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’ INTRODUCTION

Poly(ethylene oxide) (PEO), also referred to as poly(ethylene
glycol), is a Food and Drug Administration (FDA) approved
polymer that has been widely investigated in materials science
and biotechnology due to its stability, biocompatibility, water
solubility, nontoxicity, rapid clearance from the body, and lack of
immunogenicity.1-6 Recently, nonlinear PEOs with highly
branched architectures (star,7-14 hyperbranched,15-19 and den-
drimer-like20-25) have attracted the interest of chemist and
biologist because of their unique properties such as low viscosity,
high solubility, versatile functionality in comparison with their
linear analogues, and the intriguing potential for biomedical and
pharmaceutical applications. Because of the facile synthetic
routes, star-shaped PEOs have been widely studied.12 There
are three major strategies for the preparation of star PEO. One is
the so-called “core-first”method, which involves the anionic ring-
opening polymerization (AROP) of ethylene oxide (EO) from a
multifunctional initiator.26,27 Second is the “coupling-onto”
method which requires attaching living or active linear PEO
arms onto a multifunctional core.28-30 The last is the “arm-first”
procedure, in which living or active linear PEO arms are cross-
linked by reaction with a cross-linker to form the core of the
star.31-33 The “arm-first”method is considered to be an efficient
method for the preparation of star polymers with a high number
of arms and high molecular weight due to the larger size of the
cross-linked core and less steric hindrance as compared to the
other two strategies. Atom transfer radical polymerization
(ATRP),34-38 one of the most robust controlled/living radical
polymerization (CRP) techniques, has been employed to pre-
pare star polymers by the “arm-first”method using either a linear
macroinitiator or macromonomer as arm precursors in the

reaction with a divinyl cross-linker.7,39-49 It is worth noticing
that the uniform star PEOs can be prepared in a heterogeneous
system via ATRP in aqueous dispersed media using linear PEO
macroinitiator or macromonomer without any additional
surfactant.50-52 In this case, PEO macroinitiator or macromo-
nomer acts not only as the reactant but also as the surfactant.

The conjugation of active molecules such as drugs, peptide
sequences, and ligands of biological interest onto end-functio-
nalized PEG, called “PEGylation”, is extensively utilized for
biomedical applications.53-64 There is a need for a simple
procedure to prepare heterofunctional PEOs (i.e., X-PEO-Y,
where X is employed for architecture design and Y for
functionality).65-67 “Click” reactions, a term introduced by
Sharpless, are widely used in polymer chemistry during the past
few years due to their high specificity, quantitative yields, and
near-perfect fidelity of the linking reaction conducted in the
presence of most functional groups.68 The use of click chemistry
for PEGylation is extremely attractive since the cyclic triazole
linking unit can be viewed as a biocompatible linkage.69,70

Recently, the direct syntheses of clickable R-azido, ω-hydroxy
heterofunctional PEO by controlled/living AROP of EO using
functional initiators were reported.71-73

In this article, a series of R-azido, ω-hydroxy heterofunctional
PEOs with different molecular weights were prepared according
to procedures in the previous report.71 After converting the
hydroxyl group to 2-bromoisobutyryl group by esterification, the
R-azido,ω-bromoisobutyryl heterofunctional PEOswere used as
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ABSTRACT: A series of star-shaped poly(ethylene oxide) (PEO) with
azide groups at the end of each arm were synthesized by combination of
anionic ring-opening polymerization (AROP) and aqueous activators
generated by electron transfer for atom transfer radical polymerization
(AGET ATRP). First, R-azido,ω-hydroxy heterofunctional PEOs were
prepared by AROP of ethylene oxide (EO) using tetrabutylammonium
azide as initiator and triisobutylaluminum as catalyst. Then, a clickable
PEO ATRP macroinitiator, R-azido, ω-bromoisobutyryl heterofunc-
tional PEO, was synthesized by an esterification of the ω-hydroxy end
group with 2-bromoisobutyryl bromide. Finally, an AGET ATRP of
ethylene glycol diacrylate (EGDA) was carried out in water using the R-azido, ω-bromoisobutyryl heterofunctional PEOs as
macroinitiator and surfactant. The absolute molecular weights of the products were characterized by static laser light scattering in
water. Azide PEO stars withMw = 6.58� 106 and average 309 arms were obtained using azide PEOmacroinitiators withMn = 9800
and [EGDA]/[MI] = 58. However, control over topology was lost for [EGDA]/[MI] > 100, resulting in irregular aggregates. The
core-shell morphology of the functional star PEOs was observed by transmission electron microscopy. Fluorescent PEO stars were
obtained by “clicking” dansyl probes onto the star shell, as verified by fluorescence spectra.



1921 dx.doi.org/10.1021/ma102704g |Macromolecules 2011, 44, 1920–1926

Macromolecules ARTICLE

a dual macroinitiator and a surfactant to prepare clickable star
PEOs employing ethylene glycol diacrylate (EGDA) as cross-
linker via an AGET (activators generated by electron transfer)
ATRP in aqueous dispersed media74-77 (Scheme 1). The
influence of PEO macroinitiator chain length and amount of
added cross-linker on the polymerization were investigated in
detail. A model “click” reaction between azide star PEO and a
dansyl probe containing alkyne group, which was further verified
by the fluorescence spectra, was carried out under mild condi-
tions to illustrate the ease of shell functionalization.

