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ABSTRACT: Mixed-arm star polymers were synthesized by atom transfer radical polymerization (ATRP) and
reverse addition-fragmentation chain transfer (RAFT) sequential polymerization using the “core first” method.
The synthesis consisted of three steps: (i) synthesis of a hyperbranched polyglycerol (HPG) core, (ii) ATRP
with the first monomer (St, styrene), and (iii) then the polymerization with the second monomer (tert-butyl acrylate,
tBA) from the core by the RAFT technique. After the hydrolysis of poly(tBA), poly(acrylic acid) (PAA) arms
were obtained. In the whole process, the final products and intermediates were characterized by gel permeation
chromatography (GPC), nuclear magnetic resonance spectroscopy (NMR), ultraviolet spectroscopy (UV), Fourier
transform-infrared (FT-IR), and matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) in detail. The arm number and arm length of polystyrene (PS) and poly(tBA) (PAA) in the
star polymers were derived from GPC and MALDI-TOF MS after the cleavage of their ester bond linked to the
HPG core. It was found that the initiation efficiency for ATRP of the first St was very high (nearly to 100%) but
only when the arm number of PS was less than 66 and the molecular weight (MW) of PS was lower than 1 800
Da, then high initiation efficiency for RAFT of the second tBA could reach to 93%.

Introduction

Although multiarm star polymers have been known since the
late 1940s,1 only recently did they become synthetically
available.2 The progress was primarily due to recent advances
in radical polymerization and synthetic strategies. Instead of
living anionic/cationic polymerization, nowadays controlled
radical polymerization techniques such as nitroxide-mediated
radical polymerization (NMRP),3 atom transfer radical polym-
erization (ATRP),4-8 and reverse addition-fragmentation chain
transfer (RAFT)9 polymerization are typically employed to
synthesize multiarm star polymers with controlled structural and
narrow polydispersity (PDI). Two major synthetic strategies
began to be widely used for the preparation of multiarm star
polymers: (1) the core-first approach,10-12 living polymerization
on the basis of a multifunctional initiator core, and (2) the arm-
first approach,13-15 linking reactions of polymer chains with a
small amount of bifunctional vinyl compounds. Among them,
the materials obtained by arm-first strategy are usually less
defined than those by the core-first strategy because the former
afforded the star polymers with a random distribution of arms
per macromolecule. In contrast, when the polymerization was
performed by the core-first approach using a multifunctional
initiator, the star polymers with a predetermined numbers of
arms could be obtained. Nevertheless, it is still a challenge for
the preparation of multiarm star polymers because of the
dramatic increase of radical-radical coupling probability with
the increase of the arm number during the polymerization and
the tedious manipulation of purification.16

Dendrimers and hyperbranched polymers are attractive pre-
cursors of macroinitiators for the reparation of multiarm star
polymers by the core-first strategy. However the hyperbranched

polymers prepared by one step from AB2 type molecules were
more widely used because of the complicated preparation
procedure of the dendrimers. Among them, hyperbranched
polyglycerol (HPG) with narrow polydispersity, which is
obtained via ring-opening multibranching polymerization (ROM-
BP) under slow addition of the monomer,17-19 is one of the
most promising cores for multiarm star polymers.20-28

In the multiarm star polymers, the star polymers with
chemically different mixed-arm were very significant polymers
due to their unique architectures. They showed some interesting
properties in the solid state as well as in solution29-31 and enable
potential applications, including use as drug carriers,32 mem-
brane formation,33 and paint additive applications.34 Till now,
mixed-arm star polymers with several arms (arm number< 10)
have been reported in a pack of papers mostly with the arm-
first strategy using living anionic/cationic polymerization.2,31,35

For preparation of the polymers with a larger number of arms
(arm numbers> 10), the publications are limited because of
the difficulty of synthesis. Matyjaszewski et al.36 reported the
synthesis of mixed-arm star polymers (polyMMA)88×47-
polySS18×47-(polyBA)389×9 via ATRP by combination of the
“arm-first” and “core-first” methods. Qiao et al.37 prepared
PEGDMA-PMMA14.8/PCL38.3 using the “arm-first” method.
One drawback of the combination of the “arm-first” and “core-
first” methods is the unknown efficiency of the chain extension
reaction with the second monomer since not all of the initiation
sites in the core would be accessible due to the high cross-
linking density in the core and the steric hindrance created by
the first kind of arms. On the other hand, although the “arm-
first” approach could be conducted by simply cross-linking two
different polymeric macroinitiators (polyA and polyB) simul-
taneously using small difunctional molecule, these two macro-
initiators should have the similar reactivity, otherwise it was
impossible to obtain the star polymer which contains both polyA* Corresponding author. Junlian Huang; e-mail: jlhuang@fudan.edu.cn.
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and polyB arms. One important challenge in the synthesis of
mixed-arm star polymers using the “core first” strategy is to
determine the initiation efficiency of the polymerization for the
second monomer, i.e., the percentage of initiation sites that
actually initiated the polymerization of the second monomer. It
could be expected that not all of the initiation sites would be
efficiently activated in the polymerization of the second
monomer because the core was enwrapped by existing arms
formed by the first monomers. Thus, evaluation of initiation
efficiency for the polymerization of the second monomers would
be a significant challenge because the presence of the first
multiarms hinders the following accurate analysis of star
polymers using nuclear magnetic resonance spectroscopy (NMR)
or gel permeation chromatography (GPC).

