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Introduction.Starpolymers arebranchedmolecules contain-
ing multiple arms connected at a central core that have unique
properties compared to their linear analogues.1-3 Star poly-
mers typically have lower viscosities than linear polymers and
can also containmany end group functionalities within a single
molecule,which is useful for various applications.The synthesis
of star polymers has been successful by controlled radical
polymerization (CRP).4-6 Atom transfer radical polymeriza-
tion (ATRP)7-9 one of themost powerful CRP techniques, can
provide star polymers by either polymerizing a monomer from
a core,10-14 attaching arms to a preformed multifunctional
core,15,16 or linking preformed arms together.5,17-24 To synthe-
size stars by the latter method, often called the arm-first
method, a macroinitiator or macromonomer is cross-linked in
the presence of a di- or multivinyl cross-linking agent. Macro-
initiators synthesized by ATRP have been successfully cross-
linked under normal ATRP conditions. During normal ATRP,
an alkyl halide initiator is activated through a reversible redox
process by a transitionmetal catalyst in its lower oxidation state
(most commonly CuI) to generate radicals and higher oxidation
state catalyst (CuII).25-27 The radical species continues pro-
pagation with monomer until it is again deactivated by CuII.
Although normal ATRP is useful for synthesis of star polymers,
it may lead to a relatively high amount of star-star termination
reactionswhich limits arm conversion andbroadens finalmolec-
ular weight distribution.28 This is due to a relatively high radical
concentration during the polymerization process. In normal
ATRP, the radical concentration can be controlled by control-
ling the ratio of CuI/CuII catalyst and the amount of alkyl halide
initiator in the system. The alkyl halide concentration is fixed in
the macroinitiator, and can only be diluted by solvent. A low
CuI/CuII ratio could be employed, however the reaction would
be much slower and would have difficulties in reaching higher
conversions. Moreover, a high concentration of radicals inside
the core favors termination and consumesCuI speciesmore than
under comparable homogeneous conditions.

A solution to these problems was developed for a normal
ATRP process in that a macromonomer can be used in place
of a macroinitiator. With this technique, the radical concen-
tration can be independently controlled by using a small
molecule alkyl halide initiator in conjunction with macro-
monomer arm.29 A star polymer with improved molecular
weight distribution could be obtained with this process.
However, the reactions typically required repeated injections
of alkyl halide initiator together with extra cross-linker to
push toward higher arm conversion. Additionally, the reac-
tion time was typically between 50 and 100 h and an extra
synthetic step is typically required to convert a macroinitiator

to macromonomer. Therefore, star synthesis by ATRP could
still be improved.

Recently, a new ATRP initiation system was developed
which allows for a significant decrease in the required Cu
concentration. This system, known as activators regenerated
by electron transfer (ARGET) ATRP utilizes a reducing
agent to continuously regenerate the activeCuI species which
is otherwise lost through radical termination reactions.30-36

During ARGETATRP, the concentration of reducing agent
determines the ratio of CuI/CuII catalyst, which in turn
determines the radical concentration during polymerization.
This technique for star synthesis is attractive because it is
possible to control radical concentration during an ARGET
ATRP. In controlled radical polymerization, radical con-
centration is highest at the beginning of the reaction and
gradually decreases toward the end, due to the persistent
radical effect.37,38 If the radical concentration is too low
during polymerization, the rate would be very slow. How-
ever, if it is too high, more termination reactions occur.
Therefore, the use of ARGET ATRP can greatly improve
star synthesis through the ability to adjust radical concen-
tration during the polymerization process. At the beginning
of the reaction, radical concentration can be kept low by
using a lower concentration of reducing agent to prevent
star-star termination. Radical concentration will steadily
increase as reducing agent is introduced to the system. At
later stages of the reaction, the star polymers become less
susceptible toward coupling as they have grown in size and
steric hindrance acts to prevent termination. Consequently,
as the reaction progresses, more reducing agent can be fed
into the system resulting in a faster polymerization rate
without much termination. In this way, the synthesis ofmore
uniform star (co)polymers can be achieved in a relatively
short reaction time. In this communication, the synthesis of
star polymers by normal and ARGETATRP are compared.