’EXPERIMENTAL SECTION

Materials. Tetrabutylammonium azide and triisobutylaluminum
(1.0 mol/L in toluene) were purchased from Aldrich and used as
received. Ethylene oxide (EO, Aldrich, 99.5%) was dried with calcium
hydride (CaH2) for 48 h and then distilled before use. Toluene and
tetrahydrofuran (THF) were distilled from flasks containing sodium and
benzophenone. Ethylene glycol diacrylate (EGDA, Aldrich, 90%, tech-
nical grade) was purified by passing through a basic alumina column
to remove the inhibitor. Bis(2-pyridylmethyl)octadecylamine
(BPMODA)78 and 5-(dimethylamino)-N-(2-propynyl)-1-naphthalene-
sulfonamide79 were synthesized according to the previously published
procedures. All other reagents and solvents were purchased fromAldrich
and used without further purification.
Measurements.Nuclear magnetic resonance (NMR) spectra were

examined in CDCl3 at 30 �C using a Bruker Advance 300 MHz
spectrometer. The apparent molecular weights and dispersity (Mw/
Mn) were determined by gel permeation chromatography (GPC;
Polymer Standards Services (PSS); columns (guard, 105, 103, and 102

Å), with N,N-dimethylformamide (DMF) eluent at 35 �C, flow rate =
1.00 mL/min, and differential refractive index (RI) detector (Waters,
2410)) calibrated with linear PEO standards using WinGPC 6.0 soft-
ware from PSS. The weight fraction of the star PEOs was also
determined using GPC bymonitoring the decrease of the macroinitiator
peak area relative to the increase in the star polymer peak area. The
absolute molecular weight of azide star PEOs was measured on a
Brookhaven Instruments Corp. BI-200SM (Brookhaven Instruments,
Holtsville, NY) goniometer. The instrument laser provided vertically
polarized light of wavelength 532 nm. Samples in aqueous solution were
placed in borosilicate scintillation vials for measurements and were
referenced against scattering from a toluene standard. The typical
scattering angle range used was 70�-130�. The instrument bath was
filled with decahydronaphthalene, and measurements were typically
made at 25 �C. Particle size and size distribution of star polymers were
measured by dynamic light scattering (DLS) at 25 �C using 1.0 mg/mL
aqueous solution of polymer on a high performance particle sizer, Model

HP5001 from Malvern Instruments, Ltd. Transmission electron micro-
scopy (TEM) analysis was conducted using an Hitachi H-7100 TEM
(Hitachi High Technologies America) operating at 50 kV. A drop of 3
mg/mL star PEO aqueous solution was placed onto the surface of
Formvar-carbon film-coated copper grids. Excess solution was quickly
wicked away with a filter paper. All grids were finally negatively stained
by 2 wt % phosphotungstic acid. Fluorescence excitation spectra were
recorded on Varian Cary 50 fluorescence spectrometer at 339 nm
emission.
Synthesis of r-Azido, ω-Hydroxy Heterofunctional PEO.

R-Azido,ω-hydroxy heterofunctional PEOs were prepared by AROP of
EO with tetrabutylammonium azide in the presence of triisobutylalu-
minum, according to the literature procedure.71 Initially, 0.285 g (1.0
mmol) of tetrabutylammonium azide, 5.9 g of EO (134 mmol), and
100 mL of anhydrous toluene were charged to a 200 mL glass reactor
equipped with a magnetic stirrer, under nitrogen atmosphere, and then
2.0 mL of triisobutylaluminum (1.0 mol/L in toluene) was added via a
syringe at -90 �C to start the polymerization. The temperature of the
polymerization system was slowly raised to room temperature. After 12
h polymerization, the reaction was terminated by addition of a few drops
of hydrochloric acid. The solution was purified by filtration to remove
the salt, and then the filtrate was concentrated before pouring into a large
amount of cold diethyl ether to precipitate the product. The final
product was obtained after drying the precipitate under vacuum at room
temperature for 24 h.
Synthesis of r-Azido, ω-Bromoisobutyryl Heterofunc-

tional PEO. R-Azido,ω-bromoisobutyryl heterofunctional PEOs were
synthesized by the esterification of R-azido,ω-hydroxy heterofunctional
PEOs with 2-bromoisobutyryl bromide in the presence of triethylamine
in THF. Typically, theR-azido,ω-hydroxy heterofunctional PEO (4.4 g,
1.0 mmol, Mn = 4400) was dissolved in 100 mL of anhydrous THF,
followed by the introduction of triethylamine (TEA) (0.20 g, 2 mmol,
0.28 mL) via a syringe. Then 2-bromoisobutyryl bromide (0.46 g,
2 mmol, 0.25 mL) in 5 mL of anhydrous THF was added dropwise to
the vigorously stirred solution at 0 �C over 30 min. The reaction mixture
was stirred at room temperature overnight. The precipitate was removed
by filtration, and the solution was evaporated to dryness. The crude
product was dissolved in 40 mL of methylene chloride, then washed
successively with 1.0 M NaHCO3 aqueous solution and water, and
finally dried over anhydrous MgSO4, filtered, and concentrated before
pouring into large amount of cold ethyl ether to precipitate the product.
The resulting white solid was dried under vacuum at room temperature
for 24 h.
Synthesis of Azide Star PEOs by Aqueous AGET ATRP.

