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ABSTRACT: Mixed-arm star polymers were synthesized by atom transfer radical polymerization (ATRP) and
reverse additiorfragmentation 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 mortentdugyl 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 polymers prepared by one step from Agpe 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 monom€r2® is one of the
most promising cores for multiarm star polymé?s?8

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 soluifoft and enable
potential applications, including use as drug carrfénsiem-
brane formatior#? and paint additive applicatior#4.Till now,
mixed-arm star polymers with several arms (arm nunyb&0)
have been reported in a pack of papers mostly with the arm-
first strategy using living anionic/cationic polymerizatid#i-3°
For preparation of the polymers with a larger number of arms
(arm numbers> 10), the publications are limited because of
I,the difficulty of synthesis. Matyjaszewski et &lreported the
synthesis of mixed-arm star polymers (polyMNsA)a7-

Although multiarm star polymers have been known since the
late 19408, only recently did they become synthetically
available? 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)atom transfer radical polym-
erization (ATRP):~8 and reverse additieafragmentation chain
transfer (RAFTY 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 approa&h;?living polymerization
on the basis of a multifunctional initiator core, and (2) the arm-
first approacH? 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 forme
afforded the star polymers with a random distribution of arms . )
per macromolecule. In contrast, when the polymerization was PO!YSSsx4r(pOlyBA)ssoce via ATRP by combination of the

performed by the core-first approach using a multifunctional “arm-first” and “core-first" methods.hQi?o etfﬂ.”prepahreg
initiator, the star polymers with a predetermined numbers of PEGDMA—=PMMA144PClsgs using the "arm-first” method.
arms could be obtained. Nevertheless, it is still a challenge for One drawback of the combination of the “arm-first” and “core-

the preparation of multiarm star polymers because of the first” methods is the unknown efficiency of the chain extension

dramatic increase of radicatadical coupling probability with reaction with the second monomer since not all of the initiation

the increase of the arm number during the polymerization and s_ite_s in the core would be accessible_ dug to the high cross-
the tedious manipulation of purificatidfi. linking density in the core and the steric hindrance created by

Dendri dh b hed ool . the first kind of arms. On the other hand, although the “arm-
endrimers and hyperbranched polymers are attractive pre-g o approach could be conducted by simply cross-linking two

cursors of macroinitiators for the reparation of multiarm star different polymeric macroinitiators (polyA and polyB) simul-
polymers by the core-first strategy. However the hyperbralnChedtaneously using small difunctional molecule, these two macro-

initiators should have the similar reactivity, otherwise it was
* Corresponding author. Junlian Huang; e-mail: jlhuang@fudan.edu.cn. impossible to obtain the star polymer which contains both polyA
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Scheme 1. Synthetic Procedure of HPG-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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and polyB arms. One important challenge in the synthesis of HPG2 (40 mmol hydroxyl groups) was dried by azeotropic
mixed-arm star polymers using the “core first” strategy is to distillation with toluene and then dissolved in 100 mL of anhydrous
determine the initiation efficiency of the polymerization for the ~Pyridine, to which 0.75 mL (6 mmol) of 2-bromoisobutyrylbromide
second monomer, i.e., the percentage of initiation sites thatWas added dropwise at®@ over 30 min under vigorous stirring.

actually initiated the polymerization of the second monomer. It The reaction was allowed to proceed overnight. A large part of
could be expected that not all of the initiation sites would be pyrldlne was dlstllleq under reduced pressure first and then dIStlllled
efficiently activated in the polymerization of the second with toluene; the residue was washed with cyclohexane three times

e and dialyzed against deionized water to ensure all the impurities
monomer because the core was enwrapped by existing armsyere moved out. After removal of the water (vacuum, &),
formed by the first monomers. Thus, evaluation of initiation transparent and viscous HREBr with a pale yellow color was
efficiency for the polymerization of the second monomers would obtained. The percentage of esterification is 16.5%, which means
be a significant challenge because the presence of the first66 hydroxyl groups on one HPG2 (400 hydroxyl groups) were
multiarms hinders the following accurate analysis of star esterified.*H NMR (CD;OD) 6 (ppm): 0.92 (s, 3H, €3—CH,—
polymers using nuclear magnetic resonance spectroscopy (NMR)f TMP); 1.45 (s, 2H, Cl=CH; of TMP); 1.96 (s, 6H~C(CHg)2—

or gel permeation chromatography (GPC). Br); 3.40-4.00 (m, 5H, ®, CH, of HPG); 4.87 (s, OH); 4.24,