Results and Discussion.Apoly(n-butyl acrylate)-Brmacro-
initiator arm (PBA-Br) was synthesized usingARGETATRP
conditions to give a product withMn = 10300 andMw/Mn =
1.11. This PBA-Br was used in the arm-first star synthesis
under normal ATRP conditions (different ligands and different
catalyst concentration) and under ARGET ATRP conditions
(different reducing agent addition method) (Table 1). For
normal ATRP star synthesis, CuBr/N,N,N0,N0,N00-penta-
methyldiethylenetriamine (PMDETA) and CuBr/tris(2-pyri-
dylmethyl)amine (TPMA) were used (Table 1, entry 1-3).
When CuBr/PMDETA was used as a catalyst (entry 1), 99%
of the divinylbenzene (DVB) was consumed after 20 h. The
GPC curves in Figure 1 A illustrate decreasing RI signal
corresponding to the unreacted macroinitiators and increasing
peak at higher molecular weight region corresponding to star
polymers.Molecular weight (Mn,RI) was 39.6� 103 determined
by GPC with linear polySt standards. Area fraction of star
polymers (Astar) inGPC curve was 84%at 20 h as calculated by
deconvolutionusingGaussian function.Theabsolutemolecular
weight measured by multiangle laser light scattering (MALLS)
detector (Mw,MALLS) was 66.0 � 103. On the basis of DVB
conversion, the dn/dc values in THF at 35 �C (a detailed
calculation is described in the Supporting Information), and
Mw,MALLS, the calculated number of arms per star core was 6.
Similar results were observed when TPMA used as a ligand
(Table 1, entry 2).Astar was 89%andMw,MALLS was 183� 103.*Corresponding author. E-mail: km3b@andrew.cmu.edu.
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However, when a lower amount of the same, very active ATRP
catalyst was used (1 mol % vs macroinitiator) no star polymer
was formed within a 20 h time period (Table 1, entry 3 and
Figure 1 C).

On the other hand, ARGET ATRP using the same concen-
tration of catalyst, but in the presence of tin(II) 2-ethylhexano-
ate (Sn(EH)2) as reducing agent (Table 1, entries 4-6) showed
much higher star yield (g95%). First, the reaction was con-
ducted with 0.1 eq. Sn(EH)2 (Table 1, entry 4 and Figure 1D).
The obtained star polymer had the apparent molecular weight,
Mn,RI=59.8� 103andtheabsolutemolecularweightMw,MALLS=
146 � 103, indicating a larger number of arms incorporated
to the star core than using normal ATRPwithCuBr/PMDETA

(Table 1, entry 1). Three different modes of Sn(EH)2 addition
were studied. First, the entire reducing agent was added at the
beginning of the reaction (Table 1, entry 4). Then, it was fed
continuouslyduring thereaction (ARGETATRP-CF,Table1,
entry 5). The reaction was started without Sn(EH)2, then
reducing agent was slowly and continuously added to the
reaction system by a syringe pump during 20 h. No reaction
occurred during the first 5 h, as the reducing agent was used to
convert initially added CuII species and also remove the adven-
titious oxygen in the mixture. The reaction slowly started after
enough Sn(EH)2 was introduced and resulted in a star with final
Mw,MALLS= 254� 103 andMw/Mn = 1.19 in 98% yield. The
third method for ARGET ATRP system is a timed-feeding
system (ARGET ATRP-TF, Table 1, entry 6). At the begin-
ning of polymerization, 0.01 eq. of Sn(EH)2 was added, after 1,
2.5, and 5 h an additional 0.03, 0.06, and 0.1 eq. of Sn(EH)2 was
added, respectively (for a total of 0.2 eq. of Sn(EH)2 in the
system). This reaction also showed high star yield (Astar=98%)
and high molecular weight Mw,MALLS = 252 � 103 and Mw/
Mn=1.16. For both stars the number of arms per star core was
22, indicating even higher molecular weight than for the tradi-
tional ARGET ATRP (Table 1, entry 4) as shown in Figure 1,
parts E and F.