Azide star PEOs were synthesized by AGETATRP of EGDA in aqueous
dispersed media using R-azido, ω-bromoisobutyryl heterofunctional
PEOs as macroinitiator and surfactant. The general procedure was as
follows: R-azido, ω-bromoisobutyryl heterofunctional PEO (0.1 g,

Scheme 1. Synthetic Route to Clickable Star PEOs



1922 dx.doi.org/10.1021/ma102704g |Macromolecules 2011, 44, 1920–1926

Macromolecules ARTICLE

0.022 mmol, Mn = 4500), EGDA (0.1 g, 0.59 mmol), CuBr2 (0.005 g,
0.022 mmol), BPMODA (0.012 g, 0.027 mmol), and hexadecane (0.004
g) were dissolved in 1.0 mL of methylene chloride (CH2Cl2) in a round-
bottom flask by stirring at 30 �C for 1 h. The resulting homogeneous
organic solution was then cooled to room temperature, and 10 mL of
water was added. The mixture was subjected to sonication in an ice bath
(Misonix sonicator S-4000 duty cycle at 50%, amplitude set at 70% for
10 min). The aqueous dispersion was transferred to a Schlenk flask and
purged with nitrogen for 30 min to remove oxygen and CH2Cl2. After
injecting 0.2 mL of a deoxygenated aqueous solution of ascorbic acid,
containing 0.011 mmol of ascorbic acid into the aqueous dispersion, the
flask was immersed in an oil bath thermostated at 70 �C to activate the
catalyst and start the polymerization. Samples were taken at timed
intervals to determine the molecular weight by GPC and to measure the
diameter by DLS. The polymerization was terminated by bubbling air
into the mixture. After filtration, the azide star PEO was purified using
centrifugal filter units (Millipore) to remove any unreacted monomer
and PEO macroinitiator.
Synthesis of Dansyl Star PEO by “Click” Reaction. A typical

procedure was as follows: azide star PEO (0.10 g, 0.0065 mmol of azide
group approximately), 5-(dimethylamino)-N-(2-propynyl)-1-naphtha-
lenesulfonamide (29 mg, 0.10 mmol), and N,N,N0,N0 0,N0 0-pentamethyl-
diethylenetriamine (PMDETA, 18 mg, 0.10 mmol) were dissolved in
DMF (2.0 mL). The reaction mixture was degassed by three freeze-
pump-thaw cycles before adding CuBr (14mg, 0.1mmol) to the frozen
mixture under nitrogen flow. The mixture was left under nitrogen and
stirred at 40 �C for 24 h. Then, the solution was exposed to air and
passed through an alumina column to remove the copper salt. The
unreacted dansyl probe was removed by dialysis against DMF.

’RESULTS AND DISCUSSION

Synthesis of r-Azido, ω-Hydroxy Heterofunctional PEO.
R-Azido, ω-hydroxy heterofunctional PEO was prepared by
AROP of EO with tetrabutylammonium azide in the presence
of triisobutylaluminum. As previously reported, the polymeriza-
tion involves a complexation of the propagating active species
with 1 equiv of triisobutylaluminum and a strong nucleophilic
activation of the EO via complexation with the remaining
triisobutylaluminum. After insertion of the activated monomer
in the growing chain, the triisobutylaluminum is released to
activate another EO molecule, making the controlled chain
propagation possible.71 The results and polymerization condi-
tions are shown in Table 1 as well as the GPC traces in Figure 1.
The catalytic system shows very high activity for EO polymer-
ization, providing high yield under mild conditions. The molec-
ular weight of the product increased with the increasing molar
ratio of EO to tetrabutylammonium azide, and the theoretical
molecular weight matches the GPC value, which indicates that
essentially every tetrabutylammonium azide molecule initiated
only one living PEO chain and the polymerizations were well
controlled. The dispersity (Mw/Mn) decreased as the
[EO]/[N3NBu4] ratio increased. This illustrates that the chain
propagation could be faster than the initiating reaction leading to
better control for higher targeted DP.
The chain-end functionality of azide group and hydroxyl group

is important for the subsequent star synthesis and “click” reaction
and was determined by 13C NMR. As Figure 2 shows, the signals
of the methylene carbons next to azide group and hydroxyl group
could be clearly detected at around 51 ppm (C1) and 62
ppm (C5), respectively, indicating the existence of the two end
groups. In addition, the chain-end functionality of the azide
group was quantified by analysis of the 1H NMR spectra as

shown in Figure 3. The results summarized in Table 1 are in good
agreement with the theoretical and GPC values.
Synthesis of r-Azido, ω-Bromoisobutyryl Heterofunc-

tional PEO. The R-azido, ω-hydroxy heterofunctional PEOs
were converted into azide PEO macroinitiators for ATRP by a
simple esterification reaction. A typical 1HNMR spectrum of one
such product is shown in Figure 4. After esterification, new
signals corresponding to methyl protons (Hd) and methylene
protons (Hc) of 2-bromoisobutyrate at 1.95 and 4.34 ppm are
present in the spectra, indicating that the terminal hydroxyl
groups were esterified. The molecular weight of R-azido, ω-
bromoisobutyryl heterofunctional PEOs was calculated accord-
ing to the following equation:

M
0
n,NMR ¼ Is

Id � 0:55%
� 1:5þ 1

� �
� 44þ 192

Table 1. Synthesis of r-Azido, ω-Hydroxy Heterofunctional
PEOsa

sample

[EO]/

[N3NBu4]

yield

(%)

Mn,

theo
b

Mn,

NMR
c

Mn,

GPC
d

Mw/

Mn
d

MI-1 101 99.9 4500 4100 4400 1.53

MI-2 134 99.9 6000 6500 7400 1.39

MI-3 240 93.0 9900 10500 9700 1.34
a Polymerization conditions: [Al(iBu)3]/[N3NBu4] = 2, [EO] = 1.0
mol/L, rt, in toluene, 12 h. bCalculated by conversion: Mn,theo =
([EO]0)/([N3NBu4]0) � conversion � 44 þ 43, where 43 is the
molecular weight of end groups. cCalculated by 1H NMR: Mn,NMR =
(Is/((Iaþs- Is)� 0.55%)� 0.5þ 0.5)� 44þ 43. dMeasured by GPC,
DMF as solvent, calibrated with PEO standards.

Figure 1. GPC traces of R-azido, ω-hydroxy heterofunctional PEOs.

Figure 2. 13C NMR spectrum of R-azido, ω-hydroxy PEO (MI-1 in
Table 1).
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(192 is the molecular weight of end groups), which closely match
the values in Table 1 indicating good functionality on each
chain end.
Synthesis of Azide Star PEOs by Aqueous AGET ATRP.The

ATRP technique was employed for synthesis of star PEOs using
the R-functional PEO macroinitiator in homogeneous systems.7

However, for PEO macroinitiator with high molecular weight,
the low concentration of initiating sites decreases the polymer-
ization efficiency. In order to increase efficiency, a large amount
of divinyl cross-linker was used, which could lead to gelation.
Thus, the stars with high molecular weight PEO macroinitiator
should be prepared more efficiently in a heterogeneous or
dispersed medium. The key aspects of this concept is that the

concentration of initiating sites is still high enough in the
hydrophobic part of the dispersed medium to provide efficient
initiation while the PEO macroinitiator with higher molecular
weight is a better surfactant to stabilize the polymeric system.
Azide PEOmacroinitiators with different molecular weights were
used to prepare azide PEO stars by aqueous AGET ATRP. The
AGET ATRP allows easy operation with reagents that are not
sensitive to oxygen, before the reducing agent is added. The
results and polymerization conditions are summarized in Table 2.
The ratio of PEO macroinitiator to EGDA was fixed at 1:1 by
weight. Star PEOs with molecular weight of several millions (by
SLLS) and hundreds of arms were successfully prepared by
AGET ATRP in aqueous dispersed media via the “arm-first”
method. As expected, the GPC curves indicate that the PEO
macroinitiator with higher molecular weight shows higher po-
lymerization efficiency, resulting in larger area fraction of star
polymers (Astar).
During the polymerization process, an appropriate amount of

a sample was withdrawn from the Schlenk flask under nitrogen
protection for GPC and DLS measurement. Figure 5 shows the
evolution of the GPC and DLS traces of the star synthesis. The
polymerization reached the highest conversion within 6 h. The
aggregates in the initial system have a diameter of more than
100 nm. As the polymerization proceeded, the PEO arms were
chain extended with EGDA forming an amphiphilic block
structure, which efficiently micellized in water with the organic
components trapped inside the micelle, leading to smaller
diameter particles. Further incorporation of more PEO arms to
the cross-linked micellular structures resulted in uniform star
polymers. The diameters of the final star products ranged from
15 to 50 nm, depending on the star molecular weight and chain
length of PEO arms.
The aqueous AGET ATRP was carried out with different

amounts of EGDA to investigate its influence on star structure.
The R-azido, ω-bromoisobutyryl heterofunctional PEO pre-
pared from MI-3, with Mn = 9800, was chosen as the macro-
initiator for this study, and the feeding molar ratio of EGDA to
PEOmacroinitiator was changed from 7.5 to 180. The results are
summarized in Table 3. The polymerization with the molar ratio
of [EGDA]/[MI] as low as 7.5 was successful, leading to a star
PEO in high yield (S-4). Samples S-1 and S-5 have exactly
the same feeding molar ratio of [EGDA]/[MI] = 26.5. However,
the higher yield of star PEO was obtained with the PEO

Figure 4. 1H NMR spectrum of R-azido, ω-bromoisobutyryl hetero-
functional PEO (from MI-1).

