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SUMMARY: The preparation of monochelic polystyrene by atom transfer radical polymerization (ATRP)
was investigated. The polymer analogous pathway by substitution of the bromide by an alcoholate resulted in
significant elimination of the bromide and the degree of functionalization was low. Better results were achie-
ved by the use of functional initiators. Carboxylic acid- and anhydride-bearing initiators were prepared by
bromination of the commercially available 4-ethylbenzoic acid and the 4-methylphthalic anhydride, respecti-
vely. With these two products monochelic polystyrenes were synthesized. Further modification of the 4-(1-
bromoethyl)benzoic acid led to initiators with a hydroxy or an oxazoline moiety. Again, the respective func-
tional polystyrenes were obtained.

Introduction
Polymer blends, mixtures of two polymers, often offer
synergistic effects compared with the pure polymers such
as better processibility, chemical resistance, and mechan-
ical properties. However, most polymer pairs are immis-
cible. Without compatibilization, this leads to rough
morphologies, poor phase adhesion and hence inferior
mechanical properties. Thus, there is a great demand for
additives to improve the compatibility of the polymer
blends.

These additives can, for example, be block copolymers
made of the two blend components. The block copolymer
is then located at the interface between the immiscible
blend phases. It reduces the interfacial tension and avoids
coalescence of the dispersed phase. This results in a finer
morphology and better phase adhesion thus improving
the properties of the blend. However, when melt mixing a
block copolymer into a polymer blend much of the com-
patibilizer does not migrate into the interface but is lost
by micelle formation1). Due to the costs of block copoly-
mers this can limit the process economically.

Another strategy to compatibilize a blend is the use of
reactive polymers. Here the compatibilizing block copo-
lymer is formed in-situ while preparing the blend. Micelle
formation is thus impossible. Since the block copolymer
formation takes place directly in the interphase it is much
more efficient than the addition of premade additives.
Thus, only 1.4 to 1.7% of block copolymer is sufficient to
compatibilize a reactive blend system compared to 3 to
10% for a premade block copolymer1). Examples of reac-
tive polymers for blend compatibilization can be found in
ref.2)

Block copolymers as well as reactive polymers for
compatibilization of blends can be synthesized by “liv-
ing” free radical polymerization. Among the different

methods one of the most versatile mechanisms is the
atom transfer radical polymerization (ATRP) reported by
Matyjaszewski3–7). This method utilizes a halogenide as
initiator as well as the copper (I) halogenide as catalyst
and a 2,29-bipyridine (bipy) as cocatalyst (Scheme 1).

With ATRP polymers and block copolymers with a low
polydispersity ofPd = 1.05 can be yielded8). Thus, the for-
mation of defined polystyrene-block-polymethacrylate
copolymers, polystyrene-block-polymethacrylate-block-
polystyrene) triblock copolymers, and random poly(styr-
ene-co-methacrylate) was reported7, 9). Further, branched
and hyperbranched polymers and copolymers could be
synthesized10).

As can be seen from Scheme 1 the product of an ATRP
has a bromine atom at one chain end. This opens the pos-
sibility to functionalize the polymer further by nucleophi-
lic substitution reactions. SN reactions were used for the
preparation of azido- and allyl functional polystyrene and
acrylates11, 12).

Another route to monochelic polymers in a one-pot
synthesis by use of functional initiators was proposed by
Matyjaszewski and Wang7). Haddleton et al.13, 14) have
reported the preparation of methyl methacrylate with a
hydroxy- and a carboxylic acid end group. As initiators,
2-hydroxyethyl 2-bromo-2-methylpropionate and 2-
bromo-2-methylpropionic acid were used.

Our objective was to synthesize and characterize
monochelic polystyrene with a low polydispersity for
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Scheme1: Atom transferradical polymerizationof styrene

642 Macromol.Chem.Phys.200,642–651(1999)



Synthesisof functionalpolymersby atomtransferradicalpolymerization 643

later reactive blending applications. We used both the
polymer analogousreactionroute by SN of the bromine
and the one-pot synthesis by polymerization of styrene
with a functionalized initiator. The reaction products
were investigatedwith Fourier transforminfrared spec-
troscopy(FTIR), 1H NMR spectroscopy, 13C NMR spec-
troscopy, matrix assistedlaserdesorption ionization mass
spectroscopy (MALDI TOF MS), and size exclusion
chromatography(SEC).

Experimental part

Materials

Copper(I) bromide, (1-bromoethyl)benzene,4-hydroxyben-
zoic acid methyl ester, potassiumfluoride, pyridine, thionyl
chloride, methylene chloride, and ethanolamine were
receivedfrom Aldrich. 2,29-Bipyridine, 4-ethylbenzoicacid,
4-methylphthalicanhydridewerepurchasedfrom Lancaster.
N,N9-bis(trimethylsilyl)ureawasreceivedfrom Fluka.