The strategy proposed here is to break the ester bond between
the core and the arms first, the cleaved linear polymer chains
could be measured by standard techniques, and then it would
be possible to determine the initiation efficiency in the second
polymerization.

In this article, the synthesis of mixed-arm star polymer HPG-
g-PS/PtBA and HPG-g-PS/PAA was described by the combina-
tion of ATRP and RAFT using the “core first” strategy. The
initiation efficiency of the RAFT agents for the polymerization
of tBA was evaluated by matrix-assisted laser desorption-time-
of-flight (MALDI-TOF) and NMR after the linear arms were
cleaved from the mixed-arm star polymers in the presence of
sodium hydroxide. (Scheme 1)

Experimental Section

Materials. 1,1,1-Tris(hydroxymethyl)propane, glycidol, 2-bro-
moisobutyryl bromide, CuBr, and 2,2′-bipyridyl (BPY) were
purchased from Aldrich and used as received. Styrene (St) andtert-
butyl acrylate (tBA) were dried with CaH2 and distilled under
reduced pressure before use. 2, 2-Azobisisobutyronitrile (AIBN)
was recrystallized twice in methanol. Other common reagents and
solvents were purchased from Sinopharm Chemical Reagent Co.,
Ltd (SRC) and purified by standard procedure. Hyperbranched
polyglycerol (HPG1,Mn ) 44 500 g/mol,Mw/Mn ) 1.33, 600
hydroxyl groups and HPG2,Mn ) 30 000 g/mol,Mw/Mn ) 1.27,
400 hydroxyl groups) andS-1-dodecyl-S′-(R,R′-dimethyl-R′′-acetic
acid)trithiocarbonate (DDAT) were synthesized according to refs
18 and 38, respectively.

Esterification of HPG with 2-Bromoisobutyryl Bromide. The
synthessus of HPG2-g-PS/PtBA(PAA)1 is presented as an example
for all of the synthesis section. An amount of 3.0 g (0.1 mmol) of

HPG2 (40 mmol hydroxyl groups) was dried by azeotropic
distillation with toluene and then dissolved in 100 mL of anhydrous
pyridine, to which 0.75 mL (6 mmol) of 2-bromoisobutyrylbromide
was added dropwise at 0°C over 30 min under vigorous stirring.
The reaction was allowed to proceed overnight. A large part of
pyridine was distilled under reduced pressure first and then distilled
with toluene; the residue was washed with cyclohexane three times
and dialyzed against deionized water to ensure all the impurities
were moved out. After removal of the water (vacuum, 50°C),
transparent and viscous HPG-g-Br with a pale yellow color was
obtained. The percentage of esterification is 16.5%, which means
66 hydroxyl groups on one HPG2 (400 hydroxyl groups) were
esterified.1H NMR (CD3OD) δ (ppm): 0.92 (s, 3H, CH3-CH2-
of TMP); 1.45 (s, 2H, CH3-CH2 of TMP); 1.96 (s, 6H,-C(CH3)2-
Br); 3.40-4.00 (m, 5H, CH, CH2 of HPG); 4.87 (s, OH); 4.24,
4.39, 4.53, 5.17, 5.28 (m, 4H, Br-C(CH3)2-COO-CH2-, Br-
C(CH3)2-COO-CH-). FT-IR (cm-1): 1076 (-C-O-C-), 1731
(-COO-), 3200-3500 (-OH).

Synthesis of Multiarm Star Polymer HPG-g-PS.An amount
of 0.5 g (0.013 mmol, i.e., 0.8 mmol Br atoms) of HPG2-g-Br1,
0.11 g (0.8 mmol) of CuBr, 0.12 g (0.8 mmol) of BPY, and 30 mL
(0.26 mol) of styrene were placed in an ampule and freeze-pump-
thaw degassed three times. The polymerization was started by
immersing the flask into an oil bath at 90°C. After 5.5 h, the ampule
was quenched in liquid nitrogen and exposed to the air, then the
unreacted styrene was evaporated and the residue was diluted with
CHCl3, and the upper solution was collected after centrifuge; the
product was precipitated thrice by dissolution/precipitation with
methylene chloride/ethanol, and a white powder HPG2-g-PS1 was
obtained and dried in vacuo at 40°C for 24 h.1H NMR (CDCl3)
δ (ppm): 0.70-0.95 (s, 6H,-C(CH3)2-PS); 1.20-2.20 (m, 3H,
-CH2CH- of PS); 2.80-4.05 (m, 5H, CH, CH2 of HPG); 4.35-
4.65 (d, 1H, CH2-CH(Ph)-Br); 6.30-7.30 (m, 5H,-C6H5 of PS).
FT-IR (cm-1): 1126 (-C-O-C-), 1452, 1492, 1583, 1601 (-C-
C-(aromatic ring)) 1731 (-COO-), 3200-3500 (-OH). GPC: MW
(hydrodynamic volume), 42 500 Da; PDI) 1.17.

