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Abstract
Poly(isobutylene-b-styrene) (PIBePS) copolymers and polyisobutylene (PIB) homopolymers were synthesized via quasiliving carbocationic
polymerization from the initiator 3,3,5-trimethyl-5-chlorohexyl acetate, which contains a protected hydroxyl group. The PIB block was created
at �70 �C in a methylcyclohexane/methyl chloride (60:40) cosolvent system, using TiCl4 as co-initiator, followed optionally by sequential
addition of styrene. Using a strong base, the acetate head group of the resulting block copolymer was cleaved to yield a hydroxyl group, which
was subsequently esterified with the branching agent 2,2-bis((2-bromo-2-methyl)propionatomethyl)propionyl chloride (BPPC) to create dual
initiating sites for atom transfer radical polymerization (ATRP). ATRP of tert-butyl acrylate was carried out using a Cu(I)Br/1,1,4,7,7-penta-
methyldiethylenetriamine (PMDETA) catalyst system. In some cases, the ester side chains of the poly(tert-butyl acrylate) (PtBA) blocks
were cleaved to create poly(acrylic acid) (PAA) blocks. The final miktoarm star polymers had compositions that were very close to theoretical.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

A star polymer is defined as a macromolecule possessing
branches (arms) radiating from a central core [1e3]. Star poly-
mers may be synthesized in several ways. The arm-first method
joins preformed arms together using a linking agent, and the
core-first method utilizes a multi-functional initiator to grow
the arms outward [4]. Hybrid methods also exist; for example,
preformed arms are linked to the core and then a second poly-
merization of a different monomer is carried out using the core
as a macroinitiator [5,6]. This type of star polymer synthesis has
become known as the ‘‘ineout’’ method [6]. The arms of a star
polymer may be uniform with regard to molecular weight
and chemical composition or they may be heterogeneous in
either/or both of these characteristics. For star polymers with uni-
form arms, the arms may be composed of the same homopolymer
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or they may be similar to block copolymers, with connected
segments. Star polymers within the latter group are often
referred to as star-block copolymers [7,8]. Star polymers, and
especially star-block copolymers, can offer several advantages
in physical properties over their linear counterparts [8,9]. These
include added stability provided by the central core of the
molecule and easier processability, which results from a lower
viscosity provided by shorter segments for a given molecular
weight.

Star polymers that possess two or more chemically different
arm types are termed miktoarm star polymers [1]. There are
a variety of ways in which the arms may be arranged, as shown
in Scheme 1. Although the first synthesis of a miktoarm star
polymer was reported by Eschwey and Burchard in 1975
[10], the majority of work in this area has been done much
more recently. The most common method of synthesis involves
living anionic polymerization and the linking of one or more
preformed arms of the first type to a core molecule. Arms of the
second type may be subsequently linked to the core or they may
be polymerized from the core using the ineout method. These
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Scheme 1. Possible miktoarm star configurations.

Scheme 2. Miktoarm star polymer architectures created using a cationic poly-

merization initiator containing latent sites for dual initiation of atom transfer
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methods have been used to successfully create polymers of
the AnBn [10e12], A2B2 [13,14], and A2B and A3B types
[1,15,16]. Using similar methods, miktoarm star polymers
have also been created via quasiliving cationic polymerization
by linking arms with a divinylether compound [17] and by
controlled radical polymerization [18].

A drawback to any method involving the linking of pre-
formed arms is the elimination of unlinked arms from the final
star polymer. Core-first methods involving a multi-functional
initiator typically avoid this problem, and in general, quasiliv-
ing cationic and controlled radical polymerizations are more
amenable to this approach than living anionic polymerization,
due to poor solubility of most polyanionic initiators. Thus, the
core-first method is commonly used to create star polymers
via cationic polymerization. For example, Storey and co-
workers reported the synthesis of three-armed star radial block
copolymers using tricumyl chloride as an initiator [19]. Multi-
functional cationic initiators have also been used to synthesize
four-armed [20,21], six-armed [22] and eight-armed [23] stars,
although in all of these cases, only star polymers with uniform
arms were reported.

Multi-functional initiators can provide synthetic routes to mik-
toarm stars by combining initiation sites for two or more polymer-
ization techniques, e.g., cationic, radical, etc. [24]. In this paper,
we discuss the synthesis of A2B miktoarm star polymers that
are an extension of a linear terpolymer structure previously
reported by us [25]. The targeted polymer architectures and
reaction sequence are illustrated in Schemes 2 and 3. The synthe-
sis involved quasiliving cationic polymerization of isobutylene
from a monofunctional cationic initiator that also contains
a blocked hydroxyl group, followed optionally by sequential ad-
dition of styrene. The latent hydroxyl functionality of the initiator
was then de-blocked, functionalized with a branching agent, and
used for atom transfer radical polymerization (ATRP) of tert-butyl
acrylate (tBA). This resulted in (PtBA)2ePIB and (PtBA)2ePIBe
PS miktoarm star copolymers and star-block terpolymers. In some
cases, the ester side chains of the PtBA blocks were cleaved to cre-
ate poly(acrylic acid) (PAA) blocks, thereby yielding (PAA)2e
PIB and (PAA)2ePIBePS miktoarm star co- and terpolymers.
2. Experimental
2.1. Materials
2-Bromoisobutyryl bromide (98%), 2,2-bis(hydroxyme-
thyl)propionic acid (98%), benzene (99.9%), phosphorus penta-
chloride (95%), triethylamine (99.5%), hexane (anhydrous,
95%), methylcyclohexane (MCHex, anhydrous, 99þ%),
2,4-lutidine (DMP, 99þ%), TiCl4 (99.9%, packaged under N2