Bromide-functionalpolystyrene3) (1)

0.924g (1-bromoethyl)benzene(5 mmol), 2.35g 2,29-bipyri-
dine (15mmol), and0.728g CuBr (5 mmol) wereaddedto
52g (0.5 mol) styrene.The solution was evaporatedand
flushedwith nitrogen(56) to removeoxygen.Subsequently,
it washeatedto 1308C in anoil bath.After 20 min thepoly-
merization was stoppedby cooling in an ice bath. M

—
n =

2500g/mol,Pd = 1.18.

1H NMR (CDCl3 end-groupsonly): d = 0.92–1.10 (H1);
4.34–4.60(H2).

N-2-hydroxyethyl-4-hydroxybenzamide15)

100g 4-hydroxybenzoicacid methyl ester(0.65 mol) were
mixed with 115 g ethanolamine(1.95 mol) and heatedto
1508C for 5 h. Thegeneratedmethanolwasremovedby dis-
tillation. The excessethanolaminewas then removed by
vacuum(a1 mbar).Subsequently, the reactionproductwas
recrystallizedin ethanol.Yield: 87 g (74% of theory),m.p.:
1548C.

1H NMR (DMSO-d6): d = 3.29 (q, H3); 3.48 (t, H2); 4.70
(br, H1); 6.78(d, H8); 7.72(d, H7); 8.15(t, H4); 9.85(br, H10).

2-(4-Hydroxyphenyl)-1,3-oxazoline15) (2)

50 g N-2-hydroxyethyl-4-hydroxybenzamide(0.276 mol)
were suspendedin 250ml dichloromethane.To the vigor-
ouslystirredsuspension60.41ml thionyl chloride(0.83mol)
were addedslowly throughan addition funnel at 08C. The
suspension was subsequentlystirred for 15h at room tem-
perature.After that, the productwasfiltered off andwashed
with methylenechloride. It was then carefully addedto a
vigorously stirred ice cooled sodium hydrocarbonatesolu-
tion. The 2-(4-hydroxyphenyl)-1,3-oxazolinewas then
recrystallized in ethanol. Yield: 38.7g (86%), m.p.:
195.58C.

1H NMR (DMSO-d6): d = 3.87(t, H2); 4.32(t, H1); 6.79(d,
H6); 7.67(d, H5); 10.3(br, H8).

Williamsonethersynthesis

1.0g (0.3mmol) bromine-terminatedpolystyrenewas dis-
solvedin 10 ml DMF. 0.25g potassiumcarbonateand0.3g
(1.8mmol) 2-(4-hydroxyphenyl)-1,3-oxazolinewere added.
The reaction solution was heatedto 808C and stirred for
15 h. Subsequently, thesolutionwasprecipitatedinto metha-
nol. To removethe DMF the product was then taken into
10 ml THF andprecipitatedinto methanolfor a secondtime.
The 1H NMR shifts of the oxazolineend-groupareconcen-
tration dependent.All datawereobtainedfrom concentrated
solutions.The1H and13C NMR spectrawereassignedby use
different2D-NMR techniques.

1H NMR (CDCl3; only end-groupsignals):d = 0.98; 1.06
(H1); 2.42 (H2); 3.11 (H11); 3.92 (H9); 4.21 (H10); 4.62,4.81,
4.93(H3); 6.04–6.21(H12, H13); 7.73(H6).

13C NMR (CDCl3; only end-groupsignals):d = 20.9–21.4
and 23.0–23.7 (C1); 36.74, 37.42 (C2); 46.36 (C11); 54.65
(C9); 67.27(C10); 77.9–78.2 (C3); 115.44(C5); 120.01(C7);
129.57(C6); 129.7–130.4(C13); 132.9–134.9(C12); 137.41,
137.48(C14); 160.2–160.7(C4); 164.32(C8).
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2-(4-Trimethylsiloxyphenyl)-1,3-oxazoline16)

4.0g of powdered2-(4-hydroxyphenyl)-1,3-oxazolinewere
suspendedin 40 ml dichloromethane(dry, storedover mole-
cular sieve).2.52g N,N9-bis(trimethylsilyl)urea were added
and the mixture was heatedfor three hours under reflux.
After that the solution was cooled to –188C over night to
facilitate the precipitationof the formedurea.The ureawas
filtered off and the dichloromethanewas removedby eva-
poration.Thesilyl etherwasyieldedasa cloudy liquid. Pur-
ification was performedin a sublimatorat 758C underoil
pumpvacuum.The cleanproductcondensedaswhite solid.
m.p.: 558C.

1H NMR (CDCl3): d = 0.27 (s, H8); 4.03 (t, H2); 4.40 (t,
H1); 6.84(d, H6); 7.85(d, H5).

