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SUMMARY: Successful combination of quasiliving carbocationic (QLCP) and atom transfer radical
polymerizations (ATRP) was carried out by initiating ATRP with polyisobutylene (PIB) macroinitiators obtai-
ned by QLCP. It has been found that 1-chloro-1-phenylethyl-telechelic PIBshMyitif 7800 and 30700 are
efficient macroinitiators for ATRP of styrene in bulk and in xylene solution andpfacetoxystyrene (pAc-

OSt) in xylene. Size exclusion chromatography (SEC) traces clearly indicated quantitative initiation and the
formation of the desired polystyrermeck-polyisobutyleneblockpolystyrene (PSt-PIB-PSt) and PpAcOSt-
PIB-PpAcOSt triblock copolymers. Experiments also revealed absence of thermal self-initiation of styrene
under ATRP conditions.

Introduction by QLCP as building block in a variety of macromolecu-

There have been rapid developments in the field of Iivin!fr systems have attracted Wid)e interest both in academia
) o .
polymerizations in recent years. In addition to living nd industry (see, e.g.,RefS!*and references therein).

anionic polymerization, existing for more than four dec-. Recerfnly, W(;Ihave der:/elo;i)e(rj] a} m:ethfc_])dllfor the pre[;ara—
aded, these include evolution of living polymerizationstlon g 1'.C oro-1-phenylethyl-telechelic . PIB by
by other mechanisms, such as group trassfearboca- QLCP*. In this polymer (lePSt'PIB'PSt'Cl)’ short poly- .
tionic*9), ring-opening?, and free radic&t™ polymeri- styrene (PSt) segments with less than ten styrene units

zations, during the last decade. In all these polymerizée-’,rm'n"jlte?]I\’\"tthhLO”nEI3 aP:e attgched tofthhe PIB cha]:fr_l.
tions, there exist equilibria between active (propagating?'nce_ --chioro-1-pheny ethane Is one 0 the most_e -
living) and inactive (nonpropagating, nonliving) polymerc'em initiators in living atom transfer radical polymeriza-

. 5 LDt DIR. DG i ‘
chaing?®, Usually the concentration of the propagatingIIOn (ATRPY?, CI-PSt-PIB-PSt-Cl is a potential new

species is lower by orders of magnitude than that of th@acroinitiator for such polymerization processes. Several

polymerization inactive chains. When the equilibriumbIOCk copolymers obtained by ATRP induced with

occurs by reversible termination, the terminated Chair@acroinitiators have been recently prepared by different

bear reactive but nonpropagating (nonliving) end;echniques, such as free radi€ar, c)ationi@5—z.8), r?ng—
group€-which can be utilized in subsequent reactions. °P€N'"Y metathess, and step growt? polymerizations.

Since the number of monomers, and thus the resultin is S“_de concerns the combination of QLCP with living
polymer structures, are limited by any of the specific liv- RP, i.e., ATRP of styrene angtacetoxystyrene by the

ing polymerization techniques, precise combination O?I'PSt'PIB'PSt'Cl macroinitiator.
the different mechanisms can lead to a variety of new,

_othermse unavailable polymeric _materlals. For '”Stam%xperimental part
isobutylene can be homopolymerized only by carbocatio-
nic polymerization, and a large variety of different endy\jaterials

groups can be attached to the termini of polyisobutylen .
(PIB) obtained by quasiliving carbocationic polymeriza—gtyrene (Riedel-de Haen) anpracetoxystyrene (Hoechst

. ) Celanese Co., 97.2%) were passed through a column filled
tion (QLCP) (see Ret.and references therein). Due toWith activated AJO; (Aldrich, neutral, Brockmann I, stan-

the fully saturated structure, chemical, thermal and oxidgyarg grade) to remove the inhibitor, then were vacuum dis-
tive stability of PIB, only the reactive endgroups particitilled over CaH before polymerization. CuCl (Aldrich,
pate in many desired processes. Therefore, PIB prepareghs), 2,2-bipyridine (bpy) (Aldrich) and 1-chloro-1-phenyl-
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ethane(Acros Organics,99%) were usedas received.The
synthesisand characterizationof 1-chloro-1-phenylethyl-
telechelicpolyisobutylene(Cl-PSt-PIB-PSt-Cl)by quasiliv-
ing carbocationicpolymerizationis describedelsewher®.
Two samplef PIB macroinitiatorsvereused(samplel: M,
= 7800, M,/M, = 1.19,13% styrenecontent;sample2: M, =
30700, M,/M, = 1.10,4.8%styrenecontent}?.

