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Synthesis of functional polymers by atom transfer radical
polymerization
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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 Schemel: Atom transferradicd polymerizaton of styrene
Polymer blends, mixtures of two polymers, often offer
synergistic effects compared with the pure polymers such Br " E)

Br
as better processibility, chemical resistance, and mecha©)\ ‘ O O
ical properties. However, most polymer pairs are immis- CuBy/ bi
cible. Without compatibilization, this leads to rough Ry T
morphologies, poor phase adhesion and hence inferior
mechanical properties. Thus, there is a great demand fmethods one of the most versatile mechanisms is the
additives to improve the compatibility of the polymeratom transfer radical polymerization (ATRP) reported by
blends. Matyjaszewsk™. This method utilizes a halogenide as
These additives can, for example, be block copolymeisitiator as well as the copper (I) halogenide as catalyst
made of the two blend components. The block copolymend a 2,2bipyridine (bipy) as cocatalyst (Scheme 1).
is then located at the interface between the immiscible With ATRP polymers and block copolymers with a low
blend phases. It reduces the interfacial tension and avoidslydispersity ofP; = 1.05 can be yieldéd Thus, the for-
coalescence of the dispersed phase. This results in a fimeation of defined polystyrenblockpolymethacrylate
morphology and better phase adhesion thus improvingppolymers, polystyrenblockpolymethacrylatéslock
the properties of the blend. However, when melt mixing @olystyrene) triblock copolymers, and random poly(styr-
block copolymer into a polymer blend much of the comeneco-methacrylate) was reportedl. Further, branched
patibilizer does not migrate into the interface but is losand hyperbranched polymers and copolymers could be
by micelle formatio®. Due to the costs of block copoly- synthesizety.
mers this can limit the process economically. As can be seen from Scheme 1 the product of an ATRP
Another strategy to compatibilize a blend is the use dfias a bromine atom at one chain end. This opens the pos-
reactive polymers. Here the compatibilizing block coposibility to functionalize the polymer further by nucleophi-
lymer is formed in-situ while preparing the blend. Micellelic substitution reactions. Sreactions were used for the
formation is thus impossible. Since the block copolymepreparation of azido- and allyl functional polystyrene and
formation takes place directly in the interphase it is muchcrylates 2,
more efficient than the addition of premade additives. Another route to monochelic polymers in a one-pot
Thus, only 1.4 to 1.7% of block copolymer is sufficient tosynthesis by use of functional initiators was proposed by
compatibilize a reactive blend system compared to 3 telatyjaszewski and Warly Haddleton et al*!¥ have
10% for a premade block copolynterExamples of reac- reported the preparation of methyl methacrylate with a
tive polymers for blend compatibilization can be found irhydroxy- and a carboxylic acid end group. As initiators,
ref? 2-hydroxyethyl 2-bromo-2-methylpropionate and 2-
Block copolymers as well as reactive polymers fobromo-2-methylpropionic acid were used.
compatibilization of blends can be synthesized by “liv- Our objective was to synthesize and characterize
ing” free radical polymerization. Among the differentmonochelic polystyrene with a low polydispersity for
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later reactve blending appications. We used both the
polymer anal@ousreactionroute by Sy of the bromine
and the one-pt synthegs by polymerization of styrene
with a functionalized initiator. The reaction prodicts
were investigatedwith Fouiier transforminfrared spec-
troscopy(FTIR), *H NMR spectroscpy, **C NMR spec-
troscopy matix assistedaserdesorpion ionization mass
spectroscpy (MALDI TOF MS), and size exclusion
chromatogaphy(SEC).

Experimental part

Materials

Copper(l) bromide, (1-bromoethyl)benzene4-hydroxyben-
zoic acid methyl ester potassiunfluoride, pyridine, thionyl

chloride, methylene chloride, and ethanolamine were
receivedfrom Aldrich. 2,2-Bipyridine, 4-ethylbenzoicacid,

4-methylphthalicanhydridewere purchasedrom Lancaster
N,N'-bis(trimethylsilyl)ureavasreceivedirom Fluka.

Bromide-functionapolystyené (1)

0.924g (1-bromoethyl)benzengé mmol), 2.359g 2,2-bipyri-
dine (15 mmol), and 0.728g CuBr (5 mmol) were addedto
529 (0.5 mol) styrene.The solution was evaporatedand
flushedwith nitrogen(5 x ) to removeoxygen.Subsequently
it washeatedo 130°C in anoil bath.After 20 min the poly-
merization was stoppedby cooling in an ice bath. M, =
2500g/mol,Py=1.18.

1
2 _Br

Ph Ph Ph

1

'H NMR (CDCl; end-groupsonly): 6 = 0.92-1.10 (H?);
4.34-4.60(H).

