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ABSTRACT: The ability of atom transfer radical polymerization (ATRP) in the sequen-
tial synthesis of triblock copolymers was examined using Cu(I)Cl/2,29-bipyridine catal-
ysis at 110°C in toluene, starting from PMMA macroinitiators terminated with the
C-Br group. The PMMAs were prepared by living anionic or group transfer polymer-
ization (GTP), followed by bromination of the respective active site with Br2 or N-
bromosuccinimide (NBS). The yield of the terminal bromination in the products of both
living polymerizations was 60–64% at best, compared with the yield of the bromination
of 1-methoxy-(1-trimethylsilyloxy)prop-1-ene (a model of the GTP active site) with NBS,
as found by 1H-NMR. The PMMA macroinitiators prepared were utilized to start the
sequential ATRP, finally affording PMMA-b-PBuA-b-PSt (Mn 69,100), PMMA-b-PSt-
b-PBuA (Mn 21,300) and PMMA-b-PSt-b-PMMA (Mn 35,200), which have not yet
been synthesized by ATRP. After the second block has been formed, the Br-untermi-
nated part of PMMA macroinitiator was removed by extraction or repeated precipita-
tion. In the third (last) sequence polymerization, induction periods were observed. The
first two triblock copolymers were free of precursors and have Mw/Mn values 1.5–1.6
(SEC). In the course of the last step of PMMA-b-PSt-b-PMMA synthesis, the content of
the PMMA-b-PSt precursor slowly decreased with increasing MMA conversion. Still, at
'90% MMA conversion, about 10–15% of the precursor remained in the product. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 81: 3514–3522, 2001
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INTRODUCTION

Atom transfer radical polymerization (ATRP) is a
very recent method of controlled polymerization
of vinyl monomers.1,2 Its name is derived from the
fact that in this process a halogen atom X (Cl or

Br) of an initiator RX (R is, e.g., a secondary or
tertiary alkyl with proper substituents) is trans-
ferred to a transition metal complex to generate
radicals capable of propagating by addition to a
vinyl monomer molecule. The scission of the COX
bond of the initiator or the same bond of the
propagating polymer chain is homolytic and an
equilibrium reaction.

(PnOX and Pnz),

The equilibrium between COX and C z radical of
the growing chain, mediated by metal complexes
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Mt1n/L and Mt1(n11)/L (with the metal in oxida-
tion states n and n 1 1; L denotes a ligand),
(Scheme I) is strongly shifted to the left,3 i.e., to
the dormant form PnOX. In this way, radicals are
protected from termination, the growth of the
chains being almost simultaneous (“controlled”).
Mw/Mn values in ATRP are typically in the range
of 1.1–1.5 and during the polymerization, the
PnOX functionality is conserved.

A real breakthrough in the ATRP field came
out after that Matyjaszewski and coworkers4,5

disclosed the controlled polymerization of acry-
lates with a complex Cu(I)Cl/2,29-bipyridine (bpy)
and Sawamoto et al.6 accomplished the same with
complex catalysts of rhodium. Any polymer, pre-
pared by ATRP under suitable conditions, is also
a macroinitiator. ATRP synthesis of AB diblock
and ABA triblock copolymers (in the latter case, B
being a starting difunctional block) under Cu(I)
salt catalysis with various (meth)acrylates and
other vinyl monomers has been described.7–9 In
the Cu(I) halogenide catalyzed synthesis of block
copolymers, ATRP was combined with other poly-
merization techniques10,11 and also various poly-
mers with COX end groups were used as macro-
initiators in ATRP.12–15

The aim of the present work was to explore the
synthetic potential of the heterogeneous CuCl/
bpy catalyst in the sequential ATRP synthesis of
three as yet undescribed triblock copolymers of
(meth)acrylates and styrene, namely, PMMA-b-
PBuA-b-PSt, PMMA-b-PSt-b-PBuA, and PMMA-
b-PSt-b-PMMA. The control of Cu(I)Cl-catalyzed
polymerization of MMA is less perfect, and its
propagation rate is lower than in analogous poly-
merizations of acrylates or styrene.16,17 Having
some experience with other methods of controlled
polymerization, we attempted the preparation of
the first polymer (macroinitiator) by bromination
of the active site of PMMA, prepared by anionic or
group transfer polymerization (GTP). From
PMMA-Br samples thus prepared, the sequential
ATRP synthesis was started.