in Sure-Seal bottles), potassium t-butoxide (95%), Cu(I)Br
(99.999%), anisole (99%), aluminum oxide (alumina, standard
grade, activated, neutral, Brockmann I, w150 mesh, 58 Å),
DOWEX� MSC-1 macroporous ion-exchange resin (Dowex so-
dium, strong cation, 20e50 mesh) and toluene (anhydrous,
99.8%) were used as-received from SigmaeAldrich, Inc. Isobu-
tylene (IB) and CH3Cl (MeCl) (both BOC, 99.5%) were dried
through columns packed with CaSO4 and CaSO4/4 Å molecular
sieves, respectively. Styrene, 2,6-di-tert-butylpyridine, tert-bu-
tyl acrylate, and THF (all from SigmaeAldrich) were distilled
from CaH2 under reduced pressure. 1,1,4,7,7-Pentamethyldi-
ethylenetriamine (PMDETA) (99%) from SigmaeAldrich and
distilled tert-butyl acrylate (tBA) were sparged with dry N2(g)

for 20 min before use. 3,3,5-Trimethyl-5-chlorohexyl acetate
(TMCHA) was synthesized as previously described [25].
2.2. Instrumentation
Molecular weights and polydispersity index (PDI) of poly-
mers were determined using a GPC system consisting of a Wa-
ters Alliance 2695 Separations Module, an on-line multi-angle
laser light scattering (MALLS) detector (MiniDAWN�, Wyatt
Technology Inc.) fitted with a gallium arsenide laser (20 mW)
operating at 690 nm, an interferometric refractometer (Optilab
DSP�, Wyatt Technology Inc.) operating at 35 �C and 690 nm,
and two mixed D PL gel (Polymer Laboratories Inc.) GPC
columns (pore size range 50e104 Å, 5 mm bead size) connected
in series. Freshly distilled THF served as the mobile phase and
was delivered at a flow rate of 1.0 mL/min. Sample concentra-
tions were 7 mg/mL in freshly distilled THF and the injection
volume was 100 mL. The detector signals were simultaneously
recorded using ASTRA software (Wyatt Technology Inc.). PIB
samples (recovered from aliquots removed prior to the addition
of styrene) were analyzed using a known dn/dc value of
0.103 mL/g. PIBePS blocks and final (PtBA)2ePIBePS ter-
polymers were analyzed using a dn/dc value calculated from
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Scheme 3. Overall synthesis of miktoarm star polymers.
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the refractive index detector response and assuming 100% mass
recovery from the columns.

Solution 1H and 13C NMR spectra were obtained on a Varian
300 MHz spectrometer using 5 mm o.d. tubes with sample con-
centrations of 5e7 and 20% (m/v) for 1H and 13C NMR, respec-
tively, in deuterated chloroform (CDCl3) (Aldrich Chemical Co.)
containing tetramethylsilane as an internal reference. 13C NMR
spectra of the polymers containing PAAwere obtained using sam-
ple concentrations of 20% (m/v) in deuterated methyl sulfoxide/
deuterated chloroform (10/90 v/v) (Aldrich Chemical Co.) con-
taining 0.03% (v/v) tetramethylsilane as an internal reference.

A ReactIR 1000 reaction analysis system (light conduit type)
(ASI Applied Systems, Millersville, MD) equipped with a Di-
Comp (diamond composite) insertion probe, a general purpose
type PR-11 platinum resistance thermometer, and a CN76000
series temperature controller (Omega Engineering, Stamford,
CT) was used to collect spectra of the polymerization compo-
nents and monitor reaction temperature in real time as previ-
ously described [26]. The ]CH2 wags of IB and styrene,
which occur at 887 and 911 cm�1, respectively, were monitored
to determine monomer conversion. The light conduit and probe
were contained within a glove box (MBraun Labmaster 130)
equipped with a hexane/heptane cold bath.
FTIR spectra of polymers were obtained using a Bruker
Equinox 55 FTIR spectrometer from films cast from freshly
distilled THF directly onto KBr slides.
2.3. Branching agent synthesis
The overall reaction scheme for the synthesis of the branching
agent 2,2-bis((2-bromo-2-methyl)propionatomethyl)propionyl
chloride (BPPC) is illustrated in Scheme 4. To a 250 mL
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three-necked round bottom flask equipped with a magnetic stir
bar and ice bath were charged 5.0 g (3.7� 10�2 mol) 2,2-bis-
(hydroxymethyl)propionic acid and 80 mL THF. Then
10.4 mL (7.5� 10�2 mol) triethylamine was added via syringe.
The solution became homogeneous upon TEA addition. A solu-
tion of 9.3 mL (7.4� 10�2 mol) 2-bromoisobutyryl bromide in
20 mL THF was added dropwise via syringe. The ice bath was
removed and the mixture was allowed to stir overnight at room
temperature. Salts were removed by filtration and the bulk of
the solvent was removed by rotary evaporation. The resulting
concentrated solution was filtered to remove residual salts and
the product was further dried under vacuum at room temperature
until the soft white solid, 2,2-bis(2-bromo-2-methyl)propionato-
methyl)propionic acid (BPPA) was formed. The product was
used without further purification (90% yield).