N-2-hydoxyethyl-4-hydoxybenzamidé

100g 4-hydroxybenzoicacid methyl ester(0.65 mol) were
mixed with 115¢g ethanolamine(1.95 mol) and heatedto
150°C for 5 h. The generatednethanolwasremovedby dis-
tillation. The excessethanolaminewas then removed by
vacuum(<1 mbar). Subsequentlythe reactionproductwas
recrystallizedin ethanol.Yield: 87 g (74% of theory), m.p.:
154°C.

7 8
5
HO/\/NH 6 o OH
1 2 3 4 \([) 10

IH NMR (DMSO-d): & = 3.29 (g, H3); 3.48(t, H?); 4.70
(br, HY); 6.78(d, H?); 7.72(d, H"); 8.15(t, H%); 9.85(br, H9).
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2-(4-Hydroxyphenyl)-1,3-oxazolé® (2)

50g N-2-hydroxyethyl-4-hydroxybenzamid€0.276 mol)

were suspendedn 250ml dichloromethaneTo the vigor-

ouslystirredsuspensio0.41ml thionyl chloride (0.83mol)

were addedslowly throughan addition funnel at 0°C. The
suspengin was subsequentlystirred for 15h at room tem-
perature After that, the productwasfiltered off andwashed
with methylenechloride. It was then carefully addedto a
vigorousy stirred ice cooled sodium hydrocarbonatesolu-
tion. The 2-(4-hydroxyphenyl)-1,3-oxazolinewas then
recrystalized in ethanol. Yield: 38.7g (86%), m.p.:

195.5°C.

1 5 6

[O>,—<3 . >—-7 OH #

2
2

IH NMR (DMSO-dy): § = 3.87(t, H?); 4.32(t, HY); 6.79(d,
H®); 7.67(d, H5); 10.3(br, H?).

Williamsonethersynthesis

1.0g (0.3mmol) bromine-terminatecpolystyrenewas dis-
solvedin 10ml DMF. 0.25¢g potassiunmcarbonateand0.3g
(1.8mmol) 2-(4-hydroxypkenyl)-1,3-oxazolinewere added.
The reaction solution was heatedto 80°C and stirred for
15 h. Subsequentlythe solutionwasprecipitatednto metha-
nol. To removethe DMF the productwas then takeninto
10 ml THF andprecipitatednto methanolfor a secondime.
The 'H NMR shifts of the oxazolineend-groupare concen-
tration dependentAll datawere obtainedfrom concentrated
solutions.The!H and**C NMR spectravereassignedy use
different2D-NMR techniques.

5 6 N
9
4< >7 8/<:I
O
00—

H NMR (CDCls; only end-groupsignals):é = 0.98;1.06
(HY; 2.42(H?; 3.11 (HY); 3.92 (H9); 4.21 (H7); 4.62,4.81,
4.93(H3); 6.04-6.21(H'2, H3); 7.73(H°).

13C NMR (CDCl;; only end-groupsignals):d = 20.9-21.4
and 23.0-23.7 (CY); 36.74,37.42 (C?); 46.36 (CY); 54.65
(C%; 67.27(CY9); 77.9-78.2(C®); 115.44(C®); 120.01(C");
129.57(C%); 129.7-130.4(C"); 132.9-134.9(C*?; 137.41,
137.48(C*); 160.2-160.7(C%); 164.32(C8).
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2-(4-Trimethylsiloxyphenyl)-1,3-oxazolitf

4.0g of powdered2-(4-hydroxyphenyl)-1,3-oxazolineere
suspendedh 40 ml dichloromethanddry, storedover mole-
cular sieve).2.52g N,N-bis(trimethylsilyl)urea were added
and the mixture was heatedfor three hours under reflux.

After that the solution was cooledto —18°C over night to

facilitate the precipitationof the formedurea.The ureawas
filtered off and the dichloromethanenvas removedby eva-
poration.The silyl etherwasyieldedasa cloudy liquid. Pur

ification was performedin a sublimatorat 75°C under oll

pumpvacuum.The cleanproductcondenseaswhite solid.
m.p.: 55°C.

IH NMR (CDCL): 6 = 0.27 (s, H®); 4.03 (t, H?); 4.40(t,
H2); 6.84(d, H°); 7.85(d, HY).

13C NMR (CDCly): & = 0.17 (C?); 54.53(C?); 67.60(CY);
119.9(C?); 120.73(C%); 129.96(C%); 158.23(C7); 164.7(CY).

