OH Et:N

1 2 - CH;—CH(CO,Me)—NH(CH,),OH = 95%

¥ Resulsweredeterming after 24 h stirring atroomtempeature.

b Yieldsweredeterming by *H NMR of thereactio mixtures.
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H NMR spectrunof polystyreneNH—CH,CH,—OH

studiedasa nucleoplile in orderto introducealcoholend
groups. The reactons between 1-pherylethyl bromide
and2-amnoethanb (Tab.2) in DMSO at room tempea-
ture occured without detectble side reactions. With
methyl 2-bromoproponate however the reaction condi-
tionshadto be altered Methyl 2-bromopopionde mixed
with one equivalet of respetively 2-aminoethanl and
triethylamine gawe the expeced prodwct in quantiative
yields (Tab.2). When an excessof 2-aminoehanol was
used, disappeaance of the methyl eger peak was
observedin the *H NMR spectrum This result was
ascribedto the fact that after the substtution of the bro-
mine by 2-aminoghanol,formation of a 6-memkeredring
could occur (Scheme2). Afterwards,ring opening by
attackof a second2-aminoethanl molecuk could leadto
the doublesubstitutel prodict. With an excessof 2-ami-
noethanb and at highertemperatues, conplete subsitu-
tion of the bromine as well as of the methyl esterwas
observedThe structureof the douwble subsitution prodict
wasconfirmed by massspectometry m/z= 177.
Basedon the resultsof this model study, a selectve
substituton of the bromineendgroups of polystyreneby

4.00 3.00 2.00 1.00

Scheme2: Substitutionof the bromineby 2-aminoethanolfol-
lowed by the formation of a 6-ring intermediateand subseqgant
ring openingby 2-aminoethanlo
NH,-(CH,),-OH
Et;N

CH,-CH-Br CH3-CH-NH-(CH,),-OH

l

HN
NHp-(CH,),-OH  H;C )
- ————
o

o}

COOMe COOMe

CH,-CH-NH-(CH,),-OH

CONH(CH,),-OH

2-aminoethanl was expected.Reacton of poly(methyl
acnjlate)-Br with 2-aminoethanl was expectedto result
in multiple subsituted prodwct. As the concentation of
functional end groups attacked to polymer chairs is
lower, the useof an excessof 2-aminoethand is neces-
say to enhancehereadion rate??.

Polystyene (M, = 980, M,/M, = 1.15) with bromine
end grougs was reacta with 10 equivalens of 2-ami-
noghanolin the presenceof triethylamine at room tem
perature and after 48 h, complete subsitution was
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Fig. 4. ESIMSspectrunmof polystyreneNH—CH,—CH,—OH

observedin 'H NMR. No noticeabé side reactions
occurred and the substituton was also confirmed by
ESIMS.Thespectraareshown in Fig. 3 andFig. 4.

As expectedfor poly(methyl acrylate), partial subsitu-
tion of the metyl estergroupsfrom the backbor coud
not be avaded. Multiple substituton reactons howeve
could be suppressethy using4-amnobutarl instead of
2-aminoehanol as nucleophile. Model studes (Tab.2)
indicated that when methyl 2-bronopropiondae was
reactedwith an excesf 4-aminotutanol, substituton of
only the brominewasobtained.Poly(mehyl acrylate)-B
reactedwith an excessof 4-amnobutaml resultedin
poly(mettyl acrylate)-NH—(CH,),—OH, as indicatedby
the ESIMS spectrum(Fig. 5).

In conclusia, nucleoplilic substituton of the bromine
endgroups of polystyrenewith 2-aminoebanolis a con-
venient way to obtain hydroxyl groups on polystyrene
chain ends.To obtain hydroxyl terminatedpolyacrylate
4-aminolutanol hadto be usedasa nucleophilebecause
with 2-aminoehanol, multiple alcohol functionalities
wereincorporatedin the polyacrylate chain.

Reactionwith lessreactivemonomer

Polymers syntheized with ATRP contain halogen end
groupsthatcanbere-activatedin the presenceof a metal/
ligand complex with the formation of radicals. Upon
addition of a secondmonomer the polymer chaincanbe
extendedwith thatmonomer resultirg in a block copoly
mer?. However when allyl alcoholis added,a monomer
which is not polymerizableby ATRP dueto a very low
equilibrium constantyadicaladditionwill takeplace,fol-
lowed by deactvation of the chainend (ky(allyl alcolol)
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Scheme3: Incorporation of allyl alcohd at the chain end of
poly(methylacrylate)

CuBr/Ligand

excess allyl alcohol

A (CHy-CH),-Br A (CHZ-CH)H-CHz-C\H-Br

COOMe CH,OH

COOMe

< kg) (Scheme3). Reactivaton of the resultingchainend
becanesimpossilte, due to the absenceof a stabilizing
groupneartheradicalcenter

Poly(mehyl acrylate) was synthe&zed in bulk with
CuBr/2,2-dipyridyl and when high convesion was
readed,the polymer wasdissolvedin allyl alcotol anda
smal amountof Cu(0) wasadded. The addiion of Cu(0)
enhancesthe radcal generationas Cu(0) and Cu(ll)
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Fig. 7. *H NMR spectrunof poly(methylacrylate)-GH,—CH(CH,OH)—Br

metathesie,resultirg in two Cu(l) molecukg?. After stir-
ring overnight, the polymer was purified by precipitatian
and the incorporation of allyl alcohol at the chain end
(Schemed) wasconfirmedby ESIMS(Fig. 6). Thisproce-
dure was improved by using CuBrN,N,N',N”,N"-penta-
methyldiehylenetrianine (1/1) as metal/ligand complex
duringthe polymerizationof acrylate. The useof the tria-
mine asligand hadthe advantag thatthe polymerization

mixture wasquite homogeneousgesuting in the synthess
of well-defined polymer with lower polydispersiy. To
quantify theincorporationof allyl alcoholatthechainend
H NMR wasused.Trichloroaetyl isocyanatevasadded
to the NMR-tubeto convet the—CH,OH group the peak
of whichwasoverlappingwith the esterpeaksof the poly-
mer backbom® in the *H NMR spectrum into CH,O-
CO—NHCO—CCls, visible at4.50ppm(Fig. 7).
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Addition of allyl alcotol at the end of the polymeriza-
tion of poly(methyl acrylate) is a convenieit way to
obtainalcoholendgroupsatthe chainend.

Conclusions

Polymerswith hydroxyl end functionalities were pre-

pared using different approa@hes. Hydroxyl end groups
were incorporatedusing 2-hydroxyethyl 2-bromopopio-
nateasinitiator for the ATRP of styreneandacrylate. Sd-

volysis of halogenend groupsof polymersprepaed by
ATRP was not succeskil becase of the occurrenceof

sidereactiors. Substitution of the halogenend groupsof

polystyrere with 2-aminoghanol resulted in hydroxyl

endfunctionalzed polystyrene.To obtain hydroxyl temi-

natedpoly(methyl acrylate)4-aminotlutanol was usedas
nucleoplile, while 2-aminoehanolled to a multiple sub-
stitution produd. Addition of allyl alcolol at the end of

the ATRP of methyl acrylate resultedalsoin hydroxyl ter-

minatedpoly(methylacrylate).
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