Cleavage of HPG-g-PS.An amount of 0.3 g HPG2-g-PS1 was
dissolved in 50 mL of tetrahydrofuran (THF), to which 10 mL of
KOH solution (1 M in ethanol) was added, and the mixture was
refluxed for 72 h. After evaporation to dryness, the polymer was
dissolved in CH2Cl2 and by dissolution/precipitation with methylene
chloride/ethanol, the PS homopolymer was dried at 50°C for 24
h. GPC: Mn, 1 800 Da; PDI) 1.23.

Esterification of HPG-g-PS with DDAT. An amount of 1.6 g
(0.01 mmol) of HPG2-g-PS1was dried by azeotropic distillation
with toluene, then dissolved in 50 mL of anhydrous and degassed
CH2Cl2, 0.21 g (0.6 mmol) of DDAT, 0.07 g (0.6 mmol) of DMAP,
and 0.25 g (1.2 mmol) of DCC were added successively under

Scheme 1. Synthetic Procedure of HPG-g-PS/PtBA(PAA) Mixed-Arm Star Polymers and Their Cleavage by Sodium Hydroxide (A
Represents the Br Groups for ATRP and R Represents the DDAT Groups for RAFT)
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0 °C. After stirring for 10 h, the solution was concentrated to1/3 of
its original volume and precipitated in cold ethanol. The filtered
product, named as HPG2-g-PS1/DDAT, was dried in vacuo at
40 °C for 24 h. A pale yellow powder was obtained.1H NMR
(CDCl3) δ (ppm): 0.70-0.95 (m, 9H,-C(CH3)2-PS, -CH2-
(CH2)10-CH3); 1.20-2.20 (m, 3H,-CH2CH- of PS); 1.25, 1.31
1.37, 1.41 (m, 20H,-CH2-(CH2)10-CH3); 1.67 (s, 6H,-C(CH3)2-
SC(dS)S-(CH2)11-CH3)); 3.49 (t, 2H, -CH2-(CH2)10-CH3);
2.80-4.05 (m, 5H, CH, CH2 of HPG); 4.35-4.65 (d, 1H, CH2-
CH(Ph)-Br); 6.30-7.30 (m, 5H,-C6H5 of PS).

Synthesis of HPG-g-PS/PtBA Mixed-Arm Star Polymer. An
amount of 1.0 g (0.006 mmol, containing 0.4 mmol DDAT groups)
of HPG2-g-PS1/DDAT, 6.5 mg (0.04 mmol) of AIBN, 8 mL of
tBA, and 2 mL fo toluene were placed in an ampule and freeze-
pump-thaw degassed three times. The polymerization was started
by immersing the flask into an oil bath at 80°C. After 15 h, the
ampule was quenched in liquid nitrogen and exposed to the air;
the reaction mixture was concentrated to1/3 of its original volume
and then precipitated in a mixed solution of ethanol and water (v/
v: 1:1). The crude product HPG2-g-PS/PtBA1 was purified by
dissolution/precipitation with methylene chloride/(ethanol/water)
1:1) twice and dried in vacuo at 40°C for 24 h. A yellow rubberlike
powder was obtained.1H NMR (CDCl3) δ (ppm): 0.70-0.95 (m,
9H, -C(CH3)2-PS,-CH2-(CH2)10-CH3); 1.14 (s, 6H,-C(CH3)2-
PtBA); 1.20-2.20 (m, 25H,-CH2CH- of PS, -CH2CH- of
PtBA, -CH2-(CH2)10-CH3); 1.50 (s, 9H,-C(CH3)3; 2.22 (s, 1H,
-CH2-CH- of tBA); 2.80-4.05 (m, 5H, CH, CH2 of HPG);
4.35-4.65 (d, 1H, CH2-CH(Ph)-Br); 6.30-7.30 (m, 5H,-C6H5

of PS). FT-IR (cm-1): 1126 (-C-O-C-); 1451, 1478, 1494, 1598
(-C-C-(aromatic ring)); 1727 (-COO-); 3200-3500 (-OH).
GPC: MW (hydrodynamic volume), 44 000 Da; PDI) 1.19.

Preparation of HPG-g-PS/PAA Mixed-Arm Star Polymer.
An amount of 1.0 g of HPG2-g-PS/ PtBA1 and 3.8 mL (0.02 mol)
of trifluoroacetic acid (TFA) was dissolved in 50 mL of CH2Cl2,
stirred for 36 h at room temperature. All volatiles were removed
under reduced pressure, and the pale gray residue was dried at 40°C
under vacuum for 24 h.1H NMR (DMSO-d6) δ (ppm): 0.70-
0.95 (m, 9H,-C(CH3)2-PS,-CH2-(CH2)10-CH3); 1.14 (s, 6H,
-C(CH3)2-PAA); 1.20-2.20 (m, 25H,-CH2CH- of PS,-CH2-
CH- of PAA, -CH2-(CH2)10-CH3); 2.22 (s, 1H,-CH2-CH-
of PAA); 2.80-5.00 (m, 6H, CH, CH2 of HPG, CH2-CH(Ph)-
Br, H2O); 6.30-7.30 (m, 5H,-C6H5 of PS). FT-IR (cm-1): 1126
(-C-O-C-); 1451, 1494, 1600 (-C-C-(aromatic ring)); 1715
(-COO-); 2400-3400 (-COOH).