Ethersynthesi§Sinhababuwariation)*”

0.5g bromide-terminatedpolystyrene (M, = 2500g/mol),
0.4g 2-(4-trimethylsiloxyphenyl)-1,3-oxazolineand 0.1g
potassiunfluoride weredissolvedin 10 ml dry DMF (stored
over molecularsieve).The solutionwasheatedto 40°C and
stirred for 3 h under argon. Subsequentlythe polystyrene
was precipitatedinto methanol,redissolvedin acetoneand
againprecipitatednto methanol.

4-(1-Bromoethyl)benzoiacid™® (5)

A mixture of 40 ml tetrachloromethanédy.0g 4-ethylbenzoic
acid, 5.93g N-bromosuccinimide(NBS), and 0.333g ben-
zoyl peroxidewere heatedunderreflux. At 90°C (oil bath
temperaturethe reaction startedunder foaming. The bath
temperaturewvas slowly increasedo 100°C over a time of

1 h. Subsequentlythe reactionmixture wascooledin anice

bathandthe productwasfiltered off. To removethe succini-
mide the filtrate was washedwith 100ml of water After

recrystallizationin ethanol3.0g of a white crystalline pow-

derwereyielded.m.p.: 144°C.

Br
7 6

HOOC -

IH NMR (DMSO-dg): & = 1.99(d, HY); 5.54(q, H?), 7.61
(d, H%; 7.92(d, H5); 13.00(br, HY).

13C NMR (CDCL): § = 26.51(CY); 47.68(C?); 129.12(C");
149.01(C®); 130.68and127.01(C* andC®); 171.43(C").
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Polymerizationwith 4-(1-bromoethyl)benzoiacid

200mmol 2,2-bipyridine, 50 mmol CuBr, and 50 mmol 4-
(1-bromeethyl)benzoicacid were addedto 2.2 mol of styr
ene.After degassinghe solutionwasheatedto 130°C. The
reaction product was precipitated into methanol. Molar
massesiregivenin Tab.1.

4 3

HOOC
Ph Ph

8

'H NMR (CDCls, end groupsonly): 6 = 0.92-1.12 (HY);
4.34-4.60(H?); 7.89(H?).

4-(Bromomethyl)phthalianhydride(6)

5.0g 4-methylphthalic anhydride, 5.5g N-bromosuccini-
mide, 0.31g benzoyl peroxide, and 40ml tetrachloro-
methanewere heatedunderreflux. At 90°C (oil bathtem-
perature)the reaction startedunder foaming. The oil bath
temperatue was slowly increasedo 100°C over a time of
1 h. The reactionmixture wascooledin anice bath,andthe
succinimide was filtered off. The filter cake was washed
with 2x20ml diethyl ether and the organic phaseswere
combined Subsequentvashing with 50ml of cold water
wasexecutedo removethe succinimide.The aqueougphase
was shakenout twice with 50ml of diethyl etherand the
organic phaseswvere recombined.Concentratiorin the eva-
poratoryielded6.0g of a yellowish oil (active brominecon-
tent70% (*H NMR)).

IH NMR (DMSO-): J = 4.78 (s, HY); 7.65(d, H); 7.68
(d, H%); 7.75(s, HY).

13C NMR (DMSO-de): 5 = 32.69(CY); 128.96,129.07and
131.43(C3, C*, and C7); 133.37 and 132.42(C° and C%);
141.02(C?); 168.20and168.28(C* andC?).

Polymerizationwith 4-(bromomethyl)phthali@anhydride

1.01g 4-(bromomethyl)phthali@anhydride 0.61g CuBr, and
1.97g 2,2-bipyridine were added to the precalculated
amountof styrene.The solutionwasevaporatedandflushed
with nitrogen (5x) to remove oxygen. Subsequentlythe

solution was heatedto 130°C. The reaction was stopped
after 24 h. After dissolution of the solid polystyrenein

toluenethe CuBrwasfiltered off. Subsequentlythe reaction
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product was precipitatedinto heptane.Molar massesare
givenin Tab.3.

'H NMR (CDCl; endgroups):d = 4.34-4.61 (HY); 7.36
(H?); 7.52(H%; 7.75(Hd).

IR (castfilm on KBr; anhydrice group only): 1850 cnr?
and1780cnt?; 1258cnT™.

N-(2-hydoxyethyl)-4-(1-bomoethyl)benzoiacid amide(7)

5.0g 4-(1-bromoethyl)benzoi@cid were suspendedn dry
toluene.The suspensionvascooledto 0°C and4.55¢g phos-
phorouspentachloridewere added.The reactionproceeded
for 15h at room temperatureSubseqantly, the solventand
the formed phosphorousxide trichloride were removedat
room temperaturaindervacuum.The residualoil wastaken
into 50 ml chloroform.