. 4.39, 453, 5.17, 5.28 (m, 4H, BIC(CHs),—COO-CH,—, Br—

The strategy proposeo! here is to break the ester bond bem{ee?:(CHg)z—COO—CH—). FT-IR (cnTY): 1076 C—0—C—). 1731
the core and the arms first, the cleave_d linear polymer_ chalns(_coo_)’ 3200-3500 (~OH).
could b‘? measured by standar_d_ te_chnqu_Je_s, an(_i then it would Synthesis of Multiarm Star Polymer HPG-g-PS. An amount
be possible to determine the initiation efficiency in the second 4 9’5 ¢ (0.013 mmol, i.e., 0.8 mmol Br atoms) of HPGBrL,
polymerization. 0.11 g (0.8 mmol) of CuBr, 0.12 g (0.8 mmol) of BPY, and 30 mL

In this article, the synthesis of mixed-arm star polymer HPG- (0.26 mol) of styrene were placed in an ampule and frepzenp—
g-PS/PtBA and HPGrPS/PAA was described by the combina- thaw degassed three times. The polymerization was started by
tion of ATRP and RAFT using the “core first” strategy. The immersing the flask into an oil bath at 9G. After 5.5 h, the ampule
initiation efficiency of the RAFT agents for the polymerization Was quenched in liquid nitrogen and exposed to the air, then the
of tBA was evaluated by matrix-assisted laser desorption-time- unreacted styrene was evaporated and the residue was qnuted with
of-flight (MALDI-TOF) and NMR after the linear arms were CHCI;, and the upper solution was collected after centrifuge; the

cleaved from the mixed-arm star polymers in the presence of product was precipitated thrice by dissolution/precipitation with
methylene chloride/ethanol, and a white powder HRE2S1 was

sodium hydroxide. (Scheme 1) obtained and dried in vacuo at 4Q for 24 h.*H NMR (CDCly)
. . o (ppm): 0.70-0.95 (s, 6H,—C(CHa),—PS); 1.26-2.20 (m, 3H,
Experimental Section —CH,CH— of PS); 2.86-4.05 (M, 5H, &1, CH, of HPG); 4.35-

Materials. 1,1,1-Tris(hydroxymethyl)propane, glycidol, 2-bro-  4.65 (d, 1H, CH—CH(Ph)-Br); 6.30-7.30 (m, 5H,—CeHs of PS).
moisobutyryl bromide, CuBr, and 2;Bipyridyl (BPY) were FT-IR (cnr?): 1126 (-C—~0-C~), 1452, 1492, 1583, 160+-C—
purchased from Aldrich and used as received. Styrene (Stieaind ~ C-(aromatic ring)) 1731{COO-), 3206-3500 (~OH). GPC: MW
butyl acrylate (tBA) were dried with CaHand distilled under ~ (hydrodynamic volume), 42 500 Da; PB4 1.17.
reduced pressure before use. 2, 2-Azobisisobutyronitrile (AIBN)  Cleavage of HPGg-PS. An amount of 0.3 g HPG2-PS1 was
was recrystallized twice in methanol. Other common reagents anddissolved in 50 mL of tetrahydrofuran (THF), to which 10 mL of
solvents were purchased from Sinopharm Chemical Reagent Co. KOH solution (1 M in ethanol) was added, and the mixture was
Ltd (SRC) and purified by standard procedure. Hyperbranched refluxed for 72 h. After evaporation to dryness, the polymer was
polyglycerol (HPG1,M, = 44 500 g/mol,M,/M, = 1.33, 600 dissolved in CHCI, and by dissolution/precipitation with methylene
hydroxyl groups and HPG2,, = 30 000 g/molM,/M, = 1.27, chloride/ethanol, the PS homopolymer was dried atGdor 24
400 hydroxyl groups) ang-1-dodecylS-(a,o’-dimethylo'’-acetic h. GPC: M,, 1 800 Da; PDI= 1.23.
acid)trithiocarbonate (DDAT) were synthesized according to refs  Esterification of HPG-g-PS with DDAT. An amount of 1.6 g
18 and 38, respectively. (0.01 mmol) of HPG23-PS1was dried by azeotropic distillation

Esterification of HPG with 2-Bromoisobutyryl Bromide. The with toluene, then dissolved in 50 mL of anhydrous and degassed
synthessus of HPGG-PS/PtBA(PAA)1 is presented as an example CH,Cl,, 0.21 g (0.6 mmol) of DDAT, 0.07 g (0.6 mmol) of DMAP,
for all of the synthesis section. An amount of 3.0 g (0.1 mmol) of and 0.25 g (1.2 mmol) of DCC were added successively under
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Table 1. Preparation of HPG and HPGg-Br