Cleavage of HPG-g-PS/PAA. An amount of 0.5 g of HPG2-
g-PS/PAA1 was dissolved in 30 mL of THF, 10 mL of KOH
solution (1 M in ethanol) was added, and the mixture was refluxed
for 72 h. After neutralization with 5% HCl and evaporation to
dryness, the polymer was redissolved in ethanol. The insoluble PS
precipitate was removed by filtration, and the PAA solution was
purified by dialysis against water for 72 h to completely remove
impurities. MALDI-TOF MS: Mn ) 1 850 Da.

Measurements.The number average molecular weight (hydro-
dynamic volume) and polydispersity indexMw/Mn were measured
by gel permeation chromatography (GPC). For the HPG, GPC was
performed in a 0.1 M NaNO3 aqueous solution at 40°C with an

elution rate of 0.5 mL/min on an Agilent 1100 with a G1310A
pump, a G1362A refractive index detector, and a G1315A diode-
array detector, and PEO standard samples were used for calibration.
GPC traces of the rest of the polymers were performed in
tetrahydrofuran at 35°C with an elution rate of 1.0 mL/min on an
Agilent 1100 with a G1310A pump, a G1362A refractive index
detector, and a G1314A variable wavelength detector, and poly-
styrene standard samples were used for calibration.1H NMR and
13C NMR spectra were obtained on a DMX 500 MHz spectrometer
using tetramethylsilane (TMS) as the internal standard and CDCl3,
CD3OD, and DMSO-d6 as the solvents. Fourier transform infrared
(FT-IR) spectra were recorded on a Magna 550 FT-IR instrument;
the polymer samples were dissolved in dry dichloromethane or
methanol and then cast onto a NaCl disk to form the film by the
evaporation of the solvent under the infrared lamp. The MALDI-
TOF MS measurement was performed using a Perspective Bio-
system Voyager-DE STR MALDI-TOF mass spectrometer (PE
Applied Biosystems, Framingham, MA) equipped with a nitrogen
laser emitting at 337 nm with a 3 nspulse width and in the negative
ion mode. The spectra were recorded in reflectron mode. The matrix
solution of dithranol (20 mg/mL) and polymer (10 mg/mL) were
mixed in the ratio of matrix/polymer) 5:1, and 0.8µL of the mixed
solution was deposited on the sample holder (well-plate).

Results and Discussion

Considering that the activation of an ATRP initiator by a
metal complex is a bimolecular process and the free radicals in
RAFT are generated by thermal decomposition, a unimolecular
process, ATRP of PS, was conducted first. Otherwise, after
RAFT of the first monomer, ATRP of the second monomer is
very difficult to be carried out due to possible steric hindrance
from the existing polymer chains for a bimolecular process.
Generally, three steps were needed to synthesize HPG-g-PS/
PtBA mixed-arm star polymers using sequential ATRP and
RAFT polymerization via the “core-first” method. First, the
hyperbranched ATRP macroinitiators employed were prepared
on the basis of well-defined HPG by esterification with
2-bromoisobutyryl bromide. After polymerization with styrene
(St), HPG-g-PS was further converted into macro-RAFT agents
by esterification withS-1-dodecyl-S′-(R,R′-dimethyl-R′′-acetic
acid)trithiocarbonate (DDAT), then HPG-g-PS/PtBA was ob-
tained by RAFT polymerization oftert-butyl acrylate (tBA).

Esterification of HPG with 2-Bromoisobutyryl Bromide.
Hyperbranched polyglycerol samples HPG1 (Mn ) 44 500
g/mol, Mw/Mn ) 1.33, 600 hydroxyl groups, with 250 primary
hydroxyl groups) and HPG2 (Mn ) 30 000 g/mol,Mw/Mn )
1.27, 400 hydroxyl groups, with 165 primary hydroxyl groups)
were prepared by anionic polymerization of glycidol using
trimethylolpropane (TMP) as an initiator according to previously
published references.17,18 On HPG, there are two kinds of OH
groups, primary and secondary, and the ratio between them
could be determined by13C NMR17,18 (see Table 1); the value
is about 5:7 for HPG1 and 7:10 for HPG2 (primary OH number/

Table 1. Preparation of HPG and HPG-g-Br

HPG HPG-g-Br

expt Mn
a PDIb NOH

a p-OH/s-OHd NBr
c Br (%)c Mn

c Cp-OH
e (%) Cs-OH

f (%)

