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SUMMARY: Poly(oxyethylene)s terminated at both ends with 2-bromopropionate end-groups were prepared
and characterized by means of MALDI TOF mass spectrometry. It was shown, that atom transfer radical
polymerization (ATRP) of methyl methacrylate with a poly(oxyethylene) macroinitiator in bulk proceeds
with low initiation efficiency while polymerization ofert-butyl acrylate proceeds with practically quantita-

tive initiation, leading to ABA block copolymers. Originally forméelrt-butyl acrylate blocks contain termi-

nal bromine, as expected for the ATRP mechanism. MALDI TOF analysis indicates, however, that in the
later stages of polymerization side reactions lead to elimination of terminal bromine.

Introduction ester groups, which may be hydrolysed relatively easily,

Recent developments in the area of controlled radicfading eventually to double hydrophilic block copoly-

polymerization processes opened new synthetic possibimers’ Wh'Ch_ ghow interesting cation binding prope_i*ﬁes
ties for the synthesis of well defined polymers fromPOE macromltl_ato_rs were prepared and chgrg_cterlzed and
monomers polymerizing by radical mechanisth In ATRP polymerization oftert-butyl acrylate initiated by

many systems sequential polymerization could be SuE’_OE macroinitiators was investigated in both in model

cessfully conducted, leading to well defined block copo‘:’md real systems.
lymers, including block copolymers comprising blocks
formed by different polymerization mechanisins

Due to the versatility of ionic ring-opening polymeriza-Experimental part

tion, allowing the preparation of polymers with differentg iy 2-bromopropionate (Aldrich) and pentamethyldiethyl-
structures of the main chain, the combination of conenetriamine (PMDETA) (Aldrich) were purified by distilla-
trolled ionic ring-opening and controlled radical polymertion (b.p. = 156-160C and 198C, respectively), CuBr
izations is of special interest for the synthesis of novglAldrich) was purified according to the procedure described
block copolymers. Both nitroxide mediafet? and atom in the literaturé?®.

transfer radical polymerizatioHs'? were applied to pre-  Poly(oxyethylene) macroinitiators were obtained from
pare block copolymers from radically polymerizablecommerc'a|'y available (Aldrich) poly(oxyethylene) diols

monomers and macroinitiators, obtained by ionic ring:]‘-"’i,tél1 M,Z\IZI ,15hoo’ 600(;). ortZOthC; elllnd g-bromoptjropignyl bro-
opening polymerization, mide (Aldrich) according to the following procedure:

. L . 9.89 g (1.65 mmol) of poly(oxyethylene) diol withl, =
Atom transfer radical polymerization (ATRP) is a €05 000 (or equivalent amounts of poly(oxyethylene) diols with

venient method for the preparation of block copolymersy = 1500 or 20000) was dissolved in 25 mL of acetonitrile.
because the 2-bromopropionate group, which is an eff@lg7g (17 mmol) of solid CaO was added and 1.81g
cient initiator of ATRP polymerization, can easily be(7.9 mmol) of 2-bromopropionyl bromide was introduced
introduced as the end-group to different polymersiropwise at room temperature to the stirred suspension.
obtained by ionic mechanism, either by direct terminatiofter 48 h, 15 mL of CHCI, was added, the solution was fil-

of living ionic active species or by esterification oftered and washed three times with 50 mL of water. The pro-
hydroxy terminated polymers (e.g. poly(oxyethylenefluct was isolated by evaporation of solvents on the rotary
diols). The first approach has been recently used to prévaporator and finally dried on a vacuum line at"70o
pare block copolymers of poly(tetrahydrofuran) with S,[yr_achleve complete funptlonallzatlon, the described procedure
ené? while block copolymers of poly(oxyethylene) with was repeated three times. The products were analysed by

btained by th d Hach GPC,'H NMR and MALDI TOF mass spectrometry.
styrene were obtained by the second approac Monomers and solvents were purified by distillation.

The aim of the present work was the synthesis of ABA po\ymerizations were carried out using typical procedure

block copolymers ir_‘ which block B is poly(oxyethylfane)for ATRP polymerization, as described in the literatfire
(POE) and block A is polyért-butyl acrylate) containing CuBr was used as catalyst and multidentate aliphatic amine
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(pentamethyldiethylenetriaming®MDETA)) as complexing
agent®. Polymerizationswere carried out in ampoules,
which after several freeze-thaw cycles were sealed in
vacuum.Polymerswereisolatedby evaporationof volatiles
andanalysedwithout reprecipitation.