EXPERIMENTAL

Materials

Methyl methacrylate (99%, Aldrich) was dried
with anhydrous MgSO4 and column-distilled with
CaH2 under vacuum (no impurities were present,
GLC). BuA (Chemical Works, Sokolov, Czech Re-

public) was purified by washing with aqueous
NaOH, drying over anhydrous CaCl2 and CaH2
and vacuum distilled. Styrene (Fluka, $99%) was
passed through a column filled with alumina
(Fluka, neutral type 507C, 100–125 mesh). All
monomers were stored at 218°C under Ar and
freshly distilled with CaH2 before use. Toluene
(puriss., Fluka) was dried in a circulation appa-
ratus over sodium benzophenone ketyl. THF for
the use in anionic and GTP polymerization was
boiled with sodium and anthracene and distilled.
CH2Cl2 was shaken with NaHCO3 solution, wa-
ter, successively dried with anhydrous MgSO4
and CaH2, and distilled with CaH2. Other sol-
vents were reagent grade.

Methyl 2-lithioisobutyrate (LiiBuMe) was
prepared according to the procedure used by
Lochmann and Lı́m.18 LiCl was dried at 160°C
for 5 h. 1-Methoxy-1-(trimethylsilyloxy)prop-1-
ene (MTS, Aldrich) was vacuum distilled. Tet-
rabutylammonium fluoride trihydrate (Fluka)
was dehydrated by heating at 40°C and 0.133
kPa for 3 h to monohydrate (TBAF z H2O).19

Tris(dimethylamino)sulfonium (trimethylsilyl)di-
fluoride (TASF2SiMe3, Aldrich), Cu(I)Cl ($99%, pu-
rified, Aldrich), 2,29-bipyridine ($99%, Aldrich),
methyl 2-bromoisobutyrate (BriBuMe, Fluka
puriss.), N-Bromosuccinimide (NBS, Fluka, 97%),
and bromine (Lachema, puriss.) were used as re-
ceived. Solid compounds were vacuum dried be-
fore polymerizations or model reactions.

The Synthesis of Living PMMA and Its C-Br
Terminal Functionalization

Anionic polymerization of MMA (0.468 mol/L in
THF) at 270°C was performed with LiiBuMe
(0.014 mol/L) initiation in the presence of LiCl
(0.07 mol/L) for 5 min. GTP of MMA (2 mol/L in
THF) was performed with MTS (0.1 mol/L) as an
initiator and TBAF monohydrate (0.047 mmol/L)
as a catalyst at 230°C for 15–20 min. Conver-
sions of MMA in both anionic and GTP experi-
ments were quantitative (GLC).

Terminal C-Br groups were introduced by the
reaction of living PMMA with Br2 or NBS for 90
min (for details, see Table I). Into the anionic
polymerization solution, bromine was introduced
directly (sample No. 1). The product of GTP was
used either in a polymerization solution (No. 2) or
after vacuum evaporation to dryness at subzero
temperature and dissolution in CH2Cl2 (Nos. 3
and 4). In the former case, a cold PMMA solution
was dropped into a solution of brominating agent
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in THF, precooled to the reaction temperature; in
the latter case, the brominating agent solution in
CH2Cl2 was added into the “living” PMMA solu-
tion. The mixture after bromination (if necessary,
transferred into CH2Cl2 solution) was shaken
with 10% Na2S2O3 solution and water, dried with
MgSO4, evaporated, redissolved in CH2Cl2, pre-
cipitated in heptane, and dried at 45°C in vacuo.

Diblock Copolymers (Macroinitiators)

Diblock copolymers were prepared from 1 g of
Br-terminated PMMA samples (Table I), 50 mg
(0.50 mmol) of CuCl2, 157 mg (1.00 mmol) of
bpy, 5 mL of a monomer (43.5 mmol of St or 35.0
mmol of BuA), and 5 mL of toluene in argon
atmosphere. The reaction flask was equipped
with a three-way stopcock and a magnetic stir-
rer and the reaction mixture was degassed with
three freeze-pump-thaw cycles. After finishing
the reaction under argon at 110°C, the mixture
was diluted with 20 mL of THF, filtered through
a column filled with 22 mL of alumina and
analyzed by GLC. The concentrated filtrate was
precipitated into cold MeOH or into a mixture
MeOH/H2O 9 : 1 (v/v); PMMA-b-PBuA was pre-
cipitated once more. From PMMA-b-PSt, the

portion of PMMA not containing Br was ex-
tracted with acetonitrile by stirring for 4 h
(23°C). Finally, the polymers were vacuum
dried at 45°C. For the yield, molecular param-
eters (SEC) and composition (1H-NMR) of prod-
ucts, see Table II.