HPG1-g-Br1 44 500 1.33 600 5:7 60 10.0 53 500 18.5 3.9
HPG1-g-Br2 44 500 1.33 600 5:7 110 18.3 61 000 32.1 8.5
HPG2-g-Br1 30 000 1.27 400 7:10 66 16.5 40 000 26.6 8.3
HPG2-g-Br2 30 000 1.27 400 7:10 120 30.0 48 000 51.6 14.8
HPG2-g-Br3 30 000 1.27 400 7:10 210 52.5 61 500 84.8 29.8

a Mn and the number of hydroxyl groups of HPG were measured by13C NMR. b Polydispersity of HPG was measured by GPC using PEO as standard,
performed in 0.1 M NaNO3 aqueous solution.c The number and the percentage of Br on one HPG-g-Br and theMn of HPG-g-Br were measured by1H
NMR. d The proportion of p (primary) hydroxyl groups and s (secondary) hydroxyl groups on one HPG molecule.e The percentage of esterificated p (primary)
hydroxyl groups by total primary hydroxyl groups on one HPG molecule.f The percentage of esterificated s (secondary) hydroxyl groups by total secondary
hydroxyl groups on one HPG molecule.
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secondary OH number). Subsequently, the hydroxyl groups of
HPG were esterificated by 2-bromoisobutyrylbromide to gener-
ate macroinitiators HPG-g-Br for ATRP. Five macroinitiators
with an average of 60 and 110 initiation sites for HPG1 and
66, 120, and 210 initiation sites for HPG2 were prepared and
shown in Table 1. Figure 1 is the1H NMR spectra of HPG
before and after reaction with 2-bromoisobutyrylbromide.
Comparing with Figure 1A for the HPG scaffold, the original
five resonances observed in the range of 3.4-4.1 ppm for
methylene and methine were moved to 4.1-5.5 ppm (d) (d1-
d5) in Figure 1B, d1 and d2 are the resonance for the protons
of the methine group of the esterificated secondary hydroxyl
groups; d3-d5 are the resonance for the protons of the methlene
group of the esterificated primary hydroxyl groups.22 It was
found that the primary hydroxyl groups are much more reactive
than the secondary hydroxyl groups although there are more
secondary hydroxyl groups on the HPG molecules as Table 1
shows. The appearance of the resonances at 1.95 ppm (c) for
the protons of the methyl groups close to the Br atom also
proved the successful reaction. Thus, the Br number (NBr) of
HPG2-g-Br1 can be calculated by following two ways:

whereAc and A3.1-4.4 are the integral areas of the protons on
the methyl groups close to the Br atom at 1.95 ppm (c) and the
HPG scaffold hydrogens (3.4-4.1 ppm), respectively.Ad1-Ad5

are the five peaks in the region 4.1-5.5 ppm (d) which are
attributed to methylene and methine protons connected to the
ester bond after esterification. Both results are co-incident,NBr

was 66 by eq 1 and 64 by equation 2.
Figure 2 is the FT-IR analysis of HPG (Figure 2A) and HPG-

g-Br (Figure 2B), and the appearance of a characteristic ester
group at 1731 cm-1 compared to the HPG (Figure 2A) supported
the synthesis of HPG-g-Br. As it is well-known, the purity of
the ATRP macroinitiators may exert a great effect on the
polymerization.16 In the ATRP macroinitiators, there are two

major impurities: small ATRP initiators from 2-bromoisobutyryl
bromide and pyridine salts from the pyridine solution. In this
work, cyclohexane was first used to wash away small molecular
ATRP initiators, then for HPG1-g-Br1 and HPG2-g-Br1 which
are hydrophilic, the pyridine salts were removed by dialysis
against water. For HPG1-g-Br2, HPG2-g-Br2, and HPG2-g-
Br3 which are hydrophobic, the pyridine salts were removed
by washing with water. After purification, we cannot find any
trace of pyridine salts and small molecular ATRP initiators
through UV and1H NMR spectra, which proved that the
purification was successful.

Synthesis of Multiarm Star Polymer HPG-g-PS by ATRP.
ATRP of St using the HPG-based macroinitiator could only be
conducted in limited conversions (<35%), since higher conver-
sion may cause the gel formation.22 This result was in agreement
with previous observations by Gnanou et al.10 and was attributed
to the coupling reactions between radicals. To suppress this
process, in our system, the styrene monomer conversion was
controlled below 20%. It was observed that the MW (hydro-
dynamic volume) of stars, estimated from GPC with linear
polystyrene standards, were smaller than the values theoretically
predicted due to the smaller hydrodynamic volume of the star
polymers than that of the linear chains, so the MW of HPG-
g-PS obtained from GPC was unreliable. Figure 3 shows the
GPC curves of HPG-g-PS which proves that the ATRP
processes are controllable but theMn’s of HPG-g-PS are much
smaller compared to the realMn’s. On the other hand, in the
star polymers, the HPG core were wrapped by the PS chains,
so the integration of the proton peak area of HPG and part of
the PS chain close to the core in NMR were not very accurate;
thus, the methine and methylene protons from the HPG core
showed a weak and broad peak in the1H NMR spectrum due
to the partial immobilization of the HPG in the star core, and

Figure 1. 1H NMR spectra of (A) HPG and (B) HPG-g-Br (solvent,
CD3OD).

NBr )
Ac/6

A3.1-4.4/5
× 400 (1)

NBr )
Ad1 + Ad2 + (Ad3 + Ad4)/2 + Ad5/2

A3.1- 4.4/5
× 400 (2)

Figure 2. FT-IR spectra of (A) HPG and (B) HPG-g-Br.