BPPA was converted to the acid chloride as follows: to a
250 mL three-necked round bottom flask equipped with mag-
netic stir bar was charged 11 g (2.5� 10�2 mol) BPPA dis-
solved in 50 mL benzene. Then 6.7 g (3.2� 10�2 mol)
phosphorus pentachloride was added quickly to the reactor to
minimize exposure to the atmosphere. The reaction was allowed
to proceed overnight with stirring at room temperature. The
resulting mixture was filtered and benzene was removed by vac-
uum stripping. The liquid product was washed with hexanes to
remove excess PCl5. Additional salts were removed by filtration
and the brown liquid product 2,2-bis((2-bromo-2-methyl)pro-
pionatomethyl)propionyl chloride was recovered by removing
hexane under vacuum (75% yield).
2.4. Synthesis of PIB and PIBePS copolymers
A representative procedure for the synthesis of PIB containing
a blocked hydroxyl head group was as follows: the DiComp
probewas inserted into a 250 mL four-necked round bottom flask
equipped with a platinum resistance thermometer, a stirring rod
and bearing, and a Teflon paddle. The reactor was placed in the
hexane/heptane bath and allowed to equilibrate to �70 �C. Into
the flask were charged 97.6 mL Hex (�70 �C), 65.0 mL MeCl
(�70 �C), 0.06 mL (5.2� 10�4 mol) 2,4-lutidine, 0.04 mL
(1.8� 10�4 mol) DtBP, and 0.074 g (3.4� 10�4 mol) TMCHA
initiator. This mixture was allowed to stir for 15 min, after which
several FTIR background spectra were collected. Then 14.3 mL
(1.8� 10�1 mol) IB (�70 �C) was added to the flask.
Several monomer baseline spectra were obtained and 1.2 mL
(1.1� 10�2 mol) TiCl4 (neat and at room temperature) was
added to the flask. Once IB achieved>99% conversion, the reac-
tion was quenched with 50 mL pre-chilled MeOH. The molar
concentrations of the reagents were as follows: [IB]0¼ 1.0 M,
[TMCHA]0¼ 1.9� 10�3 M, [DtBP]0¼ 9.8� 10�4 M, [2,4-
lutidine]0¼ 2.9� 10�3 M, [TiCl4]0¼ 6.0� 10�2 M. The IB
spectral data acquisition was then discontinued and the reaction
mixture was washed with methanol and water. The polymer
was extracted with hexanes, and the organic phase was dried
over magnesium sulfate, filtered, and vacuum stripped to remove
the solvent. The polymer was dried in a vacuum oven at room
temperature for several days.
The procedure was modified slightly for the synthesis of
a PIBePS block copolymer. The DiComp probe was inserted
into a 1 L four-necked round bottom flask equipped with a
platinum resistance thermometer, a stirring rod and bearing,
and a Teflon paddle. The reactor was placed in the hexane/hep-
tane bath and allowed to equilibrate to �70 �C. Into the flask
were charged 220 mL MCHex (�70 �C), 146 mL MeCl
(�70 �C), 0.14 mL (1.2� 10�3 mol) 2,4-lutidine, 0.08 mL
(3� 10�4 mol) DtBP, and 0.21 g (9.5 � 10�4 mol) TMCHA.
This mixture was allowed to stir for 15 min, after which several
background spectra were collected. Then 32 mL (4� 10�1 mol)
IB (�70 �C) was added to the flask. Several monomer baseline
spectra were obtained, and 1.5 mL (1.4� 10�2 mol) TiCl4 (neat
and at room temperature) was added to the flask. Once IB
achieved >99% conversion, a 1e2 mL aliquot was taken and
added to 10 mL pre-chilled MeOH. The molar concentrations
of the reagents were as follows: [IB]0¼ 1.0 M,
[TMCHA]0¼ 2.4� 10�3 M, [DtBP]0¼ 1� 10�3 M, [2,4-
lutidine]0¼ 3.0� 10�3 M, [TiCl4]0¼ 3.5� 10�2 M. The IB
spectral data acquisition was then discontinued and the ReactIR
was set up for the styrene reaction. A new set of scans was begun
by acquiring several baseline spectra, followed by the addition
of a pre-chilled solution of 48 mL (4.2� 10�1 mol) styrene in
96 mL MCHex and 64 mL MeCl. When the reaction reached
w50% conversion, 60 mL pre-chilled MeOH was added to
the reactor. The mixture was precipitated into 5� excess
MeOH, and the solid product was filtered and dried in a vacuum
oven at 25 �C. The molar concentrations of styrene in the addi-
tion and in the total reaction were 2.0 and 6.9� 10�1 M,
respectively.
2.5. Site transformation of the macroinitiator
The two-step site transformation was carried out using
a variation of a previously reported procedure [27]. A repre-
sentative procedure, using PIB as the macroinitiator, was as
follows: to deblock the hydroxyl group at the initiator frag-
ment and simultaneously dehydrochlorinate the chain end, a
three-necked round bottom flask, equipped with heating man-
tle, magnetic stir bar, and condensing column, was charged
with PIB (10.3 g, Mn¼ 31,600 g/mol) dissolved in 110 mL
distilled THF. The reactor was purged with N2 and then equip-
ped with a N2 bubbler. Potassium tert-butoxide (0.15 g,
1.3� 10�3 mol) dissolved in 20 mL THF was injected slowly
via syringe. The reaction mixture was refluxed for 48 h and
cooled to room temperature. Hexanes (75 mL) were added
to extract the polymer. The product was washed with 80/20
(v/v) MeOH/DI H2O and then with DI H2O to remove THF.
The hexane layer was dried over magnesium sulfate, filtered,
and vacuum stripped to remove the solvent. The product was
dried in a vacuum oven at room temperature overnight (98%
yield).