13C NMR (CDCl3): d = 0.17 (C8); 54.53(C2); 67.60(C1);
119.9(C6); 120.73(C4); 129.96(C5); 158.23(C7); 164.7(C3).

Ethersynthesis(Sinhababuvariation)17)

0.5g bromide-terminatedpolystyrene(M
—

n = 2500g/mol),
0.4g 2-(4-trimethylsiloxyphenyl)-1,3-oxazoline,and 0.1g
potassiumfluoride weredissolvedin 10 ml dry DMF (stored
over molecularsieve).The solutionwasheatedto 408C and
stirred for 3 h under argon. Subsequently, the polystyrene
was precipitatedinto methanol,redissolvedin acetone,and
againprecipitatedinto methanol.

4-(1-Bromoethyl)benzoicacid18)(5)

A mixtureof 40ml tetrachloromethane,5.0g 4-ethylbenzoic
acid, 5.93g N-bromosuccinimide(NBS), and 0.333g ben-
zoyl peroxidewere heatedunder reflux. At 908C (oil bath
temperature)the reactionstartedunder foaming. The bath
temperaturewas slowly increasedto 1008C over a time of
1 h. Subsequently, the reactionmixture wascooledin an ice
bathandtheproductwasfiltered off. To removethesuccini-
mide the filtrate was washedwith 100ml of water. After
recrystallizationin ethanol3.0g of a white crystallinepow-
derwereyielded.m.p.: 1448C.

1H NMR (DMSO-d6): d = 1.99 (d, H1); 5.54 (q, H2), 7.61
(d, H4); 7.92(d, H5); 13.00(br, H7).

13C NMR (CDCl3): d = 26.51(C1); 47.68(C2); 129.12(C6);
149.01(C3); 130.68and127.01(C4 andC5); 171.43(C7).

Polymerizationwith 4-(1-bromoethyl)benzoicacid

200mmol 2,29-bipyridine, 50 mmol CuBr, and 50 mmol 4-
(1-bromoethyl)benzoicacid were addedto 2.2 mol of styr-
ene.After degassingthe solutionwasheatedto 1308C. The
reaction product was precipitated into methanol. Molar
massesaregivenin Tab.1.

1H NMR (CDCl3; end groupsonly): d = 0.92–1.12 (H1);
4.34–4.60(H2); 7.89(H4).

4-(Bromomethyl)phthalicanhydride(6)

5.0g 4-methylphthalic anhydride, 5.5g N-bromosuccini-
mide, 0.31g benzoyl peroxide, and 40ml tetrachloro-
methanewere heatedunder reflux. At 908C (oil bath tem-
perature)the reactionstartedunder foaming. The oil bath
temperature was slowly increasedto 1008C over a time of
1 h. The reactionmixture wascooledin an ice bath,andthe
succinimidewas filtered off. The filter cake was washed
with 2620 ml diethyl ether, and the organic phaseswere
combined. Subsequentwashing with 50 ml of cold water
wasexecutedto removethesuccinimide.Theaqueousphase
was shakenout twice with 50ml of diethyl ether and the
organic phaseswere recombined.Concentrationin the eva-
poratoryielded6.0g of a yellowishoil (activebrominecon-
tent70%(1H NMR)).

1H NMR (DMSO-d6): d = 4.78 (s, H1); 7.65 (d, H3); 7.68
(d, H4); 7.75(s,H7).

13C NMR (DMSO-d6): d = 32.69(C1); 128.96,129.07and
131.43 (C3, C4, and C7); 133.37 and 132.42 (C5 and C6);
141.02(C2); 168.20and168.28(C8 andC9).

Polymerizationwith 4-(bromomethyl)phthalicanhydride

1.01g 4-(bromomethyl)phthalicanhydride,0.61g CuBr, and
1.97g 2,29-bipyridine were added to the precalculated
amountof styrene.The solutionwasevaporatedandflushed
with nitrogen (56) to remove oxygen. Subsequently, the
solution was heatedto 1308C. The reaction was stopped
after 24 h. After dissolution of the solid polystyrene in
toluenetheCuBr wasfiltered off. Subsequently, the reaction
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product was precipitated into heptane.Molar massesare
givenin Tab.3.

1H NMR (CDCl3; end groups):d = 4.34–4.61 (H1); 7.36
(H2); 7.52(H4); 7.75(H3).

IR (cast film on KBr; anhydride group only): 1850 cm–1

and1780cm–1; 1258cm–1.

N-(2-hydroxyethyl)-4-(1-bromoethyl)benzoicacid amide(7)

5.0g 4-(1-bromoethyl)benzoicacid were suspendedin dry
toluene.Thesuspensionwascooledto 08C and4.55g phos-
phorouspentachloridewere added.The reactionproceeded
for 15h at room temperature.Subsequently, the solventand
the formed phosphorousoxide trichloride were removedat
roomtemperatureundervacuum.The residualoil wastaken
into 50 ml chloroform.