Polymerizations

Predeterminecimountsof monomer(styreneor p-acetoxy-
styrene) macroinitiator CuCl, bpy and,if used,solventwere
mixedin adry reactiontubeequippedwith athree-waystop-
cockanda magneticstirring bar. This mixture wasdegassed
three times by freeze-pump-thawcycles. Polymerizations
were startedby placing the reactiontubesinto an oil bath
(130°C), andwere stoppedby removingthe reactionvessels
and cooling to room temperatureat predeterminedimes.
Then the solid reactionmixture was dissolvedin THF, fil-
teredon afilter paper andthe polymerwasprecipitatednto
methanol.Yields were determinedgravimetrically Further
experimentaldetails are given in Tab.1 andin figure cap-
tions.

Sizeexclusionchromatography(SEC)

Size exclusion chromatography(SEC) measureentswere
madewith a NucleosiP columnset consistingof three col-
umns(250x 8 mm): 500A, 7 u C4,100A, 5 u C8,and50
A, 5 pu C3. THF wasusedas eluentwith 1 ml/min elution
rate.Detectionwasmadeby a dual Rl andviscositydetector
(Viscotek Co.). Molecular weight averagesand molecular
weight distribution (MWD) were calculatedby calibration
with polystyrenestandard¢PolymersLaboratories).

Resultsand discussion

The 1-chloro-1-plenylethyl-teleckelic PIBs (CI-PSt-PIB
PSt-Cl)containing shortouterpolystyrere segmentsvere
usedto initiate ATRP of styreneand p-acdoxystyrenein
bulk andin solution In the first step,CI-PStPIB-PStCl
macroinifators were synthegzed by QLCP Since the
crossovereacton from theliving PIB chainto styreneis
a relatively rapid processit is possiltte to add only few
styreneunits to the PIB chairf®. It is important to note
thatthe very shortPStsegnentsdo not alter significantly
the propertiesof the PIB midsegnent. The restting 1-
chloro-1-phenylettyl endgroups are potential initiating
sitesfor ATRP of manyvinyl monomes. This combina
tion of cationic and free radical processs canleadto a
variety of new block copolymes which cannot be
obtainedby any direct polymerizdion techiques. This
processis summarizedfor styrenic monomes, such as
styreneandp-acetoxytyrenejn Scremel.

In orderto testthis conceptfirst ATRP of styrenewas
studiedby a low and a higher moleculr weight CI-PSt-
PIB-PStCl macroinifator. The resuts of theseexperi-
mentsare summaized in Tab.1 and Fig. 1-3. The low
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Schemel: Formdion of block copolymes by ATRP induced
with the 1-chloro-1-phenylethyktelechelicpolyisobutyene
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molecular weight CI-PStPIB-PStCl with narrov mole-
cular weight distribution andrelaively high styrenecon
centation was selectedin order to provide sufficient
separationin the SECtraces for obtaining detailedinsight
into the behaviorof the bifunctional PIB macranitiator
under ATRP conditions. Sincethe PIB macronitiator is
soluwble in styrene,bulk polymerizaion was attempéed
which resuted in 71% styrene convesion (seeTab.1).
As shown in Fig. 1, this bulk polymerization procesded
to a significant uniform shift in the SEC trace to lower
elution volumes, i.e., to higher molecubr weights, by
ATRP of styrenewith samplel. The abseiee of any sig-
nal at the peakareaof the PIB macronitiator indicates
gquantitative consumpion of CI-PStPIB-PStCl in the
initiation processpntheonehand.Thelack of ashouder
at higher elution volumesin the SEC trace of the block
copolymer also providesproof for highly efficient initia-
tion at both sides of CI-PStPIB-PStCl, on the other
hard.