1.4g ethanolamingdry, over molecularsieve)and2.25g
triethylaminewere dissolvedin 100ml methylenechloride.
The solutionwascooledto —5°C. After that, the acid chlor-
ide solution was addedcarefully within 1 h. Subsequently
the solution was stirred for another2 h. The solution was
washedwith 50 ml waterandthe phasesvereseparatedThe
agueougphasewas shakenout with 50 ml methylenechlor-
ide. Then,the organicphaseavere combinedanddried over
magnesiumsulfate. After filtering off the drying agentthe
productwasisolatedby carefuladditionof petrolether 2.5g
white needlesm.p. 99°C, wereyielded.

5 4
I 0 Br
10 9 J 6 3
HO
\/\NH 7 : : SR
8
7

IH NMR (CDCly): 6 = 2.03(d, HY); 2.90 (br, H); 3.60(q,
H°); 3.81 (t, H%); 5.19 (g, H?); 6.80 (br, H®); 7.46 (d, H%);
7.74(d, Ho).

13C NMR (CDCly): d = 26.53(CY); 42.79(C°); 48.60(C?);
62.32 (C19); 127.09(C%); 127.42(C%; 133.97(C%); 146.75
(C%): 167.88(CY).

Hydroxy-terminategolystyene

0.272g N-(2-hydroxyethyl)-4-(1-bromoethyl)bewnic acid
amide(7) (1 mmol), 0.15g CuBr (1 mmol),and0.477g 2,2-
bipyridine were given into 50 ml styrene.The solution was
freedof oxygenandthenheatedo 110°C underargonatmo-
sphere.
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After 2h the reactionwas stoppedby cooling with ice
water The copperbromidewasremovedby filtration. After-
wards, the polymer was precipitatedinto methanol, redis-
solvedin acetoneandprecipitatedagain.

M, (GPC):3500g/mol; Py = 1.3.

'H NMR (CDCl;; end groupsonly): § = 0.92-1.10 (HY);
2.39(H3); 3.63(H°); 3.84(H2); 4.36-4.60(H?); 7.52-7.68
(H°).

4-(1,3-Oxazoline-2-yphenyl-4-(1-bomoethyl)benzoat)

2.0g 4-(1-bromoethyl)benzai acid were suspendedn dry
toluene.The suspensionvascooledto 0°C and1.82g phos-
phorouspentachloridewere added.The reactionproceeded
for 15 h at room temperatureSubsequentjythe solventand
the formed phosphorouxide trichloride was removedat
roomtemperaturaindervacuum.The residualoil wastaken
into 20 ml chloroform.

0.49g potassiumhydroxide, 1.41g 2-(4-hydroxyplenyl)-
1,3-0xazoline,and0.25g tetrabutylammoniunchloridewere
dissolvedin 20 ml watet The solution was cooledto 0°C.
Thenthe chloroformsolutionof the acyl chloridewasadded
slowly undervigorousstirring. Thereactionsolutionwasstir-
redfor anotherthreehoursunderroomtemperaturethenthe
phaseswere separatedThe organic phasewas washedwith
sodiumhydrogencarbonatesolutionanddistilled water Then
it wasdried over magnesiunsulfate. 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%).

0 9 o '

13 0 6
11 3
O 2
12 8 ! 1
14

8

IH NMR (CDCly): & = 2.08(d, HY); 4.08 (t, H'); 4.46t,
H®); 5.23(q, H?); 7.28(d, H%); 7.58 (d, H*); 8.03 (d, H);
8.18(d, HY).

13C NMR (CDCly): § = 26.48(CY); 47.66(C?); 54.92(CY);
67.76 (C¥); 121.66(C?); 125.50(CY); 127.12(CY); 129.02
(C?); 129.64 (C'%); 130.67 (C%); 148.93 (C?); 153.16 (CP);
163.92(C*); 164.18(CY).

Oxazoline-functinal polystyene

0.3759 4-(1,3-oxazoline-2-yl)plnyl 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 2,2-bipyridine were added.
The solution was evacuatedfive times and subsequently
flushedwith argonto removeoxygen.Thenit washeatedo
110°C. After two hoursthe polymerizationwas stoppedby
cooling in ice water Yield: 2.5g. M, (GPC)= 2400g/mol;
P4 (GPC)=1.31.

T 6 5 0 4 3
O J 2 _Br
[ 0
Ph Ph
8 1
n

'H NMR(CDCL): 6 = 1.08-1.24 (HY); 4.20 (H?); 4.56
(H); 4.65(H?); 7.11 (H®); 7.44(HY; 8.11 (HY); 8.25(H?).

Fourier transforminfrared spectoscopy(FTIR)

Measurementsvere executedon an IFS 66 (Bruker). The
resolutionwas?2 cnt?. Samplesvereeithersolventcaston a
KBr disc from THF or investigatedas KBr pellet. Tempera-
ture dependenETIR was executedwith a variabletempera-
ture cell (P/N 21.500;Specac).The heatingrate was 10°C/
min.