1.4g ethanolamine(dry, over molecularsieve)and2.25g
triethylaminewere dissolvedin 100ml methylenechloride.
Thesolutionwascooledto –58C. After that, the acidchlor-
ide solution was addedcarefully within 1 h. Subsequently,
the solution was stirred for another2 h. The solution was
washedwith 50 ml waterandthephaseswereseparated.The
aqueousphasewasshakenout with 50 ml methylenechlor-
ide. Then,the organicphaseswerecombinedanddried over
magnesiumsulfate.After filtering off the drying agentthe
productwasisolatedby carefuladditionof petrolether. 2.5g
white needles,m.p. 998C, wereyielded.

1H NMR (CDCl3): d = 2.03(d, H1); 2.90(br, H11); 3.60(q,
H9); 3.81 (t, H10); 5.19 (q, H2); 6.80 (br, H8); 7.46 (d, H4);
7.74(d, H5).

13C NMR (CDCl3): d = 26.53(C1); 42.79(C9); 48.60(C2);
62.32 (C10); 127.09(C4); 127.42(C5); 133.97(C6); 146.75
(C3); 167.88(C7).

Hydroxy-terminatedpolystyrene

0.272g N-(2-hydroxyethyl)-4-(1-bromoethyl)benzoic acid
amide(7) (1 mmol),0.15g CuBr (1 mmol),and0.477g 2,29-
bipyridine were given into 50 ml styrene.The solution was
freedof oxygenandthenheatedto 1108C underargonatmo-
sphere.

After 2 h the reaction was stoppedby cooling with ice
water. Thecopperbromidewasremovedby filtration. After-
wards, the polymer was precipitatedinto methanol,redis-
solvedin acetone,andprecipitatedagain.

M
—

n (GPC):3500g/mol; Pd = 1.3.

1H NMR (CDCl3; end groupsonly): d = 0.92–1.10 (H1);
2.39(H3); 3.63(H9); 3.84(H10); 4.36–4.60(H2); 7.52 –7.68
(H5).

4-(1,3-Oxazoline-2-yl)phenyl-4-(1-bromoethyl)benzoate(8)

2.0g 4-(1-bromoethyl)benzoic acid were suspendedin dry
toluene.Thesuspensionwascooledto 08C and1.82g phos-
phorouspentachloridewere added.The reactionproceeded
for 15 h at room temperature.Subsequently, the solventand
the formed phosphorousoxide trichloride was removedat
room temperatureundervacuum.The residualoil wastaken
into 20 ml chloroform.

0.49g potassiumhydroxide,1.41g 2-(4-hydroxyphenyl)-
1,3-oxazoline,and0.25g tetrabutylammoniumchloridewere
dissolvedin 20 ml water. The solution was cooled to 08C.
Thenthechloroformsolutionof theacyl chloridewasadded
slowly undervigorousstirring.Thereactionsolutionwasstir-
redfor anotherthreehoursunderroomtemperature,thenthe
phaseswereseparated.The organicphasewaswashedwith
sodiumhydrogencarbonatesolutionanddistilledwater. Then
it was dried over magnesiumsulfate.After filtering off the
drying agentthe chloroform solution was carefully diluted
with petroletheruntil thesolutionbecamecloudy.

After cooling in the fridge the product crystallized as a
white powder. Yield 2.2g (67%).

1H NMR (CDCl3): d = 2.08 (d, H1); 4.08 (t, H14); 4.46 (t,
H13); 5.23 (q, H2); 7.28 (d, H9); 7.58 (d, H4); 8.03 (d, H10);
8.18(d, H5).

13C NMR (CDCl3): d = 26.48(C1); 47.66(C2); 54.92(C14);
67.76 (C13); 121.66(C9); 125.50(C11); 127.12(C4); 129.02
(C6); 129.64 (C10); 130.67 (C5); 148.93 (C3); 153.16 (C8);
163.92(C12); 164.18(C7).

Oxazoline-functionalpolystyrene

0.375g 4-(1,3-oxazoline-2-yl)phenyl 4-(1-bromoethyl)benz-
oate(1 mmol) weredissolvedin 50 ml styrene.To the solu-
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tion 0.15g CuBr and 0.477g 2,29-bipyridine were added.
The solution was evacuatedfive times and subsequently
flushedwith argon to removeoxygen.Thenit washeatedto
1108C. After two hoursthe polymerizationwasstoppedby
cooling in ice water. Yield: 2.5g. M

—
n (GPC)= 2400g/mol;

Pd (GPC)= 1.31.

1H NMR(CDCl3): d = 1.08–1.24 (H1); 4.20 (H8); 4.56
(H7); 4.65(H2); 7.11 (H5); 7.44(H3); 8.11 (H6); 8.25(H4).