Triblock Copolymers

Triblock copolymers were prepared using 1 g of
the respective diblock copolymer (Table II) and 5
mL of a monomer (the same amounts of St or BuA
as in the diblock copolymer synthesis, or 47.2
mmol of MMA); the amount of the other compo-
nents and the reaction temperature were the
same as in diblock copolymer synthesis. One-mil-
liliter aliquots were removed from the reaction
mixture at suitable time intervals with a syringe
and centrifuged; clear solutions were analyzed by
GLC and SEC (Table III, Figs 2–4). PMMA-b-
PBuA-b-PSt (No. 1) was isolated from the reac-
tion mixture. The solid after evaporation of the
reaction mixture was dissolved in THF, filtered
through alumina, precipitated into cold methanol,
dried (the overall yield 77.9%), and characterized
by NMR (Fig. 6).

Table I Bromination of Living PMMA and Characterization of Br-Terminated Macroinitiatorsa

No. Reagentb Solvent Temperature (°C) DFc Mn Mw/Mn

1 Br2 (5 : 1) Toluene/THF 270 64 3610 1.09
2 Br2 (2 : 1) THF 278 60 1930 1.56
3 Br2 (2 : 1) CH2Cl2 278 44 2270 2.12
4 NBSd (2 : 1) CH2Cl2 20 60 2220 1.48

a PMMAs were prepared by anionic polymerization (No. 1) or GTP (Nos. 2–4), initiated by LiiBuMe or MTS, respectively.
b In parentheses, molar ratio of the reagent to initiator.
c Degree of Br functionalization, relative to terminal groups.
d N-bromosuccinimide.

Table II Synthesis and Characterization of Diblock Copolymer Macroinitiators

No. Copolymera PMMA No.b Time (h) Xc (%) Yield (%) Mn Mw/Mn

Mol Fractiond

MMA BuA or St

1 PMMA-b-PBuA 4 4.0 45.0 33.3 13,500 1.46 0.27 0.73
2 PMMA-b-PSt 4 23.5 28.3 27.6 11,600 1.23 0.26 0.74
3 PMMA-b-PSt 1 24.0 46.5 42.3 14,200 1.17 0.36 0.64

a Prepared from 1 g of PMMA macroinitiator and 5 mL of monomer.
b See Table I.
c Conversion of BuA or St determined by GLC.
d Mol fractions of monomers in copolymer determined by 1H-NMR.
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Bromination of MTS

Bromination of the ketone silylacetal group
model, MTS, was performed as follows. To a sus-
pension of 154 mg (0.86 mmol) of NBS in 3.8 mL
CDCl3 (dried with Calsit A4), 0.175 mL (0.86
mmol) of MTS was added under dry argon at room
temperature. The homogeneous solution was
sealed in two cuvettes and reacted at 23°C (240 h)
and 50°C (8 h); 1H-NMR spectra were measured
at 23°C. In another experiment, the same
amounts of the above compounds were mixed in
the presence of TASF2SiMe3 (0.086 mmol). In this
case, liquid components were added to solid NBS
and TASF2SiMe3 at 278°C and the partly homo-
geneous mixture was maintained for 96 h at this
temperature. After raising the temperature to
23°C, the mixture first became homogeneous; a
small amount of a white precipitate separated
overnight. The clear solution was also character-
ized by NMR spectroscopy. In the 1H-NMR spec-
tra, well-separated signals characteristic of OCHI 3
and (CHI 3)2C groups of MTS and BriBuMe were
unambiguously assigned by comparison with
standards and utilized for quantitative evalua-
tion of the MTS bromination degree (see Results
and Discussion). More detailed analysis of the
reaction mixture spectra has not been done.