Figure 3. GPC curves of HPG-g-PS and HPG-g-PS/PtBA.
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this deviation for the measurement of molecular weight is
inevitable for the NMR analysis of star polymers.16 In this
article, two methods were used to determine theMn of HPG-
g-PS: derived by St monomer conversion (Mn calcn 1) and by
Mn of linear PS chains cleaved from HPG-g-PS (Mn calcn 2)
(see Table 2).

where inMn (calcn 1), Stconversionis the monomer conversion of
St, 30 (in mL) is the used St volume in ATRP, 0.909 is the
density of St, 0.5 (in g) is the HPG-g-Br used weight in ATRP
for HPG-g-PS,Mn (HPG-g-Br) is theMn of HPG-g-Br from 1H
NMR. In eq 4,Mn (PS)is theMn of PS after cleavage from HPG-
g-PS by GPC,NBr is the number of Br groups on HPG-g-Br,
andMn (HPG-g-Br) is theMn of HPG-g-Br from 1H NMR. Both
of the results were agreeable as Table 2 showed.

The values ofMn (calcn 2) were selected for the following
reaction. It was found that the more arms of the star polymers,
the higher the compact structure valueMn (calcn 2)/Mn (GPC).36

As Table 2 showed that the star polymer HPG2-g-PS3 with the
most arms (arm number) 210) has the highest compact
structure value 12.54, that means HPG2-g-PS3 was more
compact than any of the other samples. Comparing the1H NMR
spectra Figure 1B and Figure 4A, after polymerization (Figure
4A) the signals at 1.27-2.25 ppm (h) and 6.27-7.22 ppm (g)
for St units appear; the peak at 1.94 ppm (c) for methyl groups
close to the Br atom is shifted to higher field (0.7-1.0 ppm)
because of the change of the carbon-bromine bond to the

carbon-carbon bond of the tertiary carbon; the appearance of
the new peak at 4.35-4.65 ppm (f) is corresponding to the
methine proton on (CH2-CH(Ph)-Br).

These changes could prove that the ATRP was successful,
and all the initiating sites on HPG were served in ATRP. This
was also confirmed by Holger Frey et al. in their previous
work.22,27,28 The FT-IR spectrum of HPG-g-PS is shown in
Figure 5A, and the characteristic bands of PS blocks CdCaromatic

stretching at 1450-1601 cm-1 and C-Haromatic stretching at
3020-3100 cm-1 indicate the successful polymerization of the
St monomer.

Esterification of HPG-g-PS with DDAT. DDAT is a good
chain transfer agent with extremely high-chain transfer ef-
ficiency. It can control the bulk or solution polymerizations of
alkyl acrylates, acrylic acid, and styrene very well.38 The number
of DDAT groups (NDDAT) on one HPG core was measured by
1H NMR, Parts A and B of Figure 4 showed the1H NMR
spectra of HPG-g-PS and HPG-g-PS/DDAT, respectively. In
comparison with the1H NMR spectra before and after the
reaction of HPG-g-PS with DDAT, the peaks at 1.25, 1.31, 1.38,
and 1.41 ppm (j) attributed to the protons of the methylene of
DDAT appeared in HPG-g-PS/DDAT, and the resonance of 0.88
ppm (k) was increased due to the attribution of the methyl group
at the DDAT end. The exact value ofNDDAT was calculated by
following formula:

whereAc,k(B), Ag(B), andAf(B) are the integral areas of 0.88 ppm
(methyl group at the DDAT end and methyl groups close to
the ester bond on PS arms), 6.30-7.30 ppm (aromatic ring of
PS), and 4.35-4.65 ppm (methine close to Br on PS arms) on
HPG-g-PS/DDAT;Ag(A) andAc(A) are the integral areas of 0.88
ppm (methyl groups close to the ester bond on PS arms) and

Table 2. Preparation of HPG-g-PS

HPG-g-PS PS

expt NBr conversion(%) Mn
a PDIa Mn (calcn 1)b Mn (calcn 2)c Mn (calcn 2)/Mn Mn

a Mn
d PDIa

HPG1-g-PS1 60 7.9 47 000 1.21 284 000 227 000 4.83 2 900 3 050 1.20
HPG1-g-PS2 110 19.7 56 800 1.26 716 000 500 000 8.80 4 000 3 960 1.19
HPG2-g-PS1 66 9.2 42 500 1.17 241 000 160 000 3.76 1 800 1 920 1.23
HPG2-g-PS2 120 16.3 49 000 1.14 475 000 310 000 6.32 2 200 2 480 1.16
HPG2-g-PS3 210 18.9 55 000 1.19 695 000 690 000 12.54 3 000 3 200 1.31

a Molecular weight (hydrodynamic volume) and PDI of HPG-g-PS and PS after cleavage measured by GPC using PS as standard and THF as eluent.
b Molecular weight of HPG-g-PS calculated by St monomer conversion using eq 3.c Mn of HPG-g-PS calculated by the molecular weight (Mn) of PS chains
after cleavage using eq 4.d Mn of PS after cleavage measured by MALDI-TOF.

Figure 4. 1H NMR spectra of (A) HPG-g-PS and (B) HPG-g-PS/
DDAT (solvent, CDCl3).