Fourier transforminfraredspectroscopy(FTIR)

Measurementswere executedon an IFS 66 (Bruker). The
resolutionwas2 cm–1. Sampleswereeithersolventcaston a
KBr disc from THF or investigatedasKBr pellet. Tempera-
ture dependentFTIR wasexecutedwith a variabletempera-
ture cell (P/N 21.500;Specac).The heatingrate was108C/
min.

MALDI-TOF MS

The experimentswereperformedon a HP G2030AMALDI
TOF MS system(Hewlett Packard). The desorption/ionisa-
tion wasinducedby a pulsedN2 laser. Themassspectrawere
obtainedby 28 kV accelerationvoltage.Thematrix for mea-
surementsof polystyrene was 1,4-bis(5-phenyloxazol-2-
yl)benzene(POPOP)modified by Ag/trifluoroacetic acid.
The mixture of sampleandmatrix wasdried on the sample
holder under vacuum.The measurementswere carried out
by linearmodeandpositivepolarity.

Sizeexclusionchromatography(SEC)

The SEC measurementswere performed with a modular
chromatographicequipmentcontaining a refractive index
detectorat ambienttemperature.A singlecolumn Hibar PS
40 (Merck) wasused.The injection volumewas20 ll. The
sampleconcentrationwasc = 2 g/l. The flow ratewas1 ml/
min. The coupling experimentswere carried out at room
temperaturewith chloroform as eluent. The molecular
weights were calculatedby use of a PS calibration, deter-
minedwith polystyrenestandards(KNAUER).

NMRspectroscopy

TheNMR spectrawereobtainedon a BrukerDRX 500spec-
trometeroperatingat 500.13MHz for 1H and 125.77MHz
for 13C. CDCl3 andDMSO-d6, respectively, wereusedassol-
vent, lock, andinternalstandard(CDCl3 : d (1H) = 7.26ppm,
d (13C) = 77.00ppm; DMSO-d6: d (1H) = 2.50ppm, d (13C) =
39.60ppm).Signalassignmentsgivenin this paperwerever-
ified by 1H-1H shift correlated(COSY) spectra,1H-13C het-
eronuclearmultiple quantum correlation (HMQC) experi-
ments,and 1H-13C heteronuclearmultiple bond correlation
(HMBC) experiments.The puls sequencesincluded in the
Brukersoftwarepackagewereused.

Results

Polymeranalogousreactions

As canbe seenfrom Scheme1, the productof an ATRP
of styrene with (1-bromoethyl)benzene as initiator is a
bromide-terminated polymer 1. Thus, the nucleophilic
substitution (SN) of the bromineat the chain end is the
most obvious possibility to synthesizemonochelic poly-
styrenesfrom 1. For this polymer analogous reaction it
would be of advantageto find one generalmethodthat
could beusedto introducea varietyof functionalgroups.

Alcohols are a common functional group in organic
chemistry and thus alcohols with an additional reactive
moiety group are readily available. They form ether
bonds in an SN reaction, which is chemically and ther-
mally resistant.Therefore, it seems advantageousto sub-
stitute the bromineby an alcoholate. This so calledWil-
liamson ethersynthesis is a well known reactionwhich
proceedsvia an SN2 pathway. To test the strategy of a
general reaction, 2-(4-hydroxyphenyl)-1,3-oxazolinewas
employed in the attemptto introducean oxazoline group
at the polystyreneend(Scheme2). The aromatic alcohol
waschosensincephenolatesareeasierto access thanali-
phatic alcoholatesdue to their acidic character. Product
of the reactionis an aryl alkyl ether3. To simplify the
analysisof theproductsa low molecularweightpolystyr-
ene1 with a molarmassof M

—
n = 2500g/mol wassynthe-

sizedfollowing themethodof WangandMatyjaszewski3).
Fig. 1 shows the 1H NMR spectrumof 1. The signalsat
4.34–4.60ppmaredueto thebromideendgroupof poly-
styrene. The signals at 0.92–1.10ppm indicate the

Scheme2: Williamsonethersynthesis
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methyl group of the initiator residue.The synthesis was
performed in DMF at 808C with potassiumcarbonateas
base.Fig. 2 shows the 1H NMR spectrumof the reaction
product.By comparisonwith Fig. 1 it canbeseenthatthe
broadsignal at 4.34–4.60ppm vanished.Thus, the bro-
mide reacted completely. Instead,new signals can be
observed. The signals at 3.92ppm, 4.21ppm, and
7.73ppm aredueto the desiredphenyloxazoline moiety
at the polystyreneend.However, elimination took place
as well. This is indicated by the olefinic signals of a

vinyl-terminated polystyrene at 6.04–6.21ppm. The
structuresof both, theoxazoline-functional polystyrene 3
andtheeliminationproduct4 were establishedby combi-
nation of 1D and 2D NMR methods. 1H and 13C NMR
signal assignments for both end groupsare given in the
Experimental part. By integrationof the 1H NMR end-
groupresonancesit became clearthat theeliminationand
not the SN reactionwas the predominant reactionpath-
way. The yield of the desiredoxazoline functional poly-
styrene 3 was calculatedto be only 30%. It should be