Characterization

The yield of copolymers in Table II was deter-
mined gravimetrically. The conversion of mono-
mers was determined by GLC (Hewlett-Packard

8310). Mn and Mw/Mn values were measured by
SEC using 105 Å and 103 Å columns in series (PL
gel 5 mm, Polymer Standard Service, Germany)
with RI and UV 260 nm detection and calibration
with PMMA standards. In eluograms (Figs 1–4),
relative elution volumes are given, defined as Z
5 Vel/Vtol (Vtol is the elution volume of toluene,
added as a standard). 1H-NMR spectra were mea-
sured on a Bruker 300 MHz apparatus in CDCl3
at 23 or 60°C (polymers) with HMDS standard.
The degree of terminal Br-functionalization of
PMMA macroinitiators (DF values in Table I) was
calculated from the overall terminal group con-
tent based on the Mn value and the bromine con-

Figure 1 SEC chromatograms of PMMA macroinitia-
tor (1, Table I, No. 4), PMMA-b-PBuA (2, Table II, No.
3), and the residual polymers 3 in the mother liquor
after isolation of 2. Z is the relative elution volume (Z
5 Vel/Vtoluene).

Figure 2 SEC chromatograms of PMMA macroinitia-
tor (1, Table I, No. 4), PMMA-b-PBuA macroinitiator
(2, Table II, No. 3), and PMMA-b-PBuA-b-PSt (3, at 2.0,
37.8, and 58.5% St conversions).

Figure 3 SEC chromatograms of PMMA macroinitia-
tor (1, Table I, No. 4), PMMA-b-PSt macroinitiator (2,
Table II, No. 2), and PMMA-b-PSt-b-PBuA (3, at 1.5,
2.5, and 24.0% BuA conversions).
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tent. The reliability of the available Schöniger
bromine analysis20,21 was tested by determina-
tion in four NBS solutions (containing ;0.01
mmol Br, which corresponds to the Br amount in
PMMA. The mean error of individual determina-
tion was 615% and the found mean Br content
was by 9.5% lower than the theoretical one.

RESULTS AND DISCUSSION

Throughout the following text, terminal halogen
atoms (X) in (co)polymers are indicated, for exam-
ple, PMMA-Br, whenever stress is put on the
macroinitiator character. The sequence of blocks
in codes corresponds to the actual synthetic se-
quence.

PMMA Macroinitiator

Characteristics of PMMA, prepared from prepoly-
mers with living nucleophilic end groups (see Ex-
perimental) by bromination, are in Table I and
Figures 1–3 (SEC traces). The yield of bromina-
tion with Br2 or NBS of the respective carbanion
or ketene silylacetal end group is 60–64% at best.
Because the accuracy of the bromine determina-
tion was only ; 15 rel % (see Experimental), the
found values (Table I) are rather a rough esti-
mate. Nonetheless, the incomplete Br termina-
tion of PMMA manifests itself in the next syn-
thetic step, i.e., in the synthesis of diblock copol-
ymers. In the mother liquor after precipitation of
PMMA-b-PBuA (see below, No. 1 in Table II), the

nonbrominated PMMA is present (curve 3 in Fig.
1). Similarly, the presence of PMMA was ob-
served also in acetonitrile extracts of PMMA-b-
PSt samples No. 2 and 3 (Table II); after purifi-
cation, the isolated diblock copolymers were free
of PMMA (see the following chapter).

An explanation for the incomplete Br-function-
alization might be the known tendency of both
anionic and ketene silylacetal active sites to au-
totermination. However, we do not prefere this
interpretation, at least for the GTP products. The
living polymerization procedures used here were
recently shown to yield PMMA with theoretical
Mn and narrow polydispersities22,23 or diblock co-
polymers free of the first polymer.24 Sogah and
Webster postulated25 (but did not prove) an inter-
mediate formation in PMMA of 2-bromoisobu-
tyrate terminal unit from the ketene silylacetal
end functionality in “self-coupling” of the PMMA
chains with Br2–TiCl4 mixture. However, our ex-
periments with a silylacetal active site model,
MTS, have shown that its quantitative terminal
bromination can hardly be achieved. We exam-
ined the behavior of MTS in the reaction with a
cationic brominating agent, NBS, at 23, 50, and
278°C with and without a desilylation catalyst,
TASF2SiMe3, by 1H-NMR spectroscopy (mea-
sured at 23°C, see Experimental). From the ratio
of integral intensities of the OCHI 3 signals of MTS
(d 5 3.62 ppm), and of its bromination product,
BriBuMe (d 5 3.70 ppm), and from the same
ratios of the (CHI 3)2C signal intensities of both
compounds (d 5 1.36 and 1.84, respectively), and
using the relation 100 3 [BriBuMe/(BriBuMe
1 MTS)], the following bromination yields were
found: 67% (25°C), 67% (50°C) and 65% (278°C)
from the OCHI 3 signals and 68% (25°C), 68%
(50°C) and 64% (278°C) from the C(CHI 3)2 sig-
nals. All the figures are close to each other and to
the best result, found by the Schöniger method
with brominated PMMA (Table I, Nos. 2–4).
Thus, the yield of BriBuMe is far from being
quantitative, and the bromination of the silylac-
etal end group seems to be an equilibrium reac-
tion. Indeed, if the equilibration in this reaction
mixture is fast enough, the found yield of
BriBuMe has to be the same, corresponding to the
temperature of NMR spectroscopic measurement
(23°C). The difficulties with bromination make
the preparation of PMMA-Br by anionic or GTP
polymerization less attractive. The direct ATRP
synthesis16 would be easier.