HPG HPGg-Br
expt M2 PDIP Now? p-OH/s-OHd Ng,® Br (%)° Mie Cp-ore (%) Ce-oH (%)
HPG1g-Brl 44500 1.33 600 5:7 60 10.0 53 500 18.5 3.9
HPG1g-Br2 44500 1.33 600 5:7 110 18.3 61 000 321 8.5
HPG2g-Brl 30000 1.27 400 7:10 66 16.5 40000 26.6 8.3
HPG2g-Br2 30000 1.27 400 7:10 120 30.0 48 000 51.6 14.8
HPG2g-Br3 30000 1.27 400 7:10 210 525 61 500 84.8 29.8

aM, and the number of hydroxyl groups of HPG were measure#®WNMR. ° Polydispersity of HPG was measured by GPC using PEO as standard,
performed in 0.1 M NaN@aqueous solutiorf. The number and the percentage of Br on one HPE-and theM, of HPG-g-Br were measured biH
NMR. 9 The proportion of p (primary) hydroxyl groups and s (secondary) hydroxyl groups on one HPG madtdtheegercentage of esterificated p (primary)
hydroxyl groups by total primary hydroxyl groups on one HPG moledulée percentage of esterificated s (secondary) hydroxyl groups by total secondary

hydroxyl groups on one HPG molecule.

0 °C. After stirring for 10 h, the solution was concentrated/tmf

its original volume and precipitated in cold ethanol. The filtered
product, named as HPGRPS1/DDAT, was dried in vacuo at
40 °C for 24 h. A pale yellow powder was obtaineiHi NMR
(CDCl) 6 (ppm): 0.70-0.95 (m, 9H,—C(CH3),—PS, —CH,—
(CHy)10—CHg); 1.20-2.20 (m, 3H,—CH,CH— of PS); 1.25, 1.31
1.37, 1.41 (m, 20H;-CH,—(CH,)10—CHz); 1.67 (s, 6H,—C(CH3),—
SCES)S—(CHy)11—CHg)); 3.49 (t, 2H, —CH2—(CHg)10—CHy);
2.80-4.05 (m, 5H, G, CH, of HPG); 4.35-4.65 (d, 1H, CH—
CH(Ph)-Br); 6.30-7.30 (m, 5H,—CgHs of PS).

Synthesis of HPGg-PS/PtBA Mixed-Arm Star Polymer. An
amount of 1.0 g (0.006 mmol, containing 0.4 mmol DDAT groups)
of HPG2g-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

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 38C 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 calibrattdiNMR and

13C NMR spectra were obtained on a DMX 500 MHz spectrometer
using tetramethylsilane (TMS) as the internal standard and ¢DCI
CD;0D, and DMSO¢dg 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

pump-thaw degassed three times. The polymerization was startedevaporation of the solvent under the infrared lamp. The MALDI-

by immersing the flask into an oil bath at 8C. After 15 h, the

TOF MS measurement was performed using a Perspective Bio-

ampule was quenched in liquid nitrogen and exposed to the air; system Voyager-DE STR MALDI-TOF mass spectrometer (PE

the reaction mixture was concentratedtpof its original volume

Applied Biosystems, Framingham, MA) equipped with a nitrogen

and then precipitated in a mixed solution of ethanol and water (v/ laser emitting at 337 nm wita 3 nspulse width and in the negative

v: 1:1). The crude product HPG2PS/PtBA1 was purified by
dissolution/precipitation with methylene chloride/(ethanol/water
1:1) twice and dried in vacuo at 4C for 24 h. A yellow rubberlike
powder was obtainedH NMR (CDCl) ¢ (ppm): 0.76-0.95 (m,
9H, —C(CHg)z_PS,_CHZ_(CHz)J_O_CHg); 1.14 (S, 6H,_C(CH3)2_
PtBA); 1.20-2.20 (m, 25H,—CH,CH— of PS, —CH,CH— of
PtBA, —CH,—(CH3)10—CHz); 1.50 (s, 9H,—C(CHa)3; 2.22 (s, 1H,
—CH,—CH— of tBA); 2.80-4.05 (m, 5H, G, CH, of HPG);
4.35-4.65 (d, 1H, CH—CH(Ph)—Br); 6.30—7.30 (m, 5H,—CgHs
of PS). FT-IR (cm?): 1126 -C—0—C-); 1451, 1478, 1494, 1598
(—C—C—(aromatic ring)); 1727 {COO—); 3200-3500 (—OH).
GPC: MW (hydrodynamic volume), 44 000 Da; PBI1.19.
Preparation of HPG-g-PS/PAA Mixed-Arm Star Polymer.
An amount of 1.0 g of HPG2-PS/ PtBA1 and 3.8 mL (0.02 mol)
of trifluoroacetic acid (TFA) was dissolved in 50 mL of GEl,,