A representative procedure to incorporate dual ATRP initia-
ting sites was as follows: to a 250 mL three-necked round
bottom flask equipped with magnetic stir bar, heating mantle,
N2 bubbler, and condenser column were charged hydroxy-
functional PIB (6.1 g, Mn¼ 31,600 g/mol), 150 mL THF,
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0.98 g (2.1� 10�3 mol) BPPC, and 0.36 mL triethylamine
(2.6� 10�3 mol). The reaction mixture was refluxed for 48 h
(adding THF as needed to maintain constant reaction volume).
Hexanes were added to the slightly cooled mixture and the
solution was washed with de-ionized water. The organic layer
was collected and dried over MgSO4 and then filtered, and
the solvent was removed by vacuum stripping. The polymer
was dried in a vacuum oven overnight at room temperature to
remove any excess solvent. The same procedures were used
for PIBePS macroinitiators except that the reaction products
were precipitated into 80/20 (v/v) MeOH/DI H2O rather than
washed with MeOH and water. The solid products were then
collected by filtration and dried in a vacuum oven.
2.6. ATRP of tert-butyl acrylate
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A representative procedure for ATRP polymerization was
as follows: to a 100 mL Kjeldahl-style Schlenk flask, equipped
with magnetic stir bar and contained within a dry box,
were charged 3.0� 10�2 g (2.2� 10�4 mol) CuBr, 1.0 g
(1.1� 10�4 mol; 2.2� 10�4 mol ATRP initiating sites) PIB,
8 mL toluene, 0.16 mL anisole, and 1.39 g (1.1� 10�2 mol)
tBA (sparged with N2 for 30 min prior to use). The mixture
was allowed to stir to solubilize the macroinitiator. The flask
was then sealed with a rubber septum and cable tie and removed
from the dry box. The flask was sparged with N2 for 5 min.
Then, 4.5� 10�2 mL (2.2� 10�4 mol) PMDETA (sparged
with N2 prior to use) was added to the reactor via syringe. An
initial aliquot (0.1 mL, t¼ 0) was taken and quenched by freez-
ing in liquid nitrogen (LN2), and the reactor was submerged in
an oil bath preheated to 90 �C. Additional aliquots (0.1 mL)
were taken at predetermined intervals via a N2 purged syringe
for kinetic analysis, and the reaction was quenched in LN2 after
4.5 h. The polymer, dissolved in methylene chloride, was
passed through a column consisting of a neutral alumina bottom
layer and a DOWEX� MSC-1 ion-exchange resin top layer and
precipitated into excess MeOH/DI H2O (80/20 v/v). The prod-
uct was collected and dried under vacuum at room temperature
overnight (96% yield).

Monomer conversion for all polymerizations was deter-
mined by 1H NMR using anisole as an internal standard. Inte-
gration of the methoxy resonance in anisole (3.75 ppm) and
the vinyl resonance in tBA (5.75e5.60 ppm) at predetermined
time intervals allowed for the quantitative determination
of tBA conversion. The aliquots were subsequently passed
through a column of neutral alumina, vacuum dried, and ana-
lyzed by SEC.
c