Figure 3. End-group analysis ofR-azido,ω-hydroxy PEOs by 1HNMR.

Table 2. Influence of PEO Macroinitiator Chain Length on Star Synthesis by Aqueous AGET ATRPa

sample MI [EGDA]/[MI] Astar
b (%) diameterc (nm) Mn,GPC

d Mw/Mn
d Mw,SLLS

e (�106) Narm
f

S-1 MI-1 26.5 60.1 15.7 100 900 1.34 1.99 ( 0.36 173

S-2 MI-2 44.1 65.8 24.4 154 000 1.35 4.40 ( 0.21 246

S-3 MI-3 57.6 77.7 43.8 382 500 1.37 6.58 ( 0.36 309
a Polymerization conditions: [MI]/[CuBr2]/[BPMODA]/[ascorbic acid] = 1/1/1/0.5, weight ratio of MI:EGDA = 1:1, 70 �C. bThe area fraction of
star polymers, determined by the multipeak splitting of the GPC curve using Gaussian function. cMeasured by DLS (highest volume %), 1.0 mg/mL,
water as solvent. dMeasured by GPC, DMF as solvent, calibrated with PEO standards. eMeasured by static laser light scattering (SLLS), the dn/dc of
each sample are 0.1537 mL/g (S-1), 0.1342 mL/g (S-2) and 0.1203 mL/g (S-3) in water, measured on Brice-Phoenix, Model BP-2000-V, differential
refrectometer photometer using vertically polarized light 532 nm wavelength. fNumber-average value of the number of arms per star molecule (Narm)
was estimated based on the following equation:

Narm ¼ Mw, SLLS
Mw=Mn �Mn,MI

Astarð1þ ConvEGDAÞ-ConvEGDA
Astarð1þ ConvEGDAÞ

whereMn,MI is the molecular weight of macroinitiator and ConvEGDA is the conversion of EGDA cross-linker measured by 1HNMR, assuming that PEO
macroinitiator and star PEO have similar dn/dc in DMF.
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macroinitiator with longer chains, which strongly confirms that
the PEO macroinitiator with higher molecular weight has higher
activity in an aqueous ATRP. The diameters of the final products
were not significantly changed when [EGDA]/[MI] was in-
creased from 7.5 to 90. This indicates that the diameter of star
PEO is controlled by the length of PEO arm rather than the size
of PEGDA core. When the ratio of [EGDA]/[MI] was higher
than 100, irregular aggregates with diameter of several hundred
nanometers were obtained.
Themorphology and diameter of the products were studied by

TEM (Figure 6). All the samples were negatively stained by
phosphotungstic acid. The star PEOs show uniform spherelike
morphologies with core-shell microstructure in TEM images,
and the trend of diameter change agrees quite well with the DLS
data. In addition, the TEM image of G-1 shows large irregular
morphology, indicating that the star synthesis is uncontrolled
when [EGDA]/[MI] is higher than 100.
Synthesis of Dansyl Star PEO by “Click” Reaction. The

azide groups are stable during the aqueous AGET ATRP

process, meaning that the star PEOs prepared can be further
modified by “click” reactions. In this study, 5-(dimethylamino)-
N-(2-propynyl)-1-naphthalenesulfonamide, a dansyl probe
modified by alkyne group, was chosen as a model molecule to
“click” onto the shell of azide star PEO (S-3).79-82 The extra
dansyl probe was removed by dialysis. The final fluorescent
dansyl star PEO was characterized by fluorescence spectrosco-
py by comparison with the model molecule and the unmodified
star PEO. Figure 7 shows the synthetic route and the fluores-
cence spectra, in which the modified star PEO displays a strong
emission peak at 541 nm when excited at 339 nm, similar to the
pure dansyl probe. The unmodified star PEO did not show any
emission. On the basis of the emission intensities and the
concentrations of fluorescent dansyl star PEO and pure dansyl
probe, it could be concluded that the “click” efficiency exceeded
90%. The results confirm that theR-azido groups on PEO chain
end were well-preserved and still accessible for subsequent
modification after star synthesis.

Figure 5. Evolution of the GPC and DLS traces during the star synthesis in aqueous AGET ATRP process.

Table 3. Influence of EGDA Amount on Star Synthesis in
Aqueous AGET ATRPa

sample [EGDA]/[ MI] Astar (%)
b diameter (nm)c Mn,GPC

d Mw/Mn
d

S-4 7.5 73.7 32.7 161 800 1.26

S-5 26.5 75.6 37.2 318 700 1.28

S-1e 26.5 60.1 15.7 100 900 1.34

S-3f 59.0 77.7 43.8 382 500 1.37

S-6 90.0 83.4 50.7 433 500 1.37

G-1g 125 220.2

G-2g 180 458.8
a Polymerization conditions: [MI]/[CuBr2]/[BPMODA]/[ascorbic
acid] = 1/1/1/0.5, molecular weight of MI: 9800, 70 �C. bThe area
fraction of star polymers, determined by the multipeak splitting of the
GPC curve using Gaussian function. cMeasured by DLS, water as
solvent (highest vol %). dMeasured by GPC, DMF as solvent, calibrated
with PEO standards. eThe same data in Table 2; molecular weight of
MI: 4500. fThe same data in Table 2. g Irregular aggregates. Figure 6. TEM images of azide star PEOs.
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’CONCLUSIONS