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/polymes 5:1, and 0.8:L 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 §PS/

stirred for 36 h at room temperature. All volatiles were removed PtBA mixed-arm star polymers using sequential ATRP and
under reduced pressure, and the pale gray residue was dried@t 40 RAFET polymerization via the “core-first’ method. First, the

under vacuum for 24 htH NMR (DMSO-ds) 6 (ppm): 0.706-
0.95 (m, 9H,—C(CH3),—PS, —CH,—(CHy)10—CH3); 1.14 (s, 6H,
—C(CHg),—PAA); 1.20-2.20 (m, 25H,—~CH,CH— of PS,—CH,-
CH— of PAA, _CHZ_(CHz)lo_CHg); 2.22 (S, 1H,—CH,—CH—
of PAA); 2.80-5.00 (m, 6H, &, CH; of HPG, CH—CH(Ph)—
Br, H,O); 6.30-7.30 (m, 5H,—CgHs of PS). FT-IR (cnm'): 1126
(—C—0—C-); 1451, 1494, 1600¢C—C—(aromatic ring)); 1715
(—COO0O-); 2400-3400 (—~COOH).

Cleavage of HPGg-PS/PAA. An amount of 0.5 g of HPG2-
g-PS/PAA1 was dissolved in 30 mL of THF, 10 mL of KOH

hyperbranched ATRP macroinitiators employed were prepared
on the basis of well-defined HPG by esterification with
2-bromoisobutyryl bromide. After polymerization with styrene
(St), HPGg-PS was further converted into macro-RAFT agents
by esterification withS-1-dodecylS-(o,a'-dimethylo' -acetic
acid)trithiocarbonate (DDAT), then HPGPS/PtBA was ob-
tained by RAFT polymerization akrt-butyl acrylate (tBA).
Esterification of HPG with 2-Bromoisobutyryl Bromide.
Hyperbranched polyglycerol samples HPGU,(= 44 500

solution (1 M in ethanol) was added, and the mixture was refluxed g/mol, My/M;,, = 1.33, 600 hydroxyl groups, with 250 primary

for 72 h. After neutralization with 5% HCI 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: M, = 1 850 Da.
Measurements.The number average molecular weight (hydro-
dynamic volume) and polydispersity indé&4,/M, were measured

hydroxyl groups) and HPG2V, = 30 000 g/mol,My/M, =
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 referencég. On HPG, there are two kinds of OH
groups, primary and secondary, and the ratio between them

by gel permeation chromatography (GPC). For the HPG, GPC was could be determined b{C NMR":18(see Table 1); the value

performed in a 0.1 M NaN@aqueous solution at 48 with an

is about 5:7 for HPG1 and 7:10 for HPG2 (primary OH number/
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Figure 1. *H NMR spectra of (A) HPG and (B) HP@-Br (solvent,
CDs0D).

secondary OH number). Subsequently, the hydroxyl groups of
HPG were esterificated by 2-bromoisobutyrylbromide to gener-
ate macroinitiators HP@-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 th#d 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-3l4 ppm for
methylene and methine were moved to-4515 ppm (d) (d*+

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 grouiddt 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) fo

the protons of the methyl groups close to the Br atom also
proved the successful reaction. Thus, the Br numbigy) (of
HPG2g-Brl can be calculated by following two ways:

__AS
Noe = 55 X 400 1)
Ny = Apt At f‘:dls LA;A)/Z + A2 <400 (2)

where A; and Az 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 (3-4.1 ppm), respectivelyAq1—Ags

are the five peaks in the region 4%.5 ppm (d) which are
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Figure 2. FT-IR spectra of (A) HPG and (B) HPGBr.
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Figure 3. GPC curves of HP@-PS and HPGy-PS/PtBA.

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 HPGH-Brl and HPG23-Brl which

are hydrophilic, the pyridine salts were removed by dialysis
against water. For HPG3-Br2, HPG2g-Br2, and HPG23-

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
Ehrough UV and™ 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:85%), since higher conver-
sion may cause the gel formatiéhThis result was in agreement
with previous observations by Gnanou et%nd 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

attributed to methylene and methine protons connected to theGPC curves of HP@PS which proves that the ATRP

ester bond after esterification. Both results are co-incidgest,
was 66 by eq 1 and 64 by equation 2.
Figure 2 is the FT-IR analysis of HPG (Figure 2A) and HPG-

processes are controllable but tg's of HPGg-PS are much
smaller compared to the re®l,’s. On the other hand, in the
star polymers, the HPG core were wrapped by the PS chains,

g-Br (Figure 2B), and the appearance of a characteristic esterso the integration of the proton peak area of HPG and part of

group at 1731 cmt compared to the HPG (Figure 2A) supported
the synthesis of HP@-Br. As it is well-known, the purity of
the ATRP macroinitiators may exert a great effect on the
polymerizationt® In the ATRP macroinitiators, there are two