b

2.7. Cleavage of tert-butyl acrylate side chains
0123456789
ppm

a

Fig. 1. 1H NMR spectrum of 2,2-bis((2-bromo-2-methyl)propionatomethyl)-

propionic acid. The acid proton appears as a broad peak (a) underneath the

sharp chloroform signal at 7.3 ppm.
The poly(tert-butyl acrylate) segments were converted
to poly(acrylic acid) by thermolysis, with volatilization of iso-
butylene. A monolayer of (PtBA)2ePIB (small crumbs) or
(PtBA)2ePIBePS (powder) was spread onto a heat-resistant
dish and placed in a vacuum oven that was preheated to
130 �C. After 48 h, the dish was removed, and the polymer
was cooled to room temperature to be collected.
3. Results and discussion
3.1. Branching agent synthesis
In the synthesis of the branching agent intermediate, BPPA,
the solid white starting material, (2,2-bis(hydroxymethyl)pro-
pionic acid), was observed to go into the solution upon addi-
tion of TEA. After stirring the reaction mixture overnight,
and again after initial removal of the solvent, solid TEAe
HBr was observed in the reactor and removed by filtration.
Upon removing the residual solvent with a vacuum pump,
the product was revealed as a soft, white solid with w90%
yield. Fig. 1 illustrates the 1H NMR spectrum of the product.
The methylene protons are centered at 4.3 ppm and the methyl
protons adjacent to bromine are located at 1.9 ppm. The acid
proton may be seen as a small broad peak anywhere between
7 and 11 ppm. The peak near 1.3 ppm represents the methyl
group nearest to the acid functionality. The unlabeled peaks
between 3 and 4 ppm are due to residual 2,2-bis(hydroxyme-
thyl)propionic acid and THF. Steps for further purification
were not taken because the impurities do not carry through
to the final product.

When the acid was converted to an acid chloride, the meth-
ylene peak near 4.3 shifted slightly to w4.4 ppm, and the
methyl peak near 1.3 shifted to 1.45 ppm, as illustrated in the
1H NMR spectrum in Fig. 2. Because these changes were sub-
tle, the primary indication of conversion to the final product was
the disappearance of the peak associated with the acid function-
ality. The color of the mixture changed from yellow to orange as
the reaction proceeded, and the final product, BPPC, was a
brown liquid obtained with w75% yield.
3.2. Synthesis of PIB and PIBePS copolymers
ATRP macroinitiators, either PIB homopolymer or in some
instances PIBePS, were synthesized via quasiliving cationic
polymerization using TMCHA as the initiator and TiCl4 as
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the co-initiator in a hydrocarbon/MeCl (60/40 v/v) solvent sys-
tem with DMP and DtBP as Lewis base additive and proton
trap, respectively, at �70 �C. At >99% conversion of IB as de-
termined by ATR-FTIR monitoring, PIB homopolymerizations
were terminated with pre-chilled methanol; for PIBePS block
copolymers an aliquot was removed for PIB block analysis by
SEC, and then a 2.0 M charge of styrene in MCHex/MeCl was
added to the reactor. The reaction was then quenched at
w50% styrene conversion with pre-chilled methanol. The sty-
rene polymerization was short-stopped in this manner to avoid
electrophilic aromatic substitution reactions [28] that become
important when the propagation reaction slows at high conver-
sions. SEC analysis of the isolated polymers showed that there
were no high molecular weight peaks that would indicate
chain coupling and thus this side reaction was avoided.

Table 1 lists molecular weight and compositional data for the
PIB intermediate blocks and PIBePS macroinitiators as well as
PIB macroinitiators that were not blocked to PS segments. Num-
ber average molecular weights of the PIB blocks determined by
SEC (Mn,PIB(SEC)) were higher than theoretical, indicating low
initiator efficiency (Ieff¼ 0.72e0.95). This phenomenon is ap-
parently related to complexation of TiCl4 with the carbonyl
group in the initiator and has been discussed by other authors
[29,30] as well as by us [25]. Number average molecular weight
of the PS block from SEC (Mn,PS(SEC)) was calculated as the
difference between the molecular weight of the overall block
copolymer determined by SEC (Mn,PIBePS(SEC)) and Mn,PIB(SEC).
For comparison, Mn,PS(NMR) was calculated from copolymer
composition using Eq. (1) [28],
Table 1

Mn, PDI, and composition data for PIBePS and PIB macroinitiators

Entry PIB block PS block

Mn,PIB(Theo)

(g/mol)

Mn,PIB(SEC)

(g/mol)

PDI Mn,PS(Theo)

(g/mol)

Mn,PS(SE

(g/mol)

A 5000 6900 1.08 5000 7500

B 30,000 31,600 1.06 e e

C 7500 9200 1.07 e e
Mn;PSðNMRÞ ¼Mn;PIBðSECÞ �
WPSðNMRÞ�

100�WPSðNMRÞ
� ð1Þ

where WPS(NMR) is the weight percent of PS as determined by 1H
NMR spectroscopy of the copolymer. WPS(NMR) was calculated
using the ratio of the areas of the aromatic and aliphatic regions
of the NMR spectrum of PIBePS (Fig. 3), according to Eq. (2)
[28],

WPSðNMRÞ ¼
MSt �AAr

ðMSt �AArÞ þMIBð5�AAl� 3�AArÞ=8
� 100%

ð2Þ

where MSt and MIB are the molecular weights of styrene
and isobutylene monomer units, respectively, AAr is the area
of the aromatic region, and AAl is the area of the aliphatic region.
As shown in Table 1, the two measures of PS block molecular
weight were in excellent agreement. Polydispersity index
(PDI) for PIB homopolymers was uniformly low (<1.1), which
is typical for quasiliving polymerization of IB under these
conditions. PDI for PIBePS was considerably broader and is
caused by high run number for styrene quasiliving cationic
PIBePS copolymer

C) Mn,PS(NMR)

(g/mol)

Mn,SEC

(g/mol)

PDI Wt% PIB

(WPIB,NMR)

Wt% PS

(WPS,NMR)

7500 14,400 1.36 47.8 52.2

e e e e e

e e e e e
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polymerization under these conditions [31,32], coupled with
relatively short PS block length.
CH3CH3CH3
a

3.3. Site transformation of the macroinitiator
012345678

3.63.84.04.2

ppm

a

Fig. 5. 1H NMR spectrum of de-protected PIBePS (Table 1, Entry A) with

expansion illustrating the hydroxyl head group.