All ATRP and ARGET ATRP reactions were stopped
after 20 h. The synthesis using ARGET ATRP gives higher
star yield than those for normal ATRP. Also, higher star
molecular weight, higher star yield and higher number of arms

Table 1. Synthesis of (PolyBA)n-PolyDVB Star Polymers by ATRP and ARGET ATRP via the “Arm-First” Method
a

entry polymerization method Astar
b Mn,RI

c � 10-3 Mw,MALLS
d � 10-3 Mw/Mn

e Narm
f NDVB,CORE

g dn/dch

1 ATRP (PMDETA)i 0.84 39.6 66.0 1.18 6 46 0.079
2 ATRP (TPMA)j 0.89 66.9 183 1.19 15 250 0.076
3 ATRP (low [Cu])k 0 1.03 116 1.11 N/A N/A 0.069
4 ARGET ATRPl 0.95 59.8 146 1.14 13 122 0.075
5 ARGET ATRP-CFm 0.98 78.0 254 1.19 22 263 0.073
6 ARGET ATRP-TFn 0.98 80.3 252 1.16 22 241 0.077
aExperimental conditions: [PBA-Br]0 = 0.024M at 90 �C in anisole (75 vol %), stopped at 20 h.Mn,PBA= 10,300,Mw/Mn= 1.11. bArea fraction

ratio of star polymers, determinedby themultipeak splitting of theGPCcurve usingGaussian function. cNumber-averagemolecularweight,measure by
THFGPCwithRI detector, calibrationwith linear polySt standard. dWeight-averagemolecularweight,measuredbyTHFGPCwithMALLSdetector.
ePolydispersity, measured by THF GPC with RI detector, calibration with linear polySt standard. fNumber-average value of the number of arms per
star molecule, calculated based on equation in the Supporting Information. gNumber-average value of DVB per star core, calculated byMw,MALLS =
(Narm �Mn,arm)þ (NDVB,CORE �Mn,DVB).

h dn/dc values of star polymers, measured by THFGPC with MALLS detector. iExperimental conditions:
[PBA-Br]0/[DVB]0/[CuBr]0/[PMDETA]0=1/12/0.8/0.8. jExperimental conditions: [PBA-Br]0/[DVB]0/[CuBr]0/[TPMA]0=1/12/0.8/0.8. kExperimental
conditions: [PBA-Br]0/[DVB]0/[CuBr]0/[TPMA]0=1/12/0.01/0.01. lExperimental conditions: [PBA-Br]0/[DVB]0/[CuBr2]0/[TPMA]0/[Sn(EH)2]0=1/12/
0.01/0.1/0.1. mExperimental conditions: [PBA-Br]0/[DVB]0/[CuBr2]0/[TPMA]0/[Sn(EH)2]0=1/12/0.01/0.1/0, continuous feeding [Sn(EH)2]final = 0.2.
nExperimental conditions: [PBA-Br]0/[DVB]0/[CuBr2]0/[TPMA]0/[Sn(EH)2]0=1/12/0.01/0.1/0.01, timed feeding [Sn(EH)2]final = 0.2.

Figure 1. Molecular weight evolution by gel permeation chromatogra-
phy during the star synthesis by (A) ATRP with CuBr/PMDETA
(Table 1, entry 1), (B) ATRP with CuBr/TPMA (entry 2), (C) ATRP
with low amount of CuBr/TPMA (entry 3), (D) ARGETATRP (entry
4), (E) ARGET ATRP-CF (entry 5), and (F) ARGET ATRP-TF
(entry 6), calibrated with linear polySt standard.

Figure 2. Comparison of final 20 h samples of the star polymers
prepared by normal ATRP (PMDETA) (Table 1, entry 1, black line),
ATRP (TPMA) (entry 2, gray line), ARGET ATRP (entry 4, red line),
ARGET ATRP-CF (entry 5, green line), and ARGET ATRP-TF
(entry 6, blue line).
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per star core were obtained with ARGET ATRP as com-
pared to normal ATRP. The polymerizations with feeding
of reducing agent were quite slow at the beginning, but
accelerated at the later stages. This observation confirms the
benefits of using ARGET ATRP for star synthesis, in that
polymerization rate (radical concentration) can be precisely
controlled during polymerization. A comparison of the MWD
of all star polymers prepared by ARGET ATRP and normal
ATRP after 20 h is shown in Figure 2.

Conclusions. The arm-first star synthesis using a macro-
initiator synthesized by ATRP could be significantly im-
proved by using ARGET ATRP as compared to normal
ATRP. Not only was less catalyst used, but stars were also
prepared in essentially quantitative yield (98%) and with
higher MW. Additional improvements can be obtained by
applying slow feeding of the reducing agent to the reaction
mixture. Additional studies are currently underway to further
optimize the conditions for synthesis of various starsbyARGET
ATRP.
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