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 #heNMR spectrum due

to the partial immobilization of the HPG in the star core, and



Macromolecules, Vol. 41, No. 2, 2008

Well-Defined Star Polymers with Mixed-Arms329

Table 2. Preparation of HPGg-PS

HPGg-PS PS
expt Nar conversion(%) Mp@ PDIa M (calcn 1% Mn (calcn 2§ Mn (calcn 2)M, Mp@ Md PDIa
HPG1g-PS1 60 7.9 47 000 1.21 284 000 227 000 4.83 2900 3050 1.20
HPG1g-PS2 110 19.7 56 800 1.26 716 000 500 000 8.80 4000 3960 1.19
HPG2g-PS1 66 9.2 42 500 1.17 241 000 160 000 3.76 1800 1920 1.23
HPG2g-PS2 120 16.3 49 000 1.14 475 000 310 000 6.32 2200 2480 1.16
HPG2g-PS3 210 18.9 55 000 1.19 695 000 690 000 12.54 3000 3200 1.31

aMolecular weight (hydrodynamic volume) and PDI of HRERS and PS

after cleavage measured by GPC using PS as standard and THF as eluent.

b Molecular weight of HPGg-PS calculated by St monomer conversion using o)\, of HPGg-PS calculated by the molecular weigM) of PS chains
after cleavage using eq M, of PS after cleavage measured by MALDI-TOF.

o is .*;f‘
B R o s*s/‘{/tk
R
CHCI, B Ei%ioo e
(i n
&5 ]
e
f l_r_l
—
A

ppm

Figure 4. 'H NMR spectra of (A) HPG3-PS and (B) HPG}PS/
DDAT (solvent, CDC}).

this deviation for the measurement of molecular weight is
inevitable for the NMR analysis of star polyméfsin this
article, two methods were used to determine kyeof HPG-
g-PS: derived by St monomer conversidviy(calcn 1) and by
M, of linear PS chains cleaved from HR§=PS M, calcn 2)
(see Table 2).

(Stconversior)(so)(o-gogg

M, (calcn 1)= 05 (Mipe-g-8n) T

Ivln(HPG—g—Br) (3)
M,(calcn 2)= ((M,ps)(Ng)) + Mype-g-8ny (4

where inM;, (calcn 1), SfonversioniS 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 HP@Br used weight in ATRP
for HPG-g-PS, My (HpG—g-Br) i the M, of HPGg-Br from H
NMR. In eq 4,M, (ps)is theM,, of PS after cleavage from HPG-
g-PS by GPCNg, is the number of Br groups on HP&BT,
andM, mpc-g-8r is theM, of HPGg-Br from *H NMR. Both

of the results were agreeable as Table 2 showed.

The values oM, (calcn 2) were selected for the following
reaction. It was found that the more arms of the star polymers,
the higher the compact structure vaMg (calcn 2)M, (GPC)36
As Table 2 showed that the star polymer HPGPS3 with the
most arms (arm number 210) has the highest compact
structure value 12.54, that means HPGPS3 was more
compact than any of the other samples. ComparingtHgMR
spectra Figure 1B and Figure 4A, after polymerization (Figure
4A) the signals at 1.272.25 ppm (h) and 6.277.22 ppm (Q)
for St units appear; the peak at 1.94 ppm (c) for methyl groups
close to the Br atom is shifted to higher field (6.0 ppm)
because of the change of the carbdmomine bond to the
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Figure 5. FT-IR spectra of (A) HPGyPS and (B) HPGy-PS/PtBA,
and (C) HPGg-PS/PAA.

carbon-carbon bond of the tertiary carbon; the appearance of
the new peak at 4.354.65 ppm (f) is corresponding to the
methine proton on (Ckt+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 222728 The FT-IR spectrum of HP@-PS is shown in
Figure 5A, and the characteristic bands of PS blockCGomatic
stretching at 14501601 cnT! and C—Hgromatic Stretching at
3020-3100 cnttindicate 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 weéllthe number
of DDAT groups (Nppat) on one HPG core was measured by
IH NMR, Parts A and B of Figure 4 showed thel NMR
spectra of HPGxPS and HPG3-PS/DDAT, respectively. In
comparison with the'H NMR spectra before and after the
reaction of HPGg-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 HP@-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 Nbpat was calculated by
following formula:

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

whereA k@), Age), andAyg) 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), 6-3030 ppm (aromatic ring of
PS), and 4.354.65 ppm (methine close to Br on PS arms) on
HPG-g-PS/DDAT; Aga) andAg(a are the integral areas of 0.88
ppm (methyl groups close to the ester bond on PS arms) and

Nppat = Ny )
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Figure 6. UV spectra of DDAT, HPGg-PS, and HPGPS/DDAT 8 7 6 5 4 3 2 1

(concentration for HPGPS/DDAT, HPGg-PS, and DDAT in Ch

Cl, solution was 1x 105 mol/L, respectively). i

Figure 7. 'H NMR spectra of (A) HPGg-PS/PtBA (solvent, CDG)
6.30-7.30 ppm (aromatic ring of PS) on HP§PS, andNg, is and (B) HPGg-PS/PAA (solvent, DMSQis).
the Br groups on one HPGPS/DDAT molecule.