In summary, R-azido, ω-bromoisobutyryl heterofunctional
PEOs were synthesized by controlled/living AROP of EO with
tetrabutylammonium azide as initiator in the presence of triisobu-
tylaluminum as catalyst and a subsequent esterification reaction.
Then clickable star PEOs with peripheral azide groups were
prepared via “arm-first” method by aqueous AGET ATRP using
R-azido, ω-bromoisobutyryl heterofunctional PEOs as dual
macroinitiator and surfactant in a chain extension cross-linking
reaction with EGDA. The polymerization was studied by tuning
the length of PEOmacroinitiator and the amount of EGDA cross-
linker. The PEO macroinitiator with higher molecular weight
exhibits higher activity during the aqueous AGET ATRP process,
which contrasts the activity in homogeneous systems. This
phenomenon can be attributed to the separated hydrophobic part
in the aqueous dispersedmedium and the better surfactant activity
of longer PEO chains. Star polymers were obtained while varying
the [EGDA]/[MI] ratio from 7.5 to 90 using azide PEO macro-
initiator withMn = 9800. However, control over topology was lost
for [EGDA]/[MI] > 100, resulting in irregular aggregates. The
azide groups were preserved on the star arm terminal units, as
confirmed by “clicking” dansyl probes onto the PEO star and
characterized by fluorescence spectra.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: km3b@andrew.cmu.edu.

Present Addresses
†MOE Key Laboratory of Macromolecule Synthesis and Func-
tionalization, Department of Polymer Science and Engineering,
Zhejiang University, Hangzhou 310027, China.

’ACKNOWLEDGMENT

The authors thank Shengpeng Liu, Viet Lam, Dr. Annette
Jacobson, and Dr. Linda A. Peteanu for the technical assistance.
The financial support fromNSF (DMR-09-69301) and byWCU
(World Class University) program through the Korea Science
and Engineering Foundation funded by the Ministry of Educa-
tion, Science and Technology (R33-10035-0) is gratefully
appreciated.

’REFERENCES

(1) Bhattarai, N.; Ramay, H. R.; Gunn, J.; Matsen, F. A.; Zhang,
M. Q. J. Controlled Release 2005, 103, 609–624.

(2) Burdick, J. A.; Anseth, K. S. Biomaterials 2002, 23, 4315–4323.
(3) Lin, C. C.; Anseth, K. S. Pharm. Res. 2009, 26, 631–643.
(4) Roberts, M. J.; Bentley, M. D.; Harris, J. M. Adv. Drug Delivery

Rev. 2002, 54, 459–476.
(5) Uhrich, K. E.; Cannizzaro, S. M.; Langer, R. S.; Shakesheff, K. M.

Chem. Rev. 1999, 99, 3181–3198.
(6) Zalipsky, S. Adv. Drug Delivery Rev. 1995, 16, 157–182.
(7) Cho, H. Y.; Gao, H. F.; Srinivasan, A.; Hong, J.; Bencherif, S. A.;

Siegwart, D. J.; Paik, H. J.; Hollinger, J. O.; Matyjaszewski, K. Bioma-
cromolecules 2010, 11, 2199–2203.

(8) Doycheva, M.; Berger-Nicoletti, E.; Wurm, F.; Frey, H. Macro-
mol. Chem. Phys. 2010, 211, 35–44.

(9) Gasteier, P.; Reska, A.; Schulte, P.; Salber, J.; Offenhausser, A.;
Moeller, M.; Groll, J. Macromol. Biosci. 2007, 7, 1010–1023.

(10) Knischka, R.; Lutz, P. J.; Sunder, A.; Mulhaupt, R.; Frey, H.
Macromolecules 2000, 33, 315–320.

(11) Lapienis, G. J. Polym. Sci., Part A: Polym. Chem. 2007,
45, 5017–5021.

(12) Lapienis, G. Prog. Polym. Sci. 2009, 34, 852–892.
(13) Lapienis, G.; Penczek, S. Biomacromolecules 2005, 6, 752–762.
(14) Taton, D.; Saule, M.; Logan, J.; Duran, R.; Hou, S.; Chaikof,

E. L.; Gnanou, Y. J. Polym. Sci., Part A: Polym. Chem. 2003,
41, 1669–1676.

(15) Dong, Y. X.; Gunning, P.; Cao, H. L.; Mathew, A.; Newland, B.;
Saeed, A. O.; Magnusson, J. P.; Alexander, C.; Tai, H. Y.; Pandit, A.;
Wang, W. X. Polym. Chem. 2010, 1, 827–830.

(16) Hawker, C. J.; Chu, F. K.; Pomery, P. J.; Hill, D. J. T. Macro-
molecules 1996, 29, 3831–3838.

(17) Luzon, M.; Boyer, C.; Peinado, C.; Corrales, T.; Whittaker, M.;
Tao, L.; Davis, T. P. J. Polym. Sci., Part A: Polym. Chem. 2010,
48, 2783–2792.