'H NMR spectra were recorded with Bruker MSL
300MHz spectrometeiin CDCl; solvent.

MALDI TOF massspectrawere recordedwith Voyager
Elite MALDI TOF massspectrometerusing dihydroxyben-
zoic acid asa matrix.

GPC measuremets were performed using LKB 2150
HPLC pumpanda setof TSK-GEL G2000HXL andG4000
HXL columnswith CH,Cl, aseluent.Polystyrenecalibration
wasusedto calculatethe M, values.

Resultsand discussion

Characteriation of poly(oxyethylenemacoinitiators

Poly(oxyetlylengs terminated at both ends with 2-bro-
mopropionde groups were obtainedfrom poly(oxyethyl-

ene) (POE) diols and 2-bromopropioryl bromide as
describedin the Experimental pat. Reactionproceeed

exclusivey at the chainends,without affecting the back

bone, as evidencedby GPC analysis Number avelage
molecubr weights, determined by GPC, increased
slightly (e.g. from M, = 5860 for POEdiol to M, = 6870
for POE macradnitiator) after esterfication due to the
incorpordion of relatively large end-graips, while the
M,/M, ratio remainel unchamged (M,/M, = 1.095 and
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1.10, respectiely). Fig. 1 shows the MALDI TOF spec-
trum of the prodict with M, = 6870 (accordingto GPC).

Two seriesof signals are presentin the spectrawithin
eachseries sigrals are separatedy 44 molecular weight
units, which corespondgso the molecular weight of the
oxyethylenerepeatingunit. The minor series is shifted
towards higher molecubr weights by 16 molecula
weight units from the major series;both serieshavethe
sane molecubrweightdistribution. This leadsto the con-
clusion, thatonly onehomdogousseriesis presentin the
analsed sample, giving signals of speciescationatel
with Na" (major series) and K* (minor series),as fre-
quently observedn MALDI TOF spectra.The obsened
molecular weights correspondto the expected structure
with two 2-bronopropiorateesterend-groys:

Schemel:

$Hz C|H3
Br-CHCOOCH,CH20[CH2CH70],CH2CH20(0)CCH-Br

Thus, for the oligomerwith DP, = 151, the calcdated
molecularweightis equalto 696298 (+Na") and6978.98
(+K*) while the valuesobsened for majorandminor ser
iesareequd to 69634 and6979.3 respetively.

Theresultsof MALDI TOF analysis show thatapplied
experimentalprocedureleadsto conplete functionalza-
tion of POE and resulting difunctional maaoinitiator is
essentiallyfreefrom POEdiol andbr monoester

v © g ‘é
4500 0o §g ~ R
~No © r\/ ~ O
A
4000 NN e
3500+
T T T
7050 7080 7110
3000 Mass (m/z)
|
2500 ’
| ‘ !
2000~ l |
1500 ‘
1000 i
T T i 7 1
6000 6500 7000 7500 8000
Mass (m/z)

Fig.1. MALDI TOF massspedra of poly(oxyethylene) macroiniticor prepared
from poly(oxyethylae) diol with M, = 6000. In the upperright corner the expanded

fragmentof the spectumis shown
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Efficiencyof initiation of atomtransferradical
polymerizaion (ATRP)by POE macwoinitiators

For the synthess of block copolymes free of homopoly
mer fraction, it is essentl, that initiation by the maao-
initiator is quantitdaive. POE macoinitiators usedin this
work were fitted with endgroup resemhhg closel the
typical initiator of ATRP, namely ethyl 2-bromopopio-
nate.The initiating groups connectedasend-groy to the
polymerchainmay be, howe\er, lesseasdly accessil# to
the monomer molecuks than the samegroups in low
molecubr weightinitiatorsandthe efficiency of initiation
by maaoinitiators may deped on the conformation of
the macronitiator chains in solution This was indeed
shownfor a model system in which ATRP polymeriza
tion of methyl metacrylae (MMA) was conductedwith
POEmacroinifatorsin bulk or in differentsolvents.
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Theinitiation efficiency in this systemcanbefollowed
by *H NMR. Groups denotedasa andb in POEmacroii-
tiators are transformed upon initiation into groups
derotedasc andd at the junction points of two blocksin
theblock copolymer(cf. Scheme2).