MALDI-TOF MS

The experimentsvere performedon a HP G2030AMALDI
TOF MS system(Hewlett Packard) The desorption/ionisa-
tion wasinducedby a pulsedN; laser The massspectravere
obtainedby 28 kV acceleratiornvoltage.The matrix for mea-
surements of polystyrene was 1,4-bis(5-phenyloxazol-2-
yl)benzene (POPOP)modified by Ag/trifluoroacetic acid.
The mixture of sampleand matrix wasdried on the sample
holder undervacuum. The measurementsvere carried out
by linearmodeandpositivepolarity.

Sizeexclusionchromatography(SEC)

The SEC measurementsvere performed with a modular
chromatographicequipmentcontaining a refractive index
detectorat ambienttemperatureA single columnHibar PS
40 (Merck) wasused.The injection volumewas 20 pul. The
sampleconcentratiorwasc = 2 g/l. The flow ratewas1 ml/
min. The coupling experimentswere carried out at room
temperature with chloroform as eluent. The molecular
weights were calculatedby use of a PS calibration, deter
minedwith polystyrenestandard¢KNAUER).

Scheme2: Williamson ethersynthesis

[0

(2)

Ps Br

-Br-

¢}
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NMR spectoscopy

TheNMR spectravereobtainedon a Bruker DRX 500spec-
trometeroperatingat 500.13MHz for 'H and 125.77MHz
for 1*C. CDCl; andDMSO-ds, respectivelywereusedassol-
vent, lock, andinternalstandard CDCl;: 6 (*H) = 7.26ppm,
6 (**C) = 77.00ppm; DMSO-ds: 6 (*H) = 2.50ppm, 5 (BC) =
39.60ppm). Signalassignmentgivenin this paperwerever-
ified by *H-H shift correlated(COSY) spectra,'H-*C het-
eronuclearmultiple quantum correlation (HMQC) experi-
ments, and *H-3C heteronucleamultiple bond correlation
(HMBC) experiments.The puls sequencesncludedin the
Brukersoftwarepackagevereused.

Results

Polymeranalogougeactions

As canbe seenfrom Schemel, the productof an ATRP
of styrenewith (1-bromeethyl)benzee as initiator is a
bromide-teminated polymer 1. Thus, the nucleophilic
substtution (Sy) of the bromineat the chain end is the
most obvious possbility to synthesizemonoctelic poly-
styrenesfrom 1. For this polyme analogos reacton it
would be of advantageto find one generalmethodthat
coud beusedto introducea variety of functional groups.
Alcohols are a conmmon functiond group in orgaric
chenistry and thus alcolols with an additional reactive
moiety group are readly available. They form ether
bords in an Sy readion, which is chenically and ther
mally resistant.Therdore, it seens advantageusto sub-
stitute the bromine by an alcoholag. This so called Wil-
liamson ethersynthess is a well known reactionwhich
proceedsvia an Sy2 pathway To test the straegy of a
gereral reaction 2-(4-hydroxyphetyl)-1,3-oxazolinewas
empoyed in the attemptto introducean oxazoline group
at the polystyreneend (Scheme?2). The aromaic alcohol
waschosenrsincephenobtesareeasierto acces thanali-
phaic alcotplatesdue to their acidc character Product
of the reactionis an aryl alkyl ether3. To simplify the
analysis of the prodicts alow molecularweight polystyr-
enel with a molar massof M, = 2500g/mol wassynthe-
sizedfollowing the methodof WangandMatyjaszewsk?.
Fig. 1 shows the '"H NMR spectrumof 1. The signalsat
4.34-4.60ppmaredueto thebromideendgroupof poly-
styrene. The signals at 0.92-1.10 ppm indicate the

N
ps 0‘< >—< :|
0
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1
____J ;
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
0 in ppm
Fig.1. *H NMR spectrunof bromine-terminatd polystyrene

Y

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
4 in ppm
Fig.2. *H NMR spectum of the convesion prodict of the Williamson ether

synthesis

methyl group of the initiator residue.The synthess was
performedin DMF at 80°C with potassiumcarlonateas
base Fig. 2 shows the *H NMR spectrumof the reaction
product.By comparisonwith Fig. 1 it canbe seenthatthe
broadsignal at 4.34-4.60ppm vanished. Thus, the bro-
mide reaced conpletely. Instead, new signals can be
observed The signds at 3.92ppm, 4.21ppm, and
7.73ppm aredueto the desiredphenyl oxazoline moiety
at the polystyrene end. Howeve, elimination took place
as well. This is indicated by the olefinic sigrals of a