O b
c

The head groups of the PIB and PIBePS macroinitiators
were transformed in two steps to allow for ATRP initiation.
The first involved application of potassium tert-butoxide to
de-protect the hydroxyl functionality of the initiator fragment.
A secondary consequence of this treatment was the simulta-
neous dehydrochlorination of the tail group of the polymer
to form an olefin. The latter, derived either from the tert-chlo-
ride group of PIB or from the sec-benzylic chloride group of
PS is more thermally stable than chloride and appears to be
inert toward the subsequent radical polymerization [25]. The
base was introduced into the copolymer as a slurry in THF
and the mixture became homogeneous as the reaction pro-
ceeded. Fig. 3 illustrates the resonances associated with the
methylene protons nearest to the protected hydroxyl group
(peak (a)) and the proton nearest to the terminal chlorine
atom (peak (b)) in the PIBePS samples prior to reaction. In
the PIB homopolymers (Fig. 4), peak (b) is not present and
the protons near the terminal chlorine are located at 1.68
and 1.96 ppm. After reaction, peaks (a) and (b) are no longer
present in the 1H NMR spectrum of PIBePS (Fig. 5) and
a new peak at w3.7 ppm has appeared. This peak is associated
with the methylene protons of the initiator fragment nearest to
the hydroxyl group. The same peak is present in the PIB
sample (not shown).

The second step of site transformation involved the incorpo-
ration of a bromine-functionalized branching agent for ATRP
initiation. This reaction was facile but slow; 48 h were needed
for complete conversion. Fig. 6 shows the 1H NMR spectrum
of the site-transformed PIB homopolymers, which is
012345678

3.754.004.254.50

ppm

CH3 C

O

O CH2 CH2 C

CH3

CH2 CH2C

CH3

C

CH3CH3CH3

CH3

CH2 C

CH3

CH3

Cl

a

a

x

Fig. 4. 1H NMR spectrum of PIB (Table 1, Entry B) with expansion of the

chain end resonance.
representative; the peaks associated with the end groups are
identical in a PIBePS sample. The inset of the plot illustrates
peaks at 4.75 (b) and 4.35 ppm (a), which represent the methy-
lene protons of the branching agent and of the original initiator
fragment, respectively. Peak (a) now appears as a pair of dou-
blets instead of a triplet, possibly indicating that the two protons
now reside in slightly different chemical environments due to
hindered rotation caused by the bulky branching agent. Peak
(c) represents the four methyl groups of the branching agent.
Since this peak occurs near the aliphatic region of the spectrum,
it can be seen more readily in the PIB homopolymers compared
to PIBePS.
c

c

012345678
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C
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O CH2 CH2

CH2

CH2CH2C

CH3

CH3CH3CH3CH3
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C
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Br
x

a

b
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C C

Fig. 6. 1H NMR spectrum of branched PIB (Table 1, Entry B) with expansion

of the end group region.
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Fig. 7. SEC traces representing each stage of star polymer synthesis: (PtBA)2ePIBePS (Table 2, Entry D) (left) and (PtBA)2ePIB (Table 2, Entry G) (right).
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3.4. ATRP of tert-butyl acrylate
tert-Butyl acrylate was polymerized at 90 �C under ATRP
conditions in a N2 atmosphere, using PMDETA as the nitro-
gen-containing ligand, Cu(I)Br as the catalyst, toluene as sol-
vent, and anisole as an internal standard to monitor monomer
conversion. In all cases, [ligand]0:[Cu(I)Br]0:[CE]0¼ 1:1:1.
The initiator was a PIBePS diblock copolymer or PIB
homopolymer modified as described above. Aliquots were re-
moved at predetermined intervals to monitor conversion and
for SEC analysis. Upon introduction of PMDETA, the reaction
02468
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ppm
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z

z
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OC(CH3)3

a

a

toluene

O

O

Fig. 8. 1H NMR spectrum of (PtBA)2ePIB (Table 2, Entry F) with the inset

illustrating the methine proton of PtBA.
mixture turned light green. As higher conversion was obtained,
a darker green color developed.

SEC traces (normalized intensity) representing each stage of
the terpolymer synthesis sequence for a (PtBA)2ePIBePS star
and a (PtBA)2ePIB star are shown in Fig. 7. For both samples,
molecular weight as determined by MALLS increased with the
addition of each block segment, as expected.

Figs. 8 and 9 show the 1H and 13C NMR spectra, respec-
tively, of a representative miktoarm star copolymer, (PtBA)2e
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Fig. 9. 13C NMR spectrum of (PtBA)2ePIB (Table 2, Entry F) with expansion

of the 28 ppm region.