To guarantee the reliability of the data obtained fréh a challenge for polymer chemists, since the HPG cores were
NMR, UV was used for further confirmation. The maximal Wrapped by existed PS chains to lead to the low esterification
absorbance of small molecule DDAT was found at 307 nm, Of the remaining hydroxyl groups. _
and the molar extinction coefficiert)(was 1.383x 10* L mol1 Synthesis of HPGg-PS/PtBA(PAA) Mixed-Arm Star
cmL. The contents of the DDAT groups in HPEPS/DDAT Polymer by RAFT. To suppress the coupling reactions between
could be derived from the relationship between the used radicals, monomer (tBA) conversion in the RAFT polymeriza-
concentration of HPG-PS/DDAT and absorbance of DDAT tion was also controlled below 20%. Figure 7A shows He
in UV. To make sure that the unreacted DDAT was completely NMR spectra of HPG¥-PS/PtBA. The new peak at 2.22 ppm
removed, the HPG-PS/DDAT samples were washed several (P) corresponding to the methine proton on the main chain of
times with ethanol until there was no UV absorbance at 307 the tBA units appears besides the characteristic signals of HPG
nm of the collected washing ethanol. Thus, the absorbance atat 2.86-4.05 ppm (e) and St units at 6.30.30 ppm (g).
307 nm could be attributed to the DDAT end groups of HPG- Additionally, the appearance of methyl protons of PtBA at 1.50
g-PS/DDAT. Figure 6 showed the UV absorption spectra of PPM (q) could also be observed. The FT-IR spectrum of HPG-
HPGg-PS/DDAT, HPGg-PS, and DDAT. The number of ~9-PS/PtBA was shown in Figure 5B, except the typical
DDAT groups (Nopat) was calculated with the following  absorption peaks of PS arms at 14300 cnt* for C=Caromat

equation: stretching and at 30268100 cnT?! for C—Haromat Stretching,
the HPG core at 1126 cnhfor C—O—C stretching and a strong
_ A peak at 1727 cmt of the G=0 stretching band for PtBA arms
Nopar = <Cl 6 were observed. It confirmed that the chemical components of

the desired HPG-PS/PtBA were synthesized successfully.
where A is the absorbance of HPGPS/DDAT at 307 nm After hydrolysis of the PtBA arms of HPG-PA/PtBA in the
measured with the UV spectrum ahid the length of the sample  presence trifluoroacetic acid, the amphiphilic mixed-arm star
cell (1 cm). The obtained value was listed in Table 3 and was polymer HPGg-PA/PAA was obtained. Figure 7B shows the
co-incident with the NMR results. The mole ratio of concentra- *H NMR spectra of HPGF-PS/PAA. Compared to Figure 7A,
tion of DDAT and bromine on HP@-PS/DDAT was designed  the peak strength at 1.50 ppm assigned to the methyl protons
as 1:1, and all samples shown in Table 3 were close to 1:1 exceptof the tBA units which are overlapped with the methylene
HPG2g-PS/DDAT3 because of its denser Br groups (210) with protons of the St units decreased, which means the ester groups
the remaining 190 hydroxyl groups. Esterification of these of the tBA units were hydrolyzed successfully. FT-IR analysis
remaining hydroxyl groups with DDAT as high as possible was also supported the presence of the acid groups shown in Figure

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

HPGg-PS/PtBA
PAA  HPGg-PS/PAA 9

expt Nbpat? NDDATb EF(%’}J E|(%)C Mnd Mp® Mnf M9 PDI9
HPG1g-PS/PtBA(PAA)L 67 71 11.8 82 1620 321 000 394 000 41 000 1.23
HPG1g-PS/PtBA(PAA)2 97 116 19.3 51 1050 562 000 510 000 43 000 1.27
HPG2g-PS/PtBA(PAA)1 60 68 17.0 93 1850 277 000 368 000 44 000 1.19
HPG2g-PS/PtBA(PAA)2 103 121 30.2 67 1500 431 600 526 000 44 000 1.31
HPG2g-PS/PtBA(PAA)3 63 89 22.3 45 760 720 400 744 000 49 000 1.29