(18) Unal, S.; Lin, Q.; Mourey, T. H.; Long, T. E. Macromolecules
2005, 38, 3246–3254.

(19) Wurm, F.; Klos, J.; Rader, H. J.; Frey, H. J. Am. Chem. Soc. 2009,
131, 7954–7955.

(20) Feng, X. S.; Taton, D.; Borsali, R.; Chaikof, E. L.; Gnanou, Y.
J. Am. Chem. Soc. 2006, 128, 11551–11562.

(21) Feng, X. S.; Taton, D.; Chaikof, E. L.; Gnanou, Y. J. Am. Chem.
Soc. 2005, 127, 10956–10966.

(22) Feng, X. S.; Taton, D.; Chaikof, E. L.; Gnanou, Y. Biomacro-
molecules 2007, 8, 2374–2378.

(23) Feng, X. S.; Taton, D.; Chaikof, E. L.; Gnanou, Y. Macromole-
cules 2009, 42, 7292–7298.

(24) Fernandez-Megia, E.; Correa, J.; Riguera, R. Biomacromolecules
2006, 7, 3104–3111.

(25) Van Renterghem, L. M.; Feng, X. S.; Taton, D.; Gnanou, Y.; Du
Prez, F. E. Macromolecules 2005, 38, 10609–10613.

(26) Comanita, B.; Noren, B.; Roovers, J. Macromolecules 1999,
32, 1069–1072.

(27) Naraghi, K. S.; Meneghetti, S. P.; Lutz, P. J. Macromol. Rapid
Commun. 1999, 20, 122–126.

Figure 7. Synthetic route and fluorescence spectra of dansyl star PEO. Concentrations for fluorescence analysis: dansyl probe, 8.7 � 10-5 mol/L;
modified and unmodified star PEOs, 1.5 mg/mL, 9.1 � 10-5 mol/L functional group.



1926 dx.doi.org/10.1021/ma102704g |Macromolecules 2011, 44, 1920–1926

Macromolecules ARTICLE

(28) Martinez, A.; Pendri, A.; Xia, J.; Greenwald, R. B. Macromol.
Chem. Phys. 1997, 198, 2489–2498.
(29) Miao, J. J.; Xu, G.Q.; Zhu, L.; Tian, L.; Uhrich, K. E.; Avila-Orta,

C. A.; Hsiao, B. S.; Utz, M. Macromolecules 2005, 38, 7074–
7082.
(30) Wang, J. Z.; Tian, L.; Argenti, A.; Uhrich, K. E. J. Bioact. Compat.

Polym. 2006, 21, 297–313.
(31) Chen, G. H.; Guan, Z. B. J. Am. Chem. Soc. 2004,

126, 2662–2663.
(32) Furukawa, T.; Ishizu, K. Macromolecules 2003, 36, 434–439.
(33) Ishizu, K.; Kitano, H. Macromol. Rapid Commun. 2000,

21, 979–982.
(34) Matyjaszewski, K.; Xia, J. H. Chem. Rev. 2001, 101, 2921–2990.
(35) Wang, J. S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995,

117, 5614–5615.
(36) Wang, J. S.; Matyjaszewski, K. Macromolecules 1995,

28, 7901–7910.
(37) Matyjaszewski, K.; Tsarevsky, N. V. Nature Chem. 2009,

1, 276–288.
(38) di Lena, F.; Matyjaszewski, K. Prog. Polym. Sci. 2010,

35, 959–1021.
(39) Bencherif, S. A.; Gao, H.; Srinivasan, A.; Siegwart, D. J.;

Hollinger, J. O.; Washburn, N. R.; Matyjaszewski, K. Biomacromolecules
2009, 10, 1795–1803.
(40) Gao, H. F.; Matyjaszewski, K. J. Am. Chem. Soc. 2007,

129, 11828–11834.
(41) Gao, H. F.; Matyjaszewski, K. Macromolecules 2006,

39, 3154–3160.
(42) Gao, H. F.; Matyjaszewski, K. Macromolecules 2007,

40, 399–401.
(43) Gao, H. F.; Matyjaszewski, K. Macromolecules 2008,

41, 4250–4257.
(44) Gao, H. F.; Matyjaszewski, K. Macromolecules 2008,

41, 1118–1125.
(45) Gao, H. F.; Matyjaszewski, K. Chem.—Eur. J. 2009,

15, 6107–6111.
(46) Gao, H. F.; Matyjaszewski, K. Prog. Polym. Sci. 2009,

34, 317–350.
(47) Gao, H. F.; Ohno, S.; Matyjaszewski, K. J. Am. Chem. Soc. 2006,

128, 15111–15113.
(48) Ohno, S.; Gao, H. F.; Cusick, B.; Kowalewski, T.; Matyjas-

zewski, K. Macromol. Chem. Phys. 2009, 210, 421–430.
(49) Blencowe, A.; Tan, J. F.; Goh, T. K.; Qiao, G. G. Polymer 2009,

50, 5–32.
(50) Li, W. W.; Matyjaszewski, K.Macromol. Rapid Commun. 2011,

32, 74–81.
(51) Rieger, J.; Grazon, C.; Charleux, B.; Alaimo, D.; Jerome, C. J.