Table 2

Mn, PDI, and composition dataa for (PtBA)2ePIBePS and (PtBA)2ePIB miktoarm star polymers

Entry Macroinitiator PtBA blocksb (PtBA)2ePIBePS or (PtBA)2ePIB

Type Mn,SEC

(g/mol)

ATRP time

(min)

ATRP conv.

(%)

Mn,PtBA(Theo)

(g/mol)

Mn,PtBA(SEC)

(g/mol)

Mn,SEC

(g/mol)

PDI Wt%

PIB

Wt%

PS

Wt%

PtBA

D PIBePS 14,400 276 26.4 6900 7500 21,900 1.37 30.2 33.1 36.7

E PIBePS 14,400 282 81.7 5200 4500 18,900 1.38 36.8 40.4 22.8

F PIB 31,600 308 e e 19,300 50,900 1.37 62.1 e 37.9

G PIB 9200 275 14.5 4300 5600 14,800 1.54 62.2 e 37.8

a Composition of (PtBA)2ePIBePS determined by NMR; composition of (PtBA)2ePIB determined by SEC.
b Data refer to both PtBA blocks combined.

1162 L.K. Breland, R.F. Storey / Polymer 49 (2008) 1154e1163
PIB. Addition of the acrylate block was indicated by the
appearance of a new resonance at w2.2 ppm (a), which repre-
sents the methine proton of PtBA repeat units. The tert-butyl
resonances are not visible because they overlap with the
gem-dimethyl peaks from the PIB segment. Because the me-
thine proton peak (a) was very weak, 13C NMR (Fig. 9) was
the primary method of verification. Of note is the peak associ-
ated with the t-butyl groups of PtBA at 28 ppm (methyl, peak
(a)), which is the largest peak attributed to the acrylate segment.
The same resonance can be seen in (PtBA)2ePIBePS
terpolymers.

Table 2 illustrates the results of the ATRP reactions.
Number average molecular weights of the final co- and ter-
polymer stars were determined by SEC-MALLS. These
values were in good agreement with the theoretical molecular
weights calculated from the molecular weights of the
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Fig. 10. FTIR spectra of (PtBA)2ePIBePS (a) and (PAA)2ePIBePS (b)

(Table 2, Entry D).
macroinitiator and the ATRP monomer conversions. PDI af-
ter ATRP was in the range 1.4e1.5; these values are similar
to those obtained earlier by us [25]. For most of the samples,
the conversion was low due to low chain end concentration,
[CE]. For example, Sample D shows a lower conversion than
Sample E because the chain end concentration was lower
for the reaction ([CE]¼ 2.8� 10�2 M for Sample D as com-
pared to 5.1� 10�2 M for Sample E). The terpolymer molec-
ular weight for Sample D is higher than that of Sample
E because a higher PtBA molecular weight was targeted
in this system to achieve a larger acrylate composition, and
thus, a larger hydrophilic segment. Terpolymer composition
of the (PtBA)2ePIBePS stars was calculated from 1H
NMR data by comparing the peak areas from two different
spectra as described previously [33]. In these calculations,
the aromatic region of the spectrum, due only to the PS
Wavenumber (cm-1)
1000200030004000

Wavenumber (cm-1)
1000200030004000

A
bs

or
ba

nc
e 

(a
rb

. u
ni

ts
)

A
bs

or
ba

nc
e 

(a
rb

. u
ni

ts
)

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

1730 cm-1
1150 cm-1

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

1715 cm-1
1150 cm-1

a

b

Fig. 11. FTIR spectra of (PtBA)2ePIB (a) and (PAA)2ePIB (b) (Table 2,

Entry F).
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block, was used as an internal reference, which allowed for a
direct comparison in the two spectra. Molecular weight and
compositional data were in excellent agreement for the ter-
polymers. Because the peaks of PtBA and PIB overlap in
the 1H NMR spectrum and there is no aromatic region that
may be used as a reference for integration, the compositions
of those copolymers cannot be calculated by NMR. Thus,
compositions listed in Table 2 for (PtBA)2ePIB stars are
based on SEC values.
3.5. Cleavage of tert-butyl acrylate side chains
FTIR spectra (Fig. 10) of a (PtBA)2ePIBePS star (Table 2,
Entry D) were obtained before (a) and after hydrolysis (b)
to confirm first the incorporation of the PtBA segment, then
the cleavage of the t-butyl groups. Similar spectra are shown
in Fig. 11 for a (PtBA)2ePIB star (Table 2, Entry F). As illus-
trated, C]O and CeO stretches, which are characteristic of
PtBA, appear near 1730 and 1150 cm�1, respectively, in
Figs. 10(a) and 11(a). The spectra of the hydrolyzed mate-
rials illustrate the cleavage of the PtBA side chains to create
the hydrophilic poly(acrylic acid). The hydrolyzed polymers
are characterized by a slight shift in the 1730 cm�1 stretch
to about 1715 cm�1 and strong decrease in intensity of the
1150 cm�1 peak. It was difficult to obtain well resolved
FTIR spectra of the hydrolyzed samples due to widely dif-
fering solvation characteristics of the various blocks; thus,
the conversion to PAA was verified by 13C NMR spectros-
copy. The small peak representing the t-butyl groups that for-
merly was present at 28 ppm (Fig. 8, copolymer) completely
disappeared, as illustrated in Fig. 12.
4. Conclusions