Fig. 1. 1H NMR spectrumof bromine-terminatedpolystyrene

Fig. 2. 1H NMR spectrum of theconversionproduct of theWilliamson ether
synthesis
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mentionedthat the 1H NMR shifts and the signalshapes
for the oxazoline grouparevery sensitiveto the concen-
tration of the solution,obviously due to association and
solvationeffects.

The reaction product was further investigated by
MALDI TOF MS. Theinterpretationof thespectrumwas
facilitatedby thefact that theinitiator residuein thepoly-
mer has the massof a styreneunit +1 (seeScheme1).
Thespectrum(Fig. 3) shows two different

mA

z
� �x� 1� NMstyrene�MAg� �1�

mB

z
� �x� 2� NMstyrene�MAg� � 59 �2�

distributions. The m/z values for the seriesof the large
signalscan be expressedby Eq. 1. The variablex is the
degreeof polymerization. The molar massof Ag+ hasto
be added since the chainsare desorbed as Ag+ adducts.
This is in agreement with the structureof 4, vinyl-termi-
natedpolystyrene.

The m/z values for the seriesof the small signalsfol-
lows Eq. 2. Themassof 59 canbeexplainedby themass
difference of the hydroxyphenyl end group (163g/mol)
anda styreneunit (104g/mol).

Thedifferenceof thesignal intensitiesof thetwo distri-
butionsis not in accordancewith theNMR results, which
proposedan elimination of 70% of the bromides. This
can be causedby a preferred desorption of 4 from the
matrix, erroneously indicating an even higher extent of
elimination.

To increasethe yield of the oxazoline-functional poly-
styrenethe reactionwasrepeatedat various temperatures
and with potassiumhydroxide as base.Still, substantial
elimination took place. The use of pyridine as soluble
basefailed to showanyeffect.

At last, to avoid the useof a basealtogethera reaction
pathway suggested by Sinhababu et al.17) was tried. The
2-(4-hydroxyphenyl)-1,3-oxazoline was first transferred
into its trimethylsilyl ether. Then the substitution of the
bromide was executed in a DMF solution at 408C with
potassiumfluoride as catalyst. However, again elimina-
tion led to themajorproduct. Therefore,thepolymer ana-
logous functionalization of the polystyrene was aban-
doned.However, it shallbementionedthat theproduct of
the elimination, vinyl-terminated polystyrene 4 itself,
might be an interesting starting material for further reac-
tions suchasepoxidation or hydrosilylation. Finally, the
useasmacromonomercouldbeconsideredaswell.

Functionalpolystyrenesby useof functionalinitiators

The modification of monochelic polymers suffers from
many drawbacks.Theconcentrationof reactive groupsis
very low. This complicates a complete conversion.In
addition, as could be seen above, side reactions can
becomepredominant leading to pooryieldsof thedesired
product.And oncetwo polymerswith differentfunctional
groupsareformednextto eachother, it is almostimpossi-
ble to separate the mixture since the chemical effect of
theendgroupis negligible comparedto thelargepolymer
backbone.

Therefore, the direct introduction of a functionality
into a polymer by a modified initiator seemsto be favor-
able. If it can be excluded that no polymer chains are
formedby chain transferreactions it canbeassumedthat
all macromoleculesbearthedesiredchemical functional-
ity. And, in addition, non-reactingimpurities in the initia-
tor canberemovedeasily from thepolymermatrix.

A corresponding structure to the (1-bromoethyl)ben-
zeneinitiator usedby WangandMatyjaszewski is the 4-
(1-bromoethyl)benzoic acid (5). This compound can
easily be prepared from the commercially available 4-
ethylbenzoic acid by a radical bromination reactionwith
N-bromosuccinimide18). The polymerization of styrene
with this initiator could beperformedin thesameway as
with (1-bromoethyl)benzene. 1H NMR dataverifying the
synthesisof carboxylic acid terminated polystyreneare
presentedin the Experimental part. Tab.1 shows molar

Fig. 3. MALDI TOF MS of theconversionproduct of theWil-
liamsonethersynthesis. The large signal distribution indicates
the eliminationproduct 4. The small signaldistributionbelongs
to theoxazoline-terminatedPS3
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massesof different polystyrenesthat were polymerized
with 5.