aThe number of DDAT on one HP@-PS/DDAT was measured Bid NMR, using eq 5 The number of DDAT on one HP@-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 h#Vinitiation efficiency of DDAT (El)
was calculated by eq 9.Molecular weight of PAA was obtained by MALDI-TOF MSM, of HPGg-PS/PAA was obtained by eq 8. For example, if Mn
of PAA was 117 000, theMnHpe—-g-pspieal) = Mnpczg-ps1) + ((128/72Mnpaaaie) = 160 000+ ((128/72)117 000)= 368 000.f M, of HPG-g-PS/
PtBA was obtained by eq 7. For example Mf, of PAA was 117 000, theMnpc2-g-pspast) = Mnmpc2-g-ps1) + Mnpaaais) = 160 000+ 117 000=
277 000.9 Molecular weight (hydrodynamic volume) and PDI of HRERS/PtBA were measured by GPC using PS as standard and performed in THF.
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5C, the broad absorbance of carboxylic acid groups was star polymers with mixed-arms. The initiation efficiency of the
observed at 24003400 cnt! and the carbonyl stretch was DDAT in the core of star molecules was evaluated by the linear
shifted from 1727 cm! for the ester bond of PtBA to 1715 polymers formed by the cleavage of the ester bond between
cmt of the carboxyl group of PAA. the core and the mixed-arm in the presence of sodium hydroxide.
TheM, (hydrodynamic volume) of HP@-PS/PtBA obtained It was found only if the arm number of PS was less than 66
by GPC was close to HPG-PS (Figure 3), which means the and the molecular weight of PS was lower than 1 800 Da, then
RAFT polymerization almost does not change its hydrodynamic high initiation efficiency (93%) of DDAT could be reached.
radius markedly. In order to obtain the reliable molecular weight

of HPG-g-PS/PtBA (PAA), theM, of HPGg-PS/PtBA(PAA)
could be calculated by following equation from NMR:

12
M, HpG-g-PsiPtBA) Mn(HP&g—PS)"‘ﬁSMn(PAAan) (7)

Mn(HP(‘rngS/PAA) = Mn(HP(‘rngS) + Mn(PAAaII) (8)

whereMy aaan was theM, of all the PAA arms on one HPG
core and was measured by thl ratio of PS and PAA from
NMR after cleavage of the ester bond on HB®S/PAA. The
MW of tBA is 128, and 72 is the MW of AAM; (HpG-g-Ps)
was theM, of HPGg-PS. The data were listed in Table 3.
Evaluation of the Initiation Efficiency of DDAT Sites in

HPG-g-PS/DDAT. The M, 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 thg, of PAA

Acknowledgment. We appreciate the financial support of

this research from the Natural Science Foundation of China

(Grant No. 20574010).

References and Notes
(1) Schaefgen, J. R.; Flory, P. J. Am. Chem. Sod948 70, 2709~
2718.

(2) Teng, J.; Zubarev, E. R. Am. Chem. So2003 125 11840-11841.

(3) Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K.
Macromolecules 993 26, 2987-2988.

(4) Wang, J.; Matyjaszewski, Kacromolecule4995 28, 7572-7573.

(5) Wang, J.; Matyjaszewski, KI. Am. Chem. Sod995 117, 5614
5615.

(6) Wang, J.; Matyjaszewski, KMacromoleculed4995 28, 7901-7910.

(7) Percec, V.; Barboiu, BMlacromolecule4995 28, (23), 7970-7972.

(8) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, Macro-
molecules1995 28, (5), 1721-1723.

(9) Chiefari, J.; Chong, Y. K. B.; Ercole, F.; Krstina, J.; Jeffery, J.; Le,
T. P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. HMacromoleculesl998 31, 5559-5562.

(10) Angot, S.; Murthy, K. S.; Taton, D.; Gnanou, Macromolecule4998
31, 7218-7225.

rapidly decreases with an increase in the number of PS arms(11) Ueda, J.; Kamigaito, M.; Sawamoto, Mlacromolecules1998 31,

and chain length; th&1, of PtBA obtained in our experiment

was less than that of the polymer obtained using DDAT as the

small RAFT initiator3® 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 HP@-PS/DDAT
during the polymerization of tBA, it is significant to know what
is the molar ratio of PS and PtBA(PAA) after cleavage
(Mnepaaan), thus the DDAT(%)civated could be calculated by
following equation:

Mn(PAAaII)

Mn(PAA)
NDDAT(UV)

whereM;, paaany is calculated by thé, ratio of PS and PAA
after cleavage of the ester bond on HB®S/PAA. TheM,, of
PAA is determined by MALDI-TOF MS, named/npraa).
NppaT(UV) is the number of DDAT groups on one HPG core

DDAT activater(%) = x 100% 9)

6762-6768.