vinyl-terminated polystyrene at 6.04-6.21ppm. The
structuresof both, the oxazolire-functianal polystyrere 3
andthe elimination product4 were establishedy combi-
nation of 1D and 2D NMR method. *H and *3C NMR
sigral assignmers for both end groupsare given in the
Expeaimental patt. By integrationof the *H NMR end-
groupresonancei becane clearthatthe eliminationand
not the Sy reactionwas the predominat reaction path-
way. The yield of the desiredoxazolne functional poly-
styrene 3 was calculatedto be only 30%. It shoudd be
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Fig.3. MALDI TOF MS of the conversionprodLct of the Wil-
liamson ether synthesis. The large signal distribution indicates
the elimination prodict 4. The small signaldistribution belongs
to the oxazdine-terminaed PS3

mentionedthat the *H NMR shifts and the signal shapes
for the oxazoline group are very sensitiveto the concen-
tration of the solution, obviously due to associabn and

solvationeffects.

The reacton product was further investigated by
MALDI TOF MS. Theinterpretationof the spectrumwas
facilitated by the fact thattheinitiator residuein the poly-
mer hasthe massof a styreneunit +1 (see Schemel).
The spectrum(Fig. 3) shows two differert

My

Tz = (X+ 1) *Msyrene+ Mag+ (1)
mg

- = (X+ 2) - Mgyrene+ Mag+ + 59 (2)

distributions. The m/z values for the seriesof the large
signalscan be expressedy Eq. 1. The variablex is the
degreeof polymerizaion. The molar massof Ag* hasto

be addel sincethe chainsare desorbd as Ag* adducts.
This is in agreemetwith the structureof 4, vinyl-termi-

natedpolystyrene.

The m/z valuesfor the seriesof the small signalsfol-
lows Eq. 2. The massof 59 canbe explaned by the mass
differerce of the hydroxypheryl end group (163 g/mol)
anda styreneunit (104 g/md).
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Thedifferenceof the signal intensitiesof the two distri-
butionsis notin accordare with the NMR restts, which
proposedan elimination of 70% of the bromides. This
can be causedby a preferied desorpton of 4 from the
matix, erroreously indicating an even higher extert of
elimination.

To increasethe yield of the oxazoline-furctional poly-
styrenethe reactionwasrepetedat various temperaures
and with potassiumhydraxide as base.Still, substatial
elimination took place. The use of pyridine as soluble
basefailed to showany effect

At last, to avoid the useof a basealtogethera readion
pathway suggestd by Sinhatabu et al!” wastried. The
2-(4-hydroxypheny)-1,3-oxaoline was first transferrel
into its trimethylsilyl ether Thenthe substituton of the
bromide was execued in a DMF solution at 40°C with
potassiumfluoride as catalyst. Howewer, again elimina
tion led to the major product. Therefore the polyme ana-
logous functiondization of the polystyrene was aban-
dored.Howe\wer, it shallbe mentionedhatthe prodict of
the elimination, vinyl-terminated polystyrere 4 itseff,
might be an interesing staring material for furtherreac
tions suchas epoxidation or hydroslylation. Finally, the
useasmacromomercouldbeconsideredaswell.

Functionalpolystyenesby useof functionalinitiators

The modification of monoctkelic polymers suffers from

mary drawkacks.The concentration of readive groupsis

very low. This complicaes a complet conversion.In

addtion, as could be seenabove, side reactions can
becane predominat leading to pooryields of the desired
product.And oncetwo polymerswith differentfunctional
groupsareformednextto eachother, it is almostimposst

ble to sepaate the mixture since the chenical effect of

theendgroupis negigible compaedto thelarge polyme

baclkbone.

Therefore, the direct introducion of a functionalty
into a polymer by a modified initiator seemgo be favor-
able If it can be excluded that no polymer chairs are
formedby chan transferreactonsit canbe assumedthat
all macromdeculesbearthe desiredchenical functionalt
ity. And, in addition, non-reactingimpuritiesin the initia-
tor canberemovedeasly from the polymermatrix.

A corresponthg structure to the (1-bromoethyl)ken-
zeneinitiator usedby Wangand Matyjaszewsk is the 4-
(2-bromoehyl)benzac acid (5). This compouwnd can
eadly be preparedfrom the commercidly available 4-
ethylbenaic acid by a radcal bromination reactionwith
N-bromostecinimide!®. The polymerization of styrene
with this initiator coud be pefformedin the sameway as
with (1-bramoethyl)lenzene!H NMR dataverifying the
synthesisof carboxyic acid terminated polystyreneare
presentedn the Experimental pait. Tab.1 shows molar
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Tab.1. Carboxylicacid-termiratedPS

Sample M./(g/mol)  M,/(g/mol) M./M,
1 8800 10900 1.24
2 12500 15400 1.23
3 15000 18700 1.25
4 16900 21900 1.30

massesof differert polystyrenesthat were polymerizd
with 5.