Whenmeasuring low molecular weightcarboxylic acid
terminated polystyrene by GPC uncharacteristic high
polydispersities were found. This led to the assumption
that the carboxylic acid end group showsan end-group
effect in the GPCanalysis. Therefore, 1H NMR spectro-
scopy and MALD I TOF MS measurementswere con-
ducted.The molar massesdetermined by thesethreedif-
ferent techniques are summarized in Tab.2. It can be
seenthat the molar massesof the low molecular weight
polystyrenes were underestimated by the size exclusion
technique. In addition, thepolydispersitieswere overesti-
mated.Enthalpic effects canbepresumedresponsible for
this phenomenonwhich will besubjectof further investi-
gations.

The carboxylic acid group can be usedfor reactions
with a variety of other functionalities suchasthe hydro-
xyl, amine, carbodiimide, epoxide, and oxazoline
groups2). Thus,a largevarietyof polymerscanbeblended
with the carboxy-terminated polystyrene.To investigate
the processesoccurring during reactiveblending FTIR-
spectroscopy is frequently applied19). Therefore, we were
interestedin the IR absorptions of the aromatic car-
boxylic acid. Usually carboxylic acids are found in the
associatedform in hydrophobic solvents,as which the
polystyrene matrix can be considered. However, with
end-functionalized polystyrenethe concentrationof the
carboxylic acid is very low and the mobility is hindered
dueto the large polymer backbone. This influencecould
beseenwheninvestigatingtwo polystyreneswith a num-
ber average molar massof 4900g/mol and a number
averagemolar mass of 15000g/mol, respectively, by
meansof FTIR spectroscopy. Free aromatic carboxylic
acidsabsorbat 1730 cm–1 while the associated aromatic
carboxylic acidsshowa characteristic bandat 1688cm–1.
Therefore,changesin the ratio of thesetwo bands give
direct information aboutan alteration of the association

stateof the carboxylic acid groups.As can be seenin
Fig. 4, with an increasein molar massthe ratio between
the free and the associated carboxylic acid groups chan-
gedtowardsthefreecarboxylic acids.But reactive blend-
ing is performedat high temperatures.Therefore,a solu-
tion-castfilm of the carboxylic acid-terminatedpolystyr-
ene with M

—
n = 15000g/mol was heatedup to 2308C.

Again, the changein the association behaviorof the car-
boxylic acids could be observed. The free acid band
increased significantly while the associated acid band
vanished completely (Fig. 5). When cooling down to
room temperature,the effect wasreversed.However, the
starting point wasnot reached evenafter two days. This
suggests that the diffusion hindrance in the polymer
matrix, especially below theglasstemperature,blocksthe
associationof thefreecarboxylic acidgroups.

Another interesting functionality for reactive blending
is theanhydride group.Reactionwith aminesleadsto the
formationof thestableimide bond. Therefore,in analogy
with the preparation of 5, 4-methylphthalic anhydride
was brominated with N-bromosuccinimide to yield 4-
(bromomethyl)phthalic anhydride (6). The yield of the
reaction wasabout70%.Furtherpurification of the reac-
tion product proveddifficult due to the reactivity of the
anhydride group. But since the 4-methylphthalic anhy-
dride doesnot interact during polymerization it proved
more favorableto calculate an activebromine concentra-
tion of the initiator and to remove the unconverted
methylphthalic acid after the polymerization of styrene.
Again, with 6 as initiator styrenecould be polymerized

Tab.1. Carboxylicacid-terminatedPS

Sample M
—

n/(g/mol) M
—

w/(g/mol) M
—

w/M
—

n

1 8800 10900 1.24
2 12500 15400 1.23
3 15000 18700 1.25
4 16900 21900 1.30

Tab.2. Molar massesandpolydispersitiesof carboxylicacidterminatedPSdeterminedby dif ferentmethods

No. Mn�GPC�
g=mol

Pd (GPC) Mn�1H NMR�
g=mol

Mn�MALDI TOF MS�
g=mol

Pd (MALDI
TOFMS)

1 1200 1.61 3700 3500 1.08
2 2000 1.62 4900 4500 1.08
3 2200 1.57 5300 4900 1.07

Fig. 4. Dependenceof the molar masson the degreeof asso-
ciation of carboxylicacid endgroups. The solid line showsthe
absorptionof a PSwith M

—
n = 4900g/mol, thedashedline shows

theabsorptionof a PSwith M
—

n = 15000g/mol
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by applying the standard procedure. However, to avoid
theformation of methylesters,thepolystyrenewaspreci-
pitated into heptaneinstead of methanol. Tab.3 shows
themolecularweightsandpolydispersitiesof threediffer-
entanhydride terminatedpolystyrenes.Thehigh polydis-
persitiesarenot typical for anatomtransfer radical poly-
merization. However, taking into accountthe possibility
of partialhydrolysis of theanhydride group,this observa-
tion canbeexplainedby thedifferentelution behavior of
the anhydride-terminated polystyrene compared to the
phthalic acid functional polystyrene.This could be con-
cluded from the GPC curves. While sample 1 (Tab.3)
displayedthe expectednarrow distribution, the peaks of
samples2 and 3 showeda shoulderat shorterresidence
times.