Another very importart informaton also lies in the
resuts of this experimem indicating the absewre of
detectable thermal initiation in ATRP of styrenein the
bulk by the CuCl/bpy catalyst system It was estimated
that more than 4% of all the chainscan be formed by
thermal self-initiation in bulk ATRP of this monomerby
1-phenylehyl chloride undersimilar conditions?. Since
our maaoinitiator is bifunctional, the concentation of
polystyrene chains formed by self-initiation should be
~8% of the concentation of CI-PSt-PIBPSt-Cl,i.e., the
corcentrationof the block copolymer This is basedon
the plausible assumgon that the thermally initiated
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Tab.1. Yield, M, M,/M, andcompodgtion of block copolymes obtainal by ATRP of styrenewith 1-chloro-1-phenylethyl-teechelic

polyisobutyene
Macroinitator ~ Styrere(ml)  Xylene(ml)  Yieldin % M, M./M, Styrenecontert  Theoketical
by 'H NMR styrene
in % contertin %
12 5 - 71 38800 1.39 85 85
12 1 5 33 12000 1.39 37 43
20 5 - 45 52400 1.43 69 59

3 0.7gPIB,0.022g CuCl,0.11 g bpy, 130°C, 20 h.
b 1.4gPIB,0.01l g CuCl,0.053g bpy, 130°C, 20 h.
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Fig.1. SECtracesof sampé 1 (- - - ) and the PSt-PIB-PSt
block copolyme (——) obtainal by bulk polymerizationof styr
enewith the PIB macroinitigor (seeExpaimentalandTab. 1 for
details)

chains propagatewith the samerate as PSt segments
initiated by the PIB maaoinitiator. As a consejuence a
detecthdle amaunt of polystyrene homomlymer shoud
be formed with molecubr weight less than that of the
outer PStsegmentsof the block copolymer. In this con
clusion, it was consideredthatinitiation by the 1-chloro-
1-phenylehyl groups is quantiitive andmuch fasterthan
thermalinitiation of styrene.Therefore,the latter process
would leadto polystyrere homomlymerwith a SECtrace
appearig minimum at 21 ml or higher elution volumes.
However the appled detectors (RI, UV andviscasity) do
not showany observale peakor distinct shoulderin the
SEC curve as presentedn Fig. 1. It wasfound that less
than 1% PSt could be definitely detectedby the SEC
equipment. It is clearly seenin Fig. 1 thatthe peakareaat
higherthan 21 ml elution volume is negligibly smal, i.
e.,it isreasmableto concludeonthe absere of homopo-
lystyrere formation in this polymerizaion system There-
fore theseresultsindicate that thermal self-initiation is
eitherabsemor undetectablynegligiblein CuClbpy cata-
lyzed ATRP of styrenein the presenceof an efficient
initiator. Similar results were recenly obtaned by us

using 1-bromo-tphenyethyl-telechelic poly(p-acetoxy-
styrene)as macroinitatorf?. In this cas, thereis no sign
of the presenceof homoplymer, i. e., concluding on the
absewe of detecablethermal self-initiation is evenmore
straghtforward with this polymerizgion system These
experimentalresultscanrot be interpretedin detailsyet.
It canbe corsideredthatthe expectecamountof homaqoo-
lystyrene formed by thermd self-initiation is overesti
mated by the kinetic data usedby Wang and Matyjas-
zewsk®?, or thereasmsliesin the uncertanties aboutthe
precise mectanism of these processs, as it has been
recently raisedby Haddletonet al>® Howe\er, in spite of
thesemecthanistc uncertainties, thesefindings have sig-
nificant syntetic consguencesndicating that ATRP of
styrene induced by well-defined macroinitiators can be
succeshllly appliedto preparecomplexmulticomponent
maaomoleculr archtectures with high precision and
free from homopolymersformed by uncontrdled initia-
tion.

Polymeization of styrenewith sampe 1 as macroni-
tiator wasalsocarriedout in xylenewhich is a goodsol-
vert for the monomer PIB and polystyreneaswell. This
processresultedin 33% yield and a PSt-RB-PSt block
copolymerwith 37% styrenecontent. The lower polymer
ization yield in solutionthanin bulk is undoulily dueto
the dilution by the solvent. As shown in Fig. 2, shift
toward higher mdecular weights can be detectedin the
SEC traces upon styrene polymerization by the CI-PSt-
PIB-PSt-Clmacronitiator in this case.This indicates the
formationof PSt-PIBPSttriblock copolymerin xyleneas
cosdventfor thecomponents.