Whenmeasuriig low molecula weightcarboxyic acid
terminated polystyrene by GPC uncharateristic high
polydispesities were found This led to the assumgon
that the carboxylic acid end group showsan end-grog
effect in the GPC analysis. Therefore,*H NMR specto-
scopy and MALDI| TOF MS measuementswere con-
ducted.The molar massegleternined by thesethreedif-
ferent techriques are summarizedin Tab.2. It can be
seenthat the molar masseof the low molecula weight
polystyreres were underestimagd by the size exclusion
technique. In addition, the polydispersitiesvere overesti
mated.Enthalpic effects canbe presuned respondble for
this phenonenonwhich will be subjectof furtherinvesti-
gations.

The carboxyic acid group can be usedfor readions
with a variety of other functionalties suchasthe hydro-
xyl, amine, carbodimide, epoxice, and oxamline
group®. Thus,alargevariety of polymerscanbeblended
with the carboxyterminated polystyrene.To investigate
the processesccuring during reactive blendirg FTIR-
spectroscpy is frequenty applied®. Therefae, we were
interestedin the IR absorpions of the aromaic car
boxylic acid. Uswally carloxylic acidsare found in the
associatedorm in hydrophdic solvents,as which the
polystyrere matrix can be consdered. However with
end-funcionalized polystyrenethe concentrationof the
carboxyic acidis very low andthe mobility is hindered
dueto the large polymer backbone This influencecoud
be seenwheninvestigatingtwo polystyrereswith a num-
ber average molar massof 4900g/mol and a numker
averagemolar mass of 15000g/mol, respectivéy, by
meansof FTIR spectrgcopy Free aromatic carboxyic
acidsabsorbat 1730 cnt* while the associatd aromaic
carboxyic acidsshowa chaacterigic bandat 1688 cnr?.
Therefore,changesn the ratio of thesetwo bards give
direct information aboutan alteration of the association
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Fig.4. Depenanceof the molar masson the degreeof asso-
ciation of carboxylic acid end groups. The solid line showsthe
absorptiorof a PSwith M, = 4900g/mol, the dashedine shows
the absorptiorof a PSwith M, = 15000g/mol

state of the carboxyic acid groups.As can be seenin

Fig. 4, with anincreasein molar massthe ratio between
the free andthe associaté carboxyic acid groups chan

gedtowardsthefree carloxylic acids.But reactve blend-
ing is pefformedat high tempeatures.Therefore,a soluw

tion-castfilm of the carboxylic acid-termnatedpolystyr-

ene with M, = 15000g/mol was heatedup to 230°C.

Again, the changein the associabn behaviorof the car

boxylic acids could be obsened. The free acid band
increasd significantly while the associatd acid bard

varished completdy (Fig.5). When coding down to

room termperature the effect wasrevased.Howe\er, the
stating point was not reacted evenafter two days. This
suggests that the diffusion hindrance in the polymer
matrix, especidly below the glasstemperatue, blocksthe
associationof thefree carboxyic acidgrours.

Another interesing functiondity for reactve blendirg
is the anhydride group.Reactionwith aminesleadsto the
formationof the stableimide bord. Thereforejn analogy
with the prepaation of 5, 4-methyphthalic anhydide
was brominated with N-bromosucciimide to yield 4-
(bromometlyl)phthaic anhydide (6). The yield of the
readion wasabout70%. Furtherpurification of the reac
tion prodwct proveddifficult dueto the reactiviy of the
anhydride group But since the 4-metylphthalic anhy-
dride doesnot interact during polymerizdion it proved
more favorableto calcuate an active bromine corncentra-
tion of the initiator and to remove the unconverte
metylphthalic acid after the polymerization of styrene.
Again, with 6 asinitiator styrene could be polymerized

Tab.2. Molar massesindpolydispesitiesof carboxylicacidterminated®Sdeterminedy differentmethods

No. M.(GPQ) P, (GPC) M,(*H NMR)  M,(MALDI TOFMS) P, (MALDI
g/mol g/mol g/mol 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
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Fig.5. Dependencef the degreeof associéion of carboxylic acid end
groupson the tempeature.Investigaions were carriedout on a PSwith M,

=15000g/mol

Tab.3. Anhydrdeterminata PS

Sample My/(g/mol)  M,/(g/mol) My/M,
1 7100 9300 131
2 10000 14300 1.43
3 12000 17000 1.42

by applying the standrd procedire. However to avad
theformation of methylestersthe polystyrenewaspreci-
pitated into heptaneinstead of methanol. Tab.3 shows
the molecularweightsandpolydispersitiesof threediffer-
entanhydide terminatedpolystyreres. The high polydis-
persitiesarenot typical for an atomtransfe radcal poly-
merizaton. However taking into accountthe possillity
of partial hydrolyss of the anhydide group, this obsena-
tion canbe explainedby the differenteluton behavior of
the anhydride-teminated polystyrene conpared to the
phthalic acid functional polystyrene. This could be con+
cluded from the GPC curves. While sampe 1 (Tab.3)
displayedthe expectednarow distribution, the peals of
samples2 and 3 showeda shoulderat shorterresidence
times.