By modification of initiatorsbearing a reactivemoiety
further functionalities can be provided for the ATRP of
styrene.Thus, the transformation of 5 by reaction with
phosphorous pentachloride leads to the formation of a
reactivecarboxylic acidchloridewhich canbecoupledto
a varietyof functionalgroups.Thereaction with ethanol-
amineyielded 7 in high purity. It resemblesnothing but
an initiator with analiphaticalcoholgroup. Alcohols can
react with carboxylic acids, isocyanates,and epoxides,
functional groups which play an importantrole in poly-
mer chemistry. Again, 7 wasusedto polymerizestyrene
according to thestandardprocedure.The1H NMR assign-
mentsfor the characteristicendgroups of a low molecu-
lar weight PS are given in the Experimental part. The
structure of the N-(2-hydroxyethyl)benzoic acid amide
and bromide end groups was establishedby 2 D NMR
techniques.

Finally, coupling of the carboxylic acid chloride of 5
with 2-(4-hydroxyphenyl)-1,3-oxazoline yieldedtheoxa-
zoline-functional initiator 8. It was usedto preparethe
desiredoxazoline-functional polystyrene, which was not
obtainedby the polymer analogousreaction. Again, the
standard procedurefor an ATRP could be applied. How-
ever, to avoid a reactionof thebenzylicbrominewith the
oxazolineendgroup20) thepolymerization wasperformed
at 1108C insteadof 1308C which still guaranties a suffi-
cient conversion.Fig. 6 shows the 1H NMR spectrumof
the oxazoline-functional polystyrene. The signals at
4.56ppm and 4.20ppm are due to the oxazoline ring
while the signal at 1.08–1.24ppm is due to the methyl
groupof the initiator. As canbeseenby comparisonwith
Fig. 2, no elimination took place. The signal of the bro-
mide end group overlaps with a signal of the oxazoline
ring, but canbe identified by the broadbaseof this reso-
nance. Its chemicalshift is 4.65ppm. The structurewas
establishedunambiguouslyby 2D NMR techniques.

Conclusions
Atom transfer radical polymerization of styrene was
applied to synthesize end-functional polymers neededfor
reactive blend applications.The attempt to usethe Wil-
liamson ether synthesis in order to introduce different
functional groups by an SN reaction lead to insufficient
yields of only 30% due to the occurrenceof elimination
of the bromide.Attemptsto optimize the reactionby use
of different basesand eventually by useof a potassium
fluoride catalyzedreactiondid not succeed.

Therefore,the useof functional initiators provedto be
the method of choice. The functional bromidescould be
readily synthesizedby a brominationreactionwith N-bro-
mosuccinimide. Two exemplary initiators wereprepared,
4-(bromomethyl)phthalic anhydride and 4-(1-bromo-
ethyl)benzoic acid. Furtherfunctionalization of the 4-(1-
bromoethyl)benzoicacid lead to a hydroxy- andan oxa-
zoline-functional initiator. However, the synthesis of
additional initiators containingdifferentreactive moieties

Tab.3. Anhydride terminated PS

Sample M
—

n/(g/mol) M
—

w/(g/mol) M
—

w/M
—

n

1 7100 9300 1.31
2 10000 14300 1.43
3 12000 17000 1.42

Fig. 5. Dependenceof the degreeof association of carboxylic acid end
groupson thetemperature.Investigationswerecarriedout on a PSwith M

—
n

= 15000g/mol
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such as aromatic hydroxy groups by the bromination
reactioncanbeimagined,aswell.

The aforementioned initiators were used to prepare
monochelic polystyreneof different molar masses.The
analysisof end-functional polymersrevealedthat theend
group,although low in concentration,hasaninfluenceon
the polymer character. Thus, the molar mass of car-
boxylic acid terminatedlow molecular weight polystyr-
ene determined by GPC differed significantly from the
molar masses determined by 1H NMR spectroscopy and
MALDI TOF MS. On the otherhand,the polymer back-
boneitself hasan influenceon the propertiesof the end-
group.Althoughcarboxylic acid moieties tendto associ-
ate in hydrophobic media,a long polystyrenechain can
hinder this tendency. Thus,with increasein molar mass
the ratio between associatedand free acids changes
towardsthefreeacids.

By use of functional initiators, carboxy-, anhydride-,
hydroxy-, and oxazoline-functional polystyrenes were
madeavailable. A large variety of reactions can be per-
formedwith thesegroups.With themonochelic polymers
our researchwill now focuson thepreparationof reactive
blends.
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