Mn(calcn 1))
(Stconversion)(30)(0.909)

0.5
(Mn(HPG-g-Br)) +

Mn(HPG-g-Br) (3)

Mn(calcn 2)) ((Mn(PS))(NBr)) + Mn(HPG-g-Br) (4)

Figure 5. FT-IR spectra of (A) HPG-g-PS and (B) HPG-g-PS/PtBA,
and (C) HPG-g-PS/PAA.

NDDAT ) NBr

(Ag(B)Ac,k(B)) - (Ag(A)Ac(A))

3Af(B)
(5)
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6.30-7.30 ppm (aromatic ring of PS) on HPG-g-PS, andNBr is
the Br groups on one HPG-g-PS/DDAT molecule.

To guarantee the reliability of the data obtained from1H
NMR, UV was used for further confirmation. The maximal
absorbance of small molecule DDAT was found at 307 nm,
and the molar extinction coefficient (ε) was 1.383× 104 L mol-1

cm-1. The contents of the DDAT groups in HPG-g-PS/DDAT
could be derived from the relationship between the used
concentration of HPG-g-PS/DDAT and absorbance of DDAT
in UV. To make sure that the unreacted DDAT was completely
removed, the HPG-g-PS/DDAT samples were washed several
times with ethanol until there was no UV absorbance at 307
nm of the collected washing ethanol. Thus, the absorbance at
307 nm could be attributed to the DDAT end groups of HPG-
g-PS/DDAT. Figure 6 showed the UV absorption spectra of
HPG-g-PS/DDAT, HPG-g-PS, and DDAT. The number of
DDAT groups (NDDAT) was calculated with the following
equation:

where A is the absorbance of HPG-g-PS/DDAT at 307 nm
measured with the UV spectrum andl is the length of the sample
cell (1 cm). The obtained value was listed in Table 3 and was
co-incident with the NMR results. The mole ratio of concentra-
tion of DDAT and bromine on HPG-g-PS/DDAT was designed
as 1:1, and all samples shown in Table 3 were close to 1:1 except
HPG2-g-PS/DDAT3 because of its denser Br groups (210) with
the remaining 190 hydroxyl groups. Esterification of these
remaining hydroxyl groups with DDAT as high as possible was

a challenge for polymer chemists, since the HPG cores were
wrapped by existed PS chains to lead to the low esterification
of the remaining hydroxyl groups.

Synthesis of HPG-g-PS/PtBA(PAA) Mixed-Arm Star
Polymer by RAFT. To suppress the coupling reactions between
radicals, monomer (tBA) conversion in the RAFT polymeriza-
tion was also controlled below 20%. Figure 7A shows the1H
NMR spectra of HPG-g-PS/PtBA. The new peak at 2.22 ppm
(p) corresponding to the methine proton on the main chain of
the tBA units appears besides the characteristic signals of HPG
at 2.80-4.05 ppm (e) and St units at 6.30-7.30 ppm (g).
Additionally, the appearance of methyl protons of PtBA at 1.50
ppm (q) could also be observed. The FT-IR spectrum of HPG-
g-PS/PtBA was shown in Figure 5B, except the typical
absorption peaks of PS arms at 1450-1600 cm-1 for CdCaromat

stretching and at 3020-3100 cm-1 for C-Haromat stretching,
the HPG core at 1126 cm-1 for C-O-C stretching and a strong
peak at 1727 cm-1 of the CdO stretching band for PtBA arms
were observed. It confirmed that the chemical components of
the desired HPG-g-PS/PtBA were synthesized successfully.
After hydrolysis of the PtBA arms of HPG-g-PA/PtBA in the
presence trifluoroacetic acid, the amphiphilic mixed-arm star
polymer HPG-g-PA/PAA was obtained. Figure 7B shows the
1H NMR spectra of HPG-g-PS/PAA. Compared to Figure 7A,
the peak strength at 1.50 ppm assigned to the methyl protons
of the tBA units which are overlapped with the methylene
protons of the St units decreased, which means the ester groups
of the tBA units were hydrolyzed successfully. FT-IR analysis
also supported the presence of the acid groups shown in Figure

Figure 6. UV spectra of DDAT, HPG-g-PS, and HPG-PS/DDAT
(concentration for HPG-PS/DDAT, HPG-g-PS, and DDAT in CH2-
Cl2 solution was 1× 10-6 mol/L, respectively).

Table 3. Preparation of HPG-g-PS/DDAT, HPG-g-PS/PtBA, and HPG-g-PS/PAA

HPG-g-PS/DDAT HPG-g-PS/PtBA

expt NDDAT
a NDDAT

b EF(%)b EI(%)c
PAA
Mn

d
HPG-g-PS/PAA

Mn
e Mn

f Mn
g PDIg

HPG1-g-PS/PtBA(PAA)1 67 71 11.8 82 1 620 321 000 394 000 41 000 1.23
HPG1-g-PS/PtBA(PAA)2 97 116 19.3 51 1 050 562 000 510 000 43 000 1.27
HPG2-g-PS/PtBA(PAA)1 60 68 17.0 93 1 850 277 000 368 000 44 000 1.19
HPG2-g-PS/PtBA(PAA)2 103 121 30.2 67 1 500 431 600 526 000 44 000 1.31
HPG2-g-PS/PtBA(PAA)3 63 89 22.3 45 760 720 400 744 000 49 000 1.29