The signds of the protons of the groupsd overlapwith
the sigrals of the POE backbone but the sigrals of the
protonsof the groupsa, b andc arewell resolvedandcan
be obseved separately Thus, the progres of initiation
may befollowed by observinghe disapearancef signal
a and transformaton of signal b into sigral c. Fig.2
shows the relevantregiors of the 'H NMR specta of the
readion mixturesof ATRP polymerization of MMA with
POEmacroinitiatorsin bulk andthreedifferentsolvents.

In all caesthe specta wererecordedafter sufficiently
long reactiontimesto ensurecomparableand high con-
versionsof MMA (exceeding80 moal-%) irrespective of
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Fig.2. The expandedfragments of *H NMR specta of methyl methacryate
(MMA) polymerizirg with poly(oxyethylere) macroinitigor at 80° for 2 h. [MMA]/
[CH;CHBrCcOGC—] = 100, [CHsCHBrCOC—)/[CuBr])/[PMDETA] = 1/2/4. (A) In
bulk. Conversionof the initiating groups determinel from the spectra=25%; (B) in
toluene Convesionof theinitiating groupsdeterminedrom the specta =35%; (C)
in 1,4-dioxane.Conversbn of the initiating groups determine from the spectra
=70%; (D) in glyme. Convesionof theinitiating groupsdeterminel from the spee
tra=100%.Theassgnmentsof the signak a,b andc asin Scheme2



62

possible difference in polymerization rates. Although
dueto thelow concentrationof initiating groups the qual
ity of the spectrais ratherpoor, it is evident,thatat com
parable MMA convesion, the degreeof converson of
initiating groupsin POEmacroinifatorsis very muchdif-
ferent.In bulk andin toluenesoluion the initiation effi-
ciencyis poor, it is moderatein 1,4-dioxanesolutionand
only in glyme (dimethyl etherof ethylene glycol, which
is a goodsolventfor POE)the initiation is nearly quanti-
tative. Theseresultscleaty show thatreacton conditions
elaboraéd for homomlymerizaion with low molecubr
weight initiators are not necessaly suitablefor the pre-
paration of block copolymes with macronitiators,
becausehe accessillity of initiating groups, comected
as end-goupsto the polymer chain, may dependquite
strongly on the properties of the solvent. This may be
especidly pronainced,when,asin the studed cas, the
propertiesof bothblocksdiffer consideably.

This limitation may be of no critical importarce when
a relatively low molecubr weight (oligomeric) macrani-
tiator is used,but it may becomeincreasigly importart
with increasig molecuar weight of the macronitiator.

Synthesi®f block copolymerdy ATRPpolymerization
of tert-butylacrylatewith POE macinitiators

ATRP polymeization of tert-butyl acrylate (tBA) with
POEmacronitiators,wascarriedout at typical polymeri-
zation conditionswith CuBr/PMDETA as catalytic sys-
tem'>, On the basisof the resiits of the model system
glyme wasusedinitially as a solvent. The system how-
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ever was heteogeneous,and the resultirg polymes
showedbroadmolecularweightdistribution. Thereadion
seemedto proceedcleany in bulk, thus,the efficiency of
initiation in the systemPOE maaoinitiator — bulk tBA
wascheckedby 'H NMR, asdesribecearlierin this paper
Fig 3.1 showsthe relevantregons of the spectraof the
POE macranitiator and reaction mixture at high (>80
moal-%) conversionof tBA. The resultsshow thatin con
trast to the bulk MMA -POE madcoinitiator system(cf.
Fig. 2), the efficiency of initiation in the cas of the bulk
tBA-POE macronitiator systemis nearly quantiative,
which reflects different propertiesof both monomersas
solventsfor POE.

Fig 3.2 shows the GPC curvesfor POE macranitiator
and block copolymer The produd¢ shows monomodl
molecular weight distribution. By compaimg the elution
volumesit may be concluded, that macroiniiator has
beenpractically completely consumedThe resultsof the
experimentsarecollededin Tab.1.

Theresultsof Tab.1 show that ABA block copolymers
(A = poly-tBA, B = poly-EO)with well defined structure,
desired lengths of both blocks and relatively narrov
molecular weight distribution are formed at the applied
conditions.