(12) Matyjaszewski, K.; Miller, P. J.; Pyun, J.; Kickelbick, G.; Diamanti,
S. Macromoleculed999 32, 6526-6535.

(13) zhang, X.; Xia, J.; Matyjaszewski, KMacromolecules200Q 33,
2340-2345.

(14) Xia, J.; Zhang, X.; Matyjaszewski, KMacromoleculesl999 32,
4482-4484.

(15) Baek, K.-Y.; Kamigaito, M.; Sawamoto, MMacromolecule2001,
34, 215-221.

(16) Matyjaszewski, KPolym. Int.2003 52, 1559-1565.

(17) Sunder, A.; Hanselmann, R.; Frey, H.; MulhauptM&cromolecules
1999 32, 4240-4246.

(18) Kautz, H.; Sunder, A.; Frey, HMacromol. Symp2001, 163 67—73.

(19) Kainthan, R. K.; Muliawan, E. B.; Hatzikiriakos, S. G.; Brooks, D.
E. Macromolecule006 39, 7708-7717.

(20) Sunder, A.; Bauer, T.; Mulhaupt, R.; Frey, Macromolecule200Q
33, 1330-1337.

(21) Sunder, A.; Mulhaupt, R.; Frey, Hlacromolecule00Q 33, 309~
314.

(22) Maier, S.; Sunder, A.; Frey, H.; Mulhaupt, Rlacromol. Rapid
Commun200Q 21, 226-230.

(23) Burgath, A.; Sunder, A.; Neuner, |.; Mulhaupt, R.; FreyM#&cromol.
Chem. Phys200Q0 201, 792-797.

(24) Knischka, R.; Lutz, P. J.; Sunder, A.; Mulhaupt, R.; Frey, H.
Macromolecule200Q 33, 315-320.

(25) Wan, D; Li, Z.; Huang, d. Polym. Sci., Part A: Polym. Che2005
43, 5458-5464.

determined by UV. As Table 3 showed that in the case of HPG2- (26) wan, D.; Fu, Q.; Huang, J. Polym. Sci., Part A: Polym. Chem.

g-PS/PtBA(PAA)1, when the number of PS chains and the

2005 43, 5652-5660.
Chen, Y.; Shen, Z.; Barriau, E.; Kautz, H.; Frey Bibmacromolecules

molecular weight of the PS arm on HPG were less than 66 and@") 2006 7, 919-926.

1 800 Da, respectively, the initiation efficiency of DDAT was

as high as 93%. When the number of PS chains reached to 120

(HPG2g-PS/PtBA(PAA)2), only 67% of the total DDAT sites

(28) Shen, Z.; Chen, Y.; Barriau, E.; Frey, Macromol. Chem. Phy2006

207, 57-64.

(29) Beyer, F. L.; Gido, S. P.; Poulos, Y.; Avgeropoulos, A.; Hadjichristidis,
N. Macromoleculesl 997, 30, 2373-2376.

was activated although the arm length of PS did not change (30) Pispas, S.; Poulos, Y.; Hadjichristidis, Macromoleculed.99§ 31,

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-PS/PtBA(PAA)1 was the star polymer with
66 PS chains d¥1, 2 900 Da, compared with HPG2PS/PtBA-
(PAA)1 with 60 PS chains oM, 1 800 Da, and the initiation
efficiency of DDAT decreased from 93% to 82%.

Conclusion
Mixed-arm star polymers, HPG-PS/PtBA and HPG-PS/

4177-4181.

(31) Hadijichristidis, N.J. Polym. Sci., Part A: Polym. Cherh999 37,
857—871.

(32) Hadijichristidis, N.; Pitsikalis, M.; Pispas, S.; latrou, Ehem. Re.
2001, 101, 37473792.

(33) Connal, L. A.; Gurr, P. A,; Qiao, G. G.; Solomon, D. B.Mater.
Chem.2005 15, 1286-1292.

(34) Ho, A. K,; lin, I.; Gurr, P. A.; Mills, M. F.; Qiao, G. GPolymer
2005 46, 67276735.

(35) Heise, A.; Trollsas, M.; Magbitang, T.; Hedrick, J. L.; Frank, C. W.;
Miller, R. D. Macromolecule2001, 34, 2798-2804.

(36) Gao, H.; Tsarevsky, N. V.; Matyjaszewski, Macromolecule2005
38, 5995-6004.

PAA were successfully synthesized by sequential ATRP and (37) Wiltshire, J. T.; Qiao, G. GMlacromolecule00§ 39, 9018-9027.

RAFT using the “core first” method. It was found that the arm

length and arm number exert great effect on the structure of

(38) Lai, J. T.; Filla, D.; Shea, Rvlacromolecule®002 35, 6754-6756.
MAO071432Y