a The number of DDAT on one HPG-g-PS/DDAT was measured by1H NMR, using eq 5.b The number of DDAT on one HPG-g-PS/DDAT was measured
by UV, using eq 6, the molar ratio of DDAT and hydroxyl groups on one HPG (EF) was also measured by UV.c The initiation efficiency of DDAT (EI)
was calculated by eq 9.d Molecular weight of PAA was obtained by MALDI-TOF MS.e Mn of HPG-g-PS/PAA was obtained by eq 8. For example, if Mn
of PAA was 117 000, thenMn(HPG2-g-PS/PtBA1) ) Mn(HPG2-g-PS1) + ((128/72)Mn(PAAall4)) ) 160 000+ ((128/72)117 000)) 368 000.f Mn of HPG-g-PS/
PtBA was obtained by eq 7. For example, ifMn of PAA was 117 000, thenMn(HPG2-g-PS/PAA1) ) Mn(HPG2-g-PS1) + Mn(PAAall4) ) 160 000+ 117 000)
277 000.g Molecular weight (hydrodynamic volume) and PDI of HPG-g-PS/PtBA were measured by GPC using PS as standard and performed in THF.

NDDAT ) A
εCl

(6)

Figure 7. 1H NMR spectra of (A) HPG-g-PS/PtBA (solvent, CDCl3)
and (B) HPG-g-PS/PAA (solvent, DMSO-d6).
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5C, the broad absorbance of carboxylic acid groups was
observed at 2400-3400 cm-1 and the carbonyl stretch was
shifted from 1727 cm-1 for the ester bond of PtBA to 1715
cm-1 of the carboxyl group of PAA.

TheMn (hydrodynamic volume) of HPG-g-PS/PtBA obtained
by GPC was close to HPG-g-PS (Figure 3), which means the
RAFT polymerization almost does not change its hydrodynamic
radius markedly. In order to obtain the reliable molecular weight
of HPG-g-PS/PtBA (PAA), theMn of HPG-g-PS/PtBA(PAA)
could be calculated by following equation from NMR:

whereMn (PAAall) was theMn of all the PAA arms on one HPG
core and was measured by theMn ratio of PS and PAA from
NMR after cleavage of the ester bond on HPG-g-PS/PAA. The
MW of tBA is 128, and 72 is the MW of AA,Mn (HPG-g-PS)

was theMn of HPG-g-PS. The data were listed in Table 3.
Evaluation of the Initiation Efficiency of DDAT Sites in

HPG-g-PS/DDAT. The Mn of PtBA was derived from the
broken PAA chains and the latter was determined by MALDI-
TOF MS shown in Table 3. It was found that theMn of PAA
rapidly decreases with an increase in the number of PS arms
and chain length; theMn of PtBA obtained in our experiment
was less than that of the polymer obtained using DDAT as the
small RAFT initiator.38 This could be explained by the steric
hindrance of the existing PS arms, which also would lead to
the drop of efficient DDAT functionality. To quantify the
initiation efficiency of DDAT sites in the HPG-g-PS/DDAT
during the polymerization of tBA, it is significant to know what
is the molar ratio of PS and PtBA(PAA) after cleavage
(Mn(PAAall)), thus the DDAT(%)activated could be calculated by
following equation:

whereMn (PAAall) is calculated by theMn ratio of PS and PAA
after cleavage of the ester bond on HPG-g-PS/PAA. TheMn of
PAA is determined by MALDI-TOF MS, namedMn(PAA).
NDDAT(UV) is the number of DDAT groups on one HPG core
determined by UV. As Table 3 showed that in the case of HPG2-
g-PS/PtBA(PAA)1, when the number of PS chains and the
molecular weight of the PS arm on HPG were less than 66 and
1 800 Da, respectively, the initiation efficiency of DDAT was
as high as 93%. When the number of PS chains reached to 120
(HPG2-g-PS/PtBA(PAA)2), only 67% of the total DDAT sites
was activated although the arm length of PS did not change
much (2 200 Da). It was found that the PS arm length also
exerted great effect on the initiation efficiency of DDAT. For
example, HPG1-g-PS/PtBA(PAA)1 was the star polymer with
66 PS chains ofMn 2 900 Da, compared with HPG2-g-PS/PtBA-
(PAA)1 with 60 PS chains ofMn 1 800 Da, and the initiation
efficiency of DDAT decreased from 93% to 82%.

Conclusion

Mixed-arm star polymers, HPG-g-PS/PtBA and HPG-g-PS/
PAA were successfully synthesized by sequential ATRP and
RAFT using the “core first” method. It was found that the arm
length and arm number exert great effect on the structure of

star polymers with mixed-arms. The initiation efficiency of the
DDAT in the core of star molecules was evaluated by the linear
polymers formed by the cleavage of the ester bond between
the core and the mixed-arm in the presence of sodium hydroxide.
It was found only if the arm number of PS was less than 66
and the molecular weight of PS was lower than 1 800 Da, then
high initiation efficiency (93%) of DDAT could be reached.
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