By modification of initiators beaing a reactivemoiety
further functionalties can be provided for the ATRP of
styrene.Thus, the transfamation of 5 by readion with
phosphoous pertachloride leads to the formation of a
reactivecarloxylic acid chloridewhich canbe coupledto
avariety of functionalgroups.The reacton with etharol-
amineyielded 7 in high purity. It resemblesothing but
aninitiator with analiphaticalcoholgroup Alcohols can
react with carboxyic acids, isocyanates,and epoxides,
functional groups which play an importantrole in poly-
mer chemistry. Again, 7 was usedto polymerize styrene
accordiny to the standargprocedire. The*H NMR assign-
mentsfor the chamacteristicend groups of a low molecu-
lar weight PS are given in the Experimental part. The
structure of the N-(2-hydroxyethy)benzoic acid amide
and bromide end groups was establishedby 2 D NMR
techniques.

Finally, coupling of the cartoxylic acid chloride of 5
with 2-(4-hydioxyphenyl)4,3- oxamline yieldedthe oxa
zoline-functonal initiator 8. It was usedto preparethe
desiredoxazolire-functioral polystyrene which was not
obtained by the polymer anal@ousreacton. Again, the
standird procedurefor an ATRP coud be appled. How-
ever to avoid a reactionof the benzylicbrominewith the
oxazoline endgroup® the polymerization wasperformed
at 110°C insteadof 130°C which still guararies a suffi-
cient conversion.Fig. 6 shows the '"H NMR spectrumof
the oxazoline-furctional polystyrene. The signals at
456 ppm and 4.20ppm are due to the oxazolire ring
while the signal at 1.08—-1.24ppm is due to the methyl
group of theinitiator. As canbe seenby comparisonwith
Fig. 2, no elimination took place The signd of the bro-
mide end group overlaps with a signal of the oxazolne
ring, but canbe idertified by the broadbaseof this rese
narce. Its chemicalshift is 4.65ppm. The structurewas
egablishedunamliguouslyby 2D NMR techriques.

Conclusions

Atom transfer radcal polymerization of styrene was
apgied to synthegze end-functonal polyme's neeckd for
readive blend applications.The attemp to usethe Wil-
liamson ether synthess in order to introduce different
functional groups by an Sy reacton lead to insuficient
yields of only 30% dueto the occurenceof eliminaton
of the bromide.Attemptsto optimize the reactionby use
of different basesand eventualy by useof a potassium
fluoride catalyzdreactiondid not succee.
Therefore the useof functional initiators provedto be
the method of choice. The functional bromides could be
readly syntheszedby a brominationreactionwith N-bro-
mosuccininide. Two exenplary initiators were prepared,
4-(bromomehyl)phthdic anhydide and 4-(1-brome
ethyl)benzac acid. Furtherfunctionalizaton of the 4-(1-
bromoethylpenzoicacid lead to a hydraxy- and an oxa
zoline-functonal initiator. However the synthegs of
addtional initiators containing differentreactve moieties
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Fig.6. 'H NMR spectrumof oxazoline-teminatedpolystyrene

such as aromatic hydraxy groups by the bromination
reactioncanbeimagined,aswell.

The aforememioned initiators were used to prepare
monoctelic polystyreneof different molar massesThe
analysisof end-fungional polymersrevealedthatthe end
group,althoudh low in concentration hasaninfluenceon
the polymer chamcter Thus, the molar mass of car
boxylic acid terminatedlow moadlecular weight polystyr-
ene detemined by GPC differed significantly from the
molar masse deternined by *H NMR spectroscpy and
MALDI TOF MS. On the otherhand,the polyme back
boneitself hasaninfluenceon the propertes of the end-
group.Althoughcarloxylic acid moieties tendto associ-
atein hydrophdic media,a long polystyrenechain can
hinder this tendency Thus, with increasein molar mass
the ratio between associatedand free acids charges
towardsthefreeacids.

By use of functional initiators, carboxy-, anhydide-,
hydroxy-, and oxazolire-functinal polystyreres were
madeavailable. A large variety of reactons can be per
formedwith thesegroups.With the monoclelic polymers
ourresearchwill nowfocuson the preparatiorof reactive
blends.
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