Polym. Sci., Part A: Polym. Chem. 2009, 47, 2373–2390.
(52) Rieger, J.; Stoffelbach, F.; Bui, C.; Alaimo, D.; Jerome, C.;

Charleux, B. Macromolecules 2008, 41, 4065–4068.
(53) Brocchini, S.; Godwin, A.; Balan, S.; Choi, J. W.; Zloh, M.;

Shaunak, S. Adv. Drug Delivery Rev. 2008, 60, 3–12.
(54) Mantovani, G.; Lecolley, F.; Tao, L.; Haddleton, D. M.; Clerx,

J.; Cornelissen, J.; Velonia, K. J. Am. Chem. Soc. 2005, 127, 2966–2973.
(55) Schipper, M. L.; Iyer, G.; Koh, A. L.; Cheng, Z.; Ebenstein, Y.;

Aharoni, A.; Keren, S.; Bentolila, L. A.; Li, J. Q.; Rao, J. H.; Chen, X. Y.;
Banin, U.; Wu, A. M.; Sinclair, R.; Weiss, S.; Gambhir, S. S. Small 2009,
5, 126–134.
(56) Veronese, F. M. Biomaterials 2001, 22, 405–417.
(57) Veronese, F. M.; Harris, J. M. Adv. Drug Delivery Rev. 2008,

60, 1–2.
(58) Veronese, F. M.; Pasut, G. Drug Discovery Today 2005,

10, 1451–1458.
(59) Zarafshani, Z.; Obata, T.; Lutz, J. F. Biomacromolecules 2010,

11, 2130–2135.
(60) Boerner, H. G. Prog. Polym. Sci. 2009, 34, 811–851.
(61) Jang,W. D.; Kamruzzaman Selim, K.M.; Lee, C.-H.; Kang, I.-K.

Prog. Polym. Sci. 2009, 34, 1–23.

(62) Oh, J. K.; Lee, D. I.; Park, J. M. Prog. Polym. Sci. 2009,
34, 1261–1282.

(63) Tyrrell, Z. L.; Shen, Y.; Radosz, M. Prog. Polym. Sci. 2010,
35, 1128–1143.

(64) Xu, F. J.; Neoh, K. G.; Kang, E. T. Prog. Polym. Sci. 2009,
34, 719–761.

(65) Aumsuwan, N.; Danyus, R. C.; Heinhorst, S.; Urban, M. W.
Biomacromolecules 2008, 9, 1712–1718.

(66) Betancourt, T.; Byrne, J. D.; Sunaryo, N.; Crowder, S. W.;
Kadapakkam, M.; Patel, S.; Casciato, S.; Brannon-Peppas, L. J. Biomed.
Mater. Res., Part A 2009, 91A, 263–276.

(67) Thompson, M. S.; Vadala, T. P.; Vadala, M. L.; Lin, Y.; Riffle,
J. S. Polymer 2008, 49, 345–373.

(68) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed.
2001, 40, 2004–2021.

(69) van Dijk, M.; van Nostrum, C. F.; Hennink, W. E.; Rijkers,
D. T. S.; Liskamp, R. M. J. Biomacromolecules 2010, 11, 1608–1614.

(70) Yap, H. P.; Johnston, A. P. R.; Such, G. K.; Yan, Y.; Caruso, F.
Adv. Mater. 2009, 21, 4348–4352.

(71) Gervais, M.; Labbe, A.; Carlotti, S.; Deffieux, A.Macromolecules
2009, 42, 2395–2400.

(72) Raynaud, J.; Absalon, C.; Gnanou, Y.; Taton, D.Macromolecules
2010, 43, 2814–2823.

(73) Raynaud, J.; Absalon, C.; Gnanou, Y.; Taton, D. J. Am. Chem.
Soc. 2009, 131, 3201–3209.

(74) Min, K.; Gao, H. F.; Matyjaszewski, K. J. Am. Chem. Soc. 2006,
128, 10521–10526.

(75) Min, K.; Jakubowski, W.; Matyjaszewski, K. Macromol. Rapid
Commun. 2006, 27, 594–598.

(76) Min, K.;Matyjaszewski, K.Cent. Eur. J. Chem. 2009, 7, 657–674.
(77) Li, W. W.; Matyjaszewski, K. J. Am. Chem. Soc. 2009,

131, 10378–10379.
(78) Xia, J. H.; Matyjaszewski, K. Macromolecules 1999,

32, 2434–2437.
(79) Li,W.W.; Yoon, J. A.;Matyjaszewski, K. J. Am. Chem. Soc. 2010,

132, 7823–7825.
(80) Golas, P. L.; Matyjaszewski, K. Chem. Soc. Rev. 2010,

39, 1338–1354.
(81) Golas, P. L.; Tsarevsky, N. V.; Matyjaszewski, K. Macromol.

Rapid Commun. 2008, 29, 1167–1171.
(82) Golas, P. L.; Matyjaszewski, K. QSAR Comb. Sci. 2007,

26, 1116–1134.