Fig. 3 shows the GPC traces of CI-PSt-PIBPSt-CI
(sampe 2) andthe PSt-PIBPStblock copolymerformed
by bulk polymerization of styrenein the presence of
CuQ/bpy catalyst.As exhibited in this figure, the SEC
trace is shifted toward higher molecubr weights upan
styrene polymerizaion, indicating formation of the
desiredblock copolymer It hasto be noted thathomao-
lymer formation by thermal initiation should result in
polystyrene homomlymer exhibiting a SEC peak at
higherthan 21.5ml elution volume This part of the elu-
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Fig.2. SEC tracesof sampe 1 (- - -) and the PSt-PIB-P$
block copolyme (——) obtainal by polymerizdion of styrene
with the PIB macroinitigor in xylene (see Expeimental and
Tab.1 for details)
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Fig.3. SEC tracesof sampk 2 (- - -) and the PSt-PIB-P$§
block copolyme (——) obtaina by bulk polymerizationof styr
enewith the PIB macroinitigor (seeExperimenthandTab. 1 for
details)

tion volumesis conmpletely abset from the sigral of the
macroinifator. Therefore, any detecable amaunt of
homopolymer could be easly obseved. However there
is no sign of the presenceof PSthomolyme in this
rangeof the SEC elution volumesas presentedn Fig. 3.
This also strongly indicates that detectéle therma sdf-

initiation during ATRP of styreneby the CuCl/bpy cata-
lystin the presencef the CI-PStPIB-PStCl maaoinitia-
tor is absent.

Preparatn of ABA block copolymer cortaining
poly(p-acetoxytyrene) (PpAcOSt) oute and PIB inner
block was also attemped. Living polymeization of p-
acetoystyreneby the ATRP methodwith p-dibromoxy-
lene initiator hasrecentlybeendemongtatedby us’?. In
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Fig.4. SECtracesof samplel (- - -) andthe PpAcOSt-PIB-
PpAdOStblock copolymer(——) obtainedby polymeiization of
p-acetoxystyrae with the PIB macroinitiator in xylene
(0.135mmol sampe 1, 1 ml pAcOSt, 5 ml xylene,0.333mmol
CuCl,1.01mmol bpy, 130°C, 17 h)

orderto testthe initiating capalility of the PIB macroni-
tiators, first homomlymerizaton of p-acetoxytyrene
(pAcOSt) with 1-phenylehyl chloride (PhECI) model
initiator was examined In a typical homoplymerizaion
PHEtCI/CuClbpy in 1:1:3 molar ratio were mixed with
the monomer for bulk polymerization and also with
xylenein other experiments Quantitative initiation, and
poly(p-acdoxystyrere)swith nealy theoreticaimolecula
weight and narrow molecubr weight distribution were
obtainedboth in bulk andin xylene.For instance,bulk
polymerizgion of 5 ml pAcOStwith 0.44mmol PhEtCI
for 20 h polymerizaion time at 130°C led to 76% yield
andPpAcOStwith M, = 7900andM,/M, = 1.32.In solu
tion (0.18mmd PhEtCI,1 ml pAcOStand 5 ml xylene)
24 and40 h polymerizationtime led to 62% (M, = 4100,
M,/M, = 1.24) and 72% yields (M, = 4300, M,/M, =
1.22),respectiely.

However bulk polymerization of p-acetoxystyene
with sampe 1 resuted in insuficient initiation, most
likely becawse of the limited solubility of PIB in this
monomer Pdymerizationwith the samemacronitiator in
xyleneled to 58%yield. Fig. 4 exhibitsthe SECtracesof
the CI-PSt-PIBPSt-CI macroinifator and the product
formed by polymerization of p-acetoxptyrenewith this
maaoinitiator in xylene.Shifting towardshighermolecu
lar weights showsthe formation of PpAcOSt-PB-PpA-
cOStblock copolymes. Howeve, the small shoulderin
the SEC trace of this block indicates that unreacte
maaoinitiator is most likely still presentin this system.
This canbe a sign of slow initiation. The reasm for this
obseavation might be dueto therelatively low misability
of themonomerwith the macroinifator. Othersolventsor
solventmixturescanovercomethis problem.
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Conclusions

It hasbeenfoundthatwell-definedblock copolymerscan
be obtanedby the combinationof quasiliving cartocatio-
nic and atom transferradcal polymerizaions. 1-Chloro

1-phenylehyl-telechelicpolyisobuylenesobtainedby the
first processare efficient initiators of ATRP of styrenein

bulk andin xylene soluion. Our expgimentswere also
designedor providing information on thermal self initia-

tion of styreneunder ATRP conditions. Theseattempts
resultedin the striking obsevation which indicatesthat
thermalinitiation is absem, or at leastunderthe detect

able limit by SEC in ATRP, for this monomerby the
CuCl/bpycatalst. The syntheticadvantag of thesefind-

ings are straghtforward: living ATRP or combination of

this method with other polymerization techiques can
provide a large variety of homomlymerfree well-

definedmacromdecularsystens.
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