Figure 4 SEC chromatograms of PMMA macroinitia-
tor (1, Table I, No. 1), PMMA-b-PSt macroinitiator (2,
Table II, No. 1), and PMMA-b-PSt-b-PMMA (3, at 14.4,
25.3, 65.5, and 89.2% MMA conversions).
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Diblock Copolymers (Macroinitiators)

The reaction times, conversions of monomers, mo-
lecular characteristics, and composition of
PMMA-b-PBuA-X and PMMA-b-PSt-X (X 5 Cl,
Br, see below) prepared from PMMA described
above are given in Table II. The initial molar ratio
of components in the diblock copolymer synthesis,
monomer/C-Br/CuCl/bpy (M/I/C/L), was 70 : 0.54 :
1 : 2 (sample No. 1), 87 : 0.54 : 1 : 2 (No. 2) and 87
: 0.35 : 1 : 2 (No. 3). The respective SEC traces are
depicted in Figs 2–4. In all cases, under Cu(I)Cl/
bpy catalysis at 110°C in toluene, relatively low
polydispersity copolymers have been obtained,
the Mn and Mw/Mn values being 11,600–14,200
and 1.17–1.46, respectively. As was mentioned
above, the nonincorporated part of PMMA was
removed from the copolymers by repeated precip-
itation (No. 1) or by the extraction with acetoni-
trile (Nos 2 and 3), which is a solvent for PMMA
and possibly also for a PMMA-rich fraction and a
nonsolvent for PSt. According to Matyjaszewski
and coworkers,26 when CuCl is used with a C-Br
terminated initiator, halogen exchange occurs
during 30–90 min at 90°C, most of the C-halogen
groups being transformed into the COCl form. In
view of that, the COCl terminal group in our
diblock copolymers predominates over the COBr
group.

The synthesis of PMMA-b-PBuA (Mn 19,000
and Mn/Mw 1.15), has been described27 with the
initiation system PMMA-Cl/Cu(I)Cl/4,49-di(nonane-
5-yl)-2,29-bipyridyl (dNbpy) in diphenyl ether at
90°C. An article describing the synthesis of PMMA-
b-PSt has appeared28 when the present manu-
script was prepared for publication. With PMMA-
Cl/Cu(I)Br/bpy at 110°C, the copolymer with Mn
43,000 and Mw/Mn 1.40 has been prepared from
PMMA with Mn 6300 for 23 h, the macroinitiator
being present up to the 40% conversion of styrene.

Triblock Copolymers

In the third sequential polymerization, initiated
with diblock copolymer macroinitiators described
in the preceding section (Table II, Nos. 1 and 2)
and leading to PMMA-b-PSt-b-PBuA and PMMA-
b-PSt-b-PBuA (Table III, Nos. 1 and 2), the initial
molar ratio of reactants, M/I/C/L, was 87 : 0.148 :
1 : 2 (No. 1) and 70.1 : 0.172 : 1 : 2 (No. 2). The
well-separated SEC eluograms show an overall
shift to a higher molecular weight region (Figs. 2
and 3). The triblock copolymerizates do not con-
tain residues of diblock macroinitiators, which in

turn, confirms the preservation of all C-X termi-
nal groups and absence of termination. Also, the
SEC eluograms of copolymers Nos. 1 and 2 ob-
tained using UV detection at 260 nm (not extra
depicted in Figs. 2 and 3) and those using refrac-
tometric detection were identical both in shape
and positions, confirming a simultaneous growth
of all copolymer chains. Thus, sequential ATRP
with the simple heterogeneous complex catalyst
Cu(I)Cl/bpy turned out to be successful in the
sequential synthesis of these two triblock copoly-
mers. The block character of copolymer No. 1 af-
ter isolation was confirmed by 1H-NMR spectros-
copy (Fig. 5), the spectrum being a superposition
of the spectra of individual blocks.