Analysisof the structuie of the productsof ATRP
polymerizatiorby MALDI TOF massspectometry

The unequivocal confirmation of the structure of the
polymersmay by obtanedby MALDI TOF massspectro-
mety. This methodprovidesinformaton not on the aver

3.2

RI

B

A
[ R

[T =y T T T T T T I T Ty YT

435 420
(ppm)

T 12 15 18

4.05
elution volume

Fig.3.1. The exparded fragmentsof the 'H NMR spectraof poly(oxyethy-
lene) macroinitigor (upperspectrum— A) andtert-butyl acrylate (tBA) poly-
merizingwith poly(oxyethylene)macroinitiatorat 80° for 4 h (lower sped¢rum
— B). Theassignmentsf the signalsasin Fig. 2.

3.2.GPCchromatogrens of poly(oxyethylene) macroinitiabr (lower curve—
A) andblock copolymer— productof polymerizationof tert-butyl acrylae with
poly(oxyethylene)macroinitigor (uppercurve— B)
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Tab.1. Calculatedandfound M, valuesfor block copolymers
preparedby ATRP polymerizdion of tert-butyl acrylae with
poly(oxyethylene) macroinitiatas. Polymerizaion in bulk at
80° for 4 h. [CH;CHBrCOGO—]/[CuBr]/[PMDETA] = 1/1/4
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Tab.2. Polymerizaion of tert-butyl acrylatewith ethyl 2-bro-
mopropionateas initiator. Polymerizaion in bulk at 60°. Reac-
tion conditions: [tBA] = 15.3mmol, [CH;CHBrCOOGH;s] =
1.00mmol, [CuBr] = 1.05mmol, [PMTEDA] = 2.09mmol

POEmacroinitiator Block copolyme

M M,/M, M M, found, M./M,
calculatel GPC

2370 1.10 5100 4970 1.24

6870 1.10 14000 14100 1.35

aged structure of the productspresentin the analysed
sample but on the structure of individual maacdomole-
cules.MALD | TOF massspecta of block copolymes are
difficult to analysedueto the overlgpping of two mole-
cularweight distributions(oneresuting from the polydis-
persityof the POEblocksandthe otherfrom the polydis-
persity of the P-tBA block) which leads to a conmplex
spectrumin which unequvocal assignmets arequestion
able. For this reason,the MALDI TOF spectraof tBA
homopolymers, preparedwith ethyl 2-bronopropiorate
asinitiator (mocel of initiating groupsin POE macrani-
tiators)were analysed.

Polymeization was carried out in bulk at 60°C. Sam-
ples were withdrawn at different stagesof polymeriza
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No. Time tBA conv. M Ma/M;,
in min in mol-% GP®

1 15 36 1290 1.14

2 35 80 2320 1.15

3 60 96 2780 1.13

4 110 100 2690 1.14

5 200 100 2830 1.14

4 Determinel with polystyrenecalibraion. The calculatedM,
atcompletetBA conversions equalto M, = 2150.

tion; tBA converson wasdetamined from *H NMR and
M, of the polymer from GPC.Theresultsarepresentedn
Tab.2.

The polymersisolated at different stagesof polymeri-
zation wereanalysedby MALD | TOF massspectronetry.
Fig. 4 showsresultsobtainedfor samplesdl, 2, 3 and5.

In sample 1 essentily one homobgousseriesof sig-
nalsis observed The sigrals are sepaatedby 128 mole-
cular weight units, which correspond to the malecular
weight of the tBA unit. The molecular weightsobserve
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Fig.4. MALDI TOF massspecta of the productsof the polymerizadion of tert-butyl acrylate
initiated with ethyl 2-bromopropionte, isolatedat differentreactiontimes. Numberscorrespondo

thenumbersn Tab.?2
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for the componentsof the seriescorrespondo the for-
mula:

Schemes:

CyH50COCH-[CH 2-CH]y-Br
&‘ H3 00C4Hg

e.g. for m = 10 the calculatedmolecular weight is equal
to 1485.72(+Na") while the obseved value is equalto
1484.%.

The analysis of the shapeof the individual sigrals
reveals,that the isotope distribution is chamacteridic of
the specéscorntaining bromine;the observedistribution
is comparel with the calculatedonein Fig. 5(A).

With progres of the readion, the chamcter of the
MALDI TOF spectrachangesin sample2 the sigrals of
themainseries(seiies|) areshifted towardshighermole-
cularweightvaluesdueto the progres of polymerization
butanewseries(seriesll) appeas for which the molecu-
lar weightscorrespondo the structuredevoid of termiral
bromine:

Schemed:

CoHsOCOCH-[CH 2-CH]-H
Hj "O0C4Hg

e.g. for m = 10 the calculatedmalecularweightis equal
to 1405.82(+Na’) while the obseved value is equalto
1405.3
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The isotopedistribution observedfor individual peaks
is differentfrom thatin series I. The compaison of the
obseaved isotopedistribution andthe isotopedistribution
calcuatedfor the structure shown in Scheme4 is shown
in Fig. 5(B), confirming clearly the absene of bromine
in the polymersof seriesl.