PAA2ePIBePS and PAA2ePIB miktoarm star polymers
were synthesized from TMCHA, an initiator containing a cat-
ionic initiating site and a latent hydroxyl functionality. Macro-
initiators were prepared from this initiator using quasiliving
cationic polymerization. After isolating the PIB or PIBePS
copolymers, the hydroxyl functionality of the initiator was
de-blocked and esterified with the branching agent 2,2-bis-
((2-bromo-2-methyl)propionatomethyl)propionyl chloride, a
difunctional ATRP initiator. PtBA blocks were then created
via ATRP using a Cu(I)Br/PMDETA catalyst/ligand system.
1H NMR analysis of each step of the synthesis demonstrated
that the overall composition of the systems could be controlled.

Acknowledgements

The Robert M. Hearin Support Foundation and the National
Science Foundation Materials Research Science and Engineer-
ing Center (DMR 0213883) are gratefully acknowledged for
fellowship support to L. Krystin Breland.

References

[1] Hadjichristidis N, Iatrou H, Tselikas Y, Efstratiadis V. Chim Chron

1995;24:189.

[2] Hadjichristidis N, Pispas S, Pitsikalis M, Iatrou H, Vlahos C. Adv Polym

Sci 1999;142:71.

[3] Charleux B, Faust R. Adv Polym Sci 1999;142:1.

[4] Hadjichristidis N, Pitsikalis M, Pispas S, Iatrou H. Chem Rev

2001;101:3747.

[5] Vamvakaki M, Patrickios CS. Chem Mater 2002;14:1630.

[6] Gao H, Matyjaszewski K. Macromolecules 2006;39:7216.

[7] de la Cruz MO, Sanches IC. Macromolecules 1986;19:2501.

[8] Bi L-K, Fetters LJ. Macromolecules 1976;9:732.

[9] Kennedy JP, Shim JS. J Polym Sci Part A Polym Chem 1999;37:815.

[10] Eschwey H, Burchard W. Polymer 1975;16:180.

[11] Tsitsilianis C, Chaumont P, Rempp P. Makromol Chem 1990;191:2319.

[12] Tsitsilianis C, Graff S, Rempp P. Eur Polym J 1991;27:243.

[13] Quirk RP, Yoo T, Lee B. J Macromol Sci Pure Appl Chem 1994;A31:911.

[14] Yamagishi A, Szwarc M, Tung L, Lo GY-S. Macromolecules 1978;11:607.

[15] Mays JW. Polym Bull 1990;23:247.

[16] Pennisi RW, Fetters LJ. Macromolecules 1988;21:1094.

[17] Kanaoka S, Omura T, Sawamoto M, Higashimura T. Macromolecules

1992;25:6407.

[18] Francis R, Lepoittevin B,Taton D, Gnanou Y. Macromolecules2002;35:9001.

[19] Storey RF, Chisholm BJ, Lee Y. Polymer 1993;34:4330.

[20] Huang KJ, Zsuga M, Kennedy JP. Polym Bull 1988;19:43.

[21] Taylor SJ, Storey RF. J Polym Sci Part A Polym Chem 2004;42:5942.

[22] Puskas JE, Brister LB, Michel AJ, Lanzendorfer MG, Jamieson D,

Pattern WG. J Polym Sci Part A Polym Chem 2000;38:444.

[23] Jacob S, Majoros I, Kennedy JP. Macromolecules 1996;29:8631.

[24] Bernaerts KV, du Prez FE. Prog Polym Sci 2006;31:671.

[25] Breland LK, Murphy JC, Storey RF. Polymer 2006;47:1852.

[26] Storey RF, Donnalley AB, Maggio TL. Macromolecules 1998;31:1523.

[27] Angot S, Taton D, Gnanou Y. Macromolecules 2000;33:5418.

[28] Storey RF, Baugh DW, Choate KR. Polymer 1999;40:3083.

[29] Balogh L, Takacs A, Faust R. Polym Prepr (Am Chem Soc Div Polym

Chem) 1992;33(1):958.

[30] Takacs A, Faust R. J Macromol Sci Pure Appl Chem 1996;A33:117.

[31] Storey RF, Thomas QA. Macromolecules 2003;36:5065.

[32] Breland LK, Smith QA, Storey RF. Macromolecules 2005;38:3026.

[33] Storey RF, Scheuer AD, Achord BC. Polymer 2005;46:2141.


	Polyisobutylene-based miktoarm star polymers via a combination ofnbspcarbocationic and atom transfer radical polymerizations
	Introduction
	Experimental
	Materials
	Instrumentation
	Branching agent synthesis
	Synthesis of PIB and PIB-PS copolymers
	Site transformation of the macroinitiator
	ATRP of tert-butyl acrylate
	Cleavage of tert-butyl acrylate side chains

	Results and discussion
	Branching agent synthesis
	Synthesis of PIB and PIB-PS copolymers
	Site transformation of the macroinitiator
	ATRP of tert-butyl acrylate
	Cleavage of tert-butyl acrylate side chains

	Conclusions
	Acknowledgements
	References