In contrast to the triblock copolymers just men-
tioned, the SEC eluogram during the third step of
the sequence synthesis of PMMA-b-PSt-b-PMMA
(Table III, No. 3, M/I/C/L 5 94.4 : 0.149 : 1 : 2) has
a bimodal shape (Fig. 4). With increasing MMA
conversion, the triblock copolymer amount in-
creases, whereas the amount of the starting
PMMA-b-PSt continuously decreases. Still, at
;90% conversion of MMA, some precursor is
present. Here the situation is typical of slow ini-
tiation.

From SEC eluograms (refractometric data), Mn
and Mw/Mn values were obtained using the
Mark-Houwink-Sakurada equation for PMMA in
THF. Mn data have only an approximative value;
nevertheless, when plotted against the monomer
conversion in the third step, they show a linear
increase (Fig. 6). The Mw/Mn values do not
change much, ranging from 1.5 to 1.6 with the
exception of PMMA-b-PSt-b-PMMA, containing a
diblock macroinitiator (Mw/Mn 1.7–1.8).

Figure 5 1H-NMR spectrum of PMMA-b-PBuA-b-
PSt.
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Conversion plots for the third polymerization
step (Fig. 7) show induction periods, which are
probably caused by slow formation of the hetero-
geneous catalyst complex in the presence of a
polymeric initiator. Clearly, the occurrence of in-
duction periods is a drawback. For a definite block
length to be obtained, the corresponding reaction
time must be estimated. This is difficult for the
induction period region; hence, the control of the
multisequential process is somewhat limited.

The following triblock copolymers consisting of
primary alkyl (meth)acrylate and styrene blocks,
prepared with Cu(I) halogenide catalysis have
been described so far, using the B 3 ABA route:
PMMA-b-PMA-b-PMMA26 (MA 5 methyl acry-
late), PMMA-b-PBuA-b-PMMA,29 PSt-b-PBuA-b-
PSt,30 and PtBuA-b-PSt-b-PtBuA29 (tBuA 5 tert-
butyl acrylate). Using the A 3 AB 3 ABC route,
PtBuA-b-PSt-b-PMA29 was synthesized. In the
course of preparation of this manuscript, two ar-
ticles appeared concerning the diblock copolymer
syntheses corresponding to the third (last) steps
of our triblock copolymer preparations. Casse-
brass et al.30 described the PBuA-b-PSt and PSt-

b-PBuA synthesis from Cl-capped first polymers
and Cu(I)Cl/bpy in the presence of 10% of dimeth-
ylformamide at 130°C. The propagation of BuA on
PSt-Cl was significantly slower than that of St on
PBuA-Cl, similarly to our experiments No. 1 and
2 (Table III, Fig. 7). The authors observed 1–2-h
induction period in the second step of the PBuA-
b-PSt synthesis. PSt-b-PMMA synthesis corre-
sponding to the last step of the triblock copolymer
No. 3 formation has been described28 just re-
cently. With PSt-Br (Mn 6400) and Cu(I)Cl/bpy
in acetonitrile at 40°C, this copolymer with Mn of
13,500 and Mw/Mn 1.33 was obtained. The ben-
efit of using a more polar solvent or additive
seems to consist in acceleration of both the rate of
crossinitiation and MMA polymerization. The au-
thors utilized an initiator/catalyst system analo-
gous to that used by Matyjaszewski group26 in
PMA-b-PMMA synthesis, where the PMA-Br (Mn
5900, Mw/Mn 1.32)/Cu(I)Cl/dNbpy system in di-
phenyl ether (“mixed halogenide” procedure) en-
abled a successful initiation of MMA polymeriza-
tion at 90°C, giving the diblock copolymer with
Mn 63,900 and Mw/Mn 1.15. The same experi-

Figure 7 Conversion (X, %) vs. time (h) plots in the
third sequence polymerization. PMMA-b-PBuA-b-PSt
(E), PMMA-b-PBuA-b-PSt (h), and PMMA-b-PSt-b-
PMMA (‚).