After still longer reactiontime the propation of the
sigrals of seriesll graduallyincreasesand in sample5
practically only the sigrals of seriesll are observed(cf.
Fig. 4).

It shoud be noted,thatconverson of tBA is high (=80
mol-%) already in sampe 2. Thusthe changesobsened
in the later stagef polymerizaion arenotdueto thefor-
maton of a new population of macromokculesby a
medanism different from that operatingat the earlier
stages but ratherto the transfamation of macromaecules
of series | into macromdeculesof seriesll.

One possilke explanaton is a terminatian readion i. e.
recanbinaion or disproportionation of two macroradi
cals.Recanmbination,howeverwould leadto maadomole-
cules containingtwo propionde esterend-groups.No sig-
nals correspondingto sucha seies are observedin the
MALDI TOF spectra.Disproportionation, on the other
hard, would give a seriescorrespondingto the structure
shown in Schemet but this seriesshodd be acconpanied
by anotherseries,cortaining terminal unsduration i. e.
having molecula weightlower by two units. This should
give a charateristic patternin the massspecta, which is
notobseved.
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Fig.5. Comparisorof the calcuated(lower spectrajpndobserveduppe
spectrajsotopedistributionsfor signak of the polymerwith DP, = 10: (A)
belongingto seriesl (with terminalbromine,cf. structure(3)), (B) belong-
ing to seriedl (withoutterminal bromine,cf. structure(4))
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The analysisof the shag of the signal (cf. Fig.5b)
shows cleaty, that only one series, with molecubr
weightscorresponihg exactly to the structure shown in
Schemed is observed Thus,we condude, that the reac-
tion leading to elimination of the terminal bromineis not
recombinabn or disproprtionaton but hydrogen
abstractio from one of the componentsof the systemto
the macroradtal, existing in equiibrium with the bro-
mineteminatedmaaomoleculeevenaftercomplet con-
sumptian of the monomer The possille paticipation of
aliphaticamine (PMDETA), being the comporent of the
catalytic system can not be excluded, becase it was
shown, that suchaminesare hydrogenradcal donors,at
leastin the redox initiated polymerizationof acryamide
in aqueousneda’®. The nature of the sidereactionis pre-
sentlyunder investigation

The similar effect wasobseved for ATRP polymeriza-
tion of acnylonitrile. In this system however only small
amountsof polymer devoidof the temminal bromine were
observedafter relativdy long reactiontimes'”.

If the proposedexplanaton is correct,thenthe molecu-
lar weightdistribution for both series shodd be neaty the
same(uponlosing brominethe molecuar weight shoud
decreae by about80 moalecularweight units). It appars
from the massspecta, that the maximumfor seriesll is
shifted consderably towards lower molecular weights.
This, howewer, may be only anartefact due,for exanple,
to the differert abilities to undergo ionization for maao-
molecuks belonging to both series,at the conditions of
the MALDI TOF experimets. Thereslts of GPCanaly
sis (cf. Tab. 2) confirm unequivocaly, that numberaver
age molecubr weights increase slightly (due to the
increasingmonomerconvesion) and not deceaseas it
couldappear from the massspectra.

We conclude, therefore that at the appied conditions,
polymerization of tBA initiated with POEmacroinitators
proceedsn a contolled manneraccoding to the ATRP
mechanism, leadingto block copolymes with expeced
molecubr weights and relatively narrow molecula
weight distribution. The resudting copolymers have ori-
ginally bromineatomsat the chainend,asexpected.The
processis, however not entirely free of side reactions
leading to the eliminaton of terminal bromine. These
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side reactons are apparerly slower than propagtion,
thus at the earier stages,when the concentation of
unreated monomer is still relatively high, propagatio
dominatesandcortribution of sidereactonsis negligible.
At thefinal stage of polymerizatian, whenthe concenta-
tion of the monomeris already low, the consegencesof
sidereactonsarebecomirg more pronounce andgradu-
ally all the macranolecules are transfamed from their
active (i. e. contaning termiral bromine) form into inac-
tive (without terminal bromine)form.
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