Table III Synthesis and Characterization of Triblock Copolymers

Copolymera Diblock Macroinitiatorb No. Time (h) Xc,d Mn
d Mw/Mn

d

PMMA-b-PBuA-b-PSt 1 27 58.5 69,100 1.59
PMMA-b-PSt-b-PBuA 2 25 24.0 21,300 1.57
PMMA-b-PSt-b-PMMA 3 24 65.5 35,200 1.74

a Prepared from 1 g of diblock macroinitiator and 5 mL of monomer.
b See Table II.
c Conversions of St, BuA, or MMA (GLC) in the last step.
d After separation of solid particles of the catalyst.

Figure 6 Molecular weight (open symbols) and
Mw/Mn (full symbols) of the copolymers in dependence
on the conversion (X, %) of the third sequence polymer-
ization. PMMA-b-PBuA-b-PSt (E), PMMA-b-PSt-b-
PBuA (h), and PMMA-b-PSt-b-PMMA (‚).
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ment of MMA polymerization, but with the PMA-
Cl/Cu(I)Cl initiation (“the same halogenide” pro-
cedure) afforded26 only a diblock copolymer (Mn
41,400) with a very high Mw/Mn value (3.63),
containing the nonincorporated PMA macroini-
tiator. Our result on PMMA-b-PSt-X (X is pre-
dominantly Cl) crossinitiation to MMA (Table III,
No. 3) is in the same line. Both results show that
under Cu(I)Cl/bpy catalysis, linking of a propa-
gating block with secondary chloride end group
(A) to an incoming monomer molecule of the (B)
type affording teriary chlorine-terminated propa-
gating chain (C) (Scheme II)

(R 5 COOCH3 or Ph, R9 5 CH3

and R0 5 COOCH3)

is slower than further propagation of (B) started
by (C). Therefore, (A) persists in the reaction mix-
ture, and its amount decreases only slowly. To
obtain PMMA-b-PSt-b-PMMA (No. 3, Table III) in
the third step in pure form, the synthetic way
should be somehow adapted in the “mixed ha-
logenide” manner mentioned above. The eluo-
grams in Figures 2–4 document that crossinitia-
tions of the type sec-chloride 3 sec-chloride and
tert-chloride 3 sec-chloride are rapid enough to
prevent such a problem.

CONCLUSIONS

The synthetic potential of sequential ATRP using
the Cu(I)Cl/bpy complex catalyst in the prepara-
tion of triblock copolymers was studied. The first,
the PMMA macroinitiator, was prepared either
by living anionic polymerization or by GTP with
subsequent transformation of the respective ac-
tive site to the COBr terminal group by bromina-
tion. Terminal bromination of living PMMA, uti-
lized in this work for the preparation of starting
macroinitiators, was not quantitative. The non-
brominated part of PMMA was separated from
diblock copolymers prepared in the next step by
extraction or precipitation. [Bromination of the
GTP active site model compound, MTS, with N-
bromosuccinimide also gave only 64–68% yield of
2-bromoisobutyrate (BriBuMe) according to 1H-
NMR spectroscopy having, at the same time, an
equilibrium character.] Triblock copolymers,
hitherto not synthesized by ATRP, PMMA-b-
PBuA-b-PSt, PMMA-b-PSt-b-PBuA, and PMMA-
b-PSt-b-PMMA, were obtained in sequential way

and characterized by SEC and 1H-NMR. In the
third sequence of these copolymer syntheses, in-
duction periods were always observed. The first
two copolymers prepared were pure, free of pre-
cursors. The third product, PMMA-b-PSt-b-
PMMA, contained about 15% of its precursor,
PMMA-b-PSt-X macroinitiator (X is predomi-
nantly Cl), even at 90% MMA conversion. The
crossinitiation in the sequence PStOCl 3 MMA
is slower than further propagation, similar to that
found by Matyjaszewski et al.26 under analogous
conditions for the PMAOCl 3 PMMA sequence.
Combining our present results on the triblock
copolymer synthesis with some results of oth-
ers26,28,30 on the diblock copolymer synthesis, and
taking into account only primary alkyl (meth)ac-
rylate and styrene monomers and macroinitia-
tors, it can be concluded that the simple Cu(I)Cl/
bpy catalysis of ATRP with Cl-terminated macro-
initiators in toluene (without further modification
of the procedure) is powerful in the polymethac-
rylate 3 acrylate, polymethacrylate 3 styrene,
polyacrylate 3 styrene, and polystyrene 3 acry-
late crossinitiations. In polyacrylate3methacry-
late or polystyrene 3 methacrylate sequences,
however, the initiation is slow, and the copoly-
merization products contain some amounts of the
respective macroinitiator as impurity.
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