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ABSTRACT: The effects of Br connected groups on atom trans-

fer nitroxide radical coupling (ATNRC) reaction were investi-

gated. Two precursors methoxyl poly(ethylene oxide)-b-

poly(ethylene oxide-co-2-bromoiso butyryloxy glycidyl ether)

(mPEO-b-Poly(EO-co-BiBGE)) and methoxyl poly(ethylene ox-

ide)-b-poly(2-bromoiso butyryloxy glycidyl ether) (mPEO-b-

Poly(BiBGE)) with different AC(CH3)2Br density were designed

and synthesized firstly, and then ATNRC reaction were com-

pleted between these precursors and 2,2,6,6-tetramethylpiperi-

dinyl-1-oxy poly(e-caprolactone) (TEMPO-PCL) in the presence

or absence of St monomers, respectively. The results showed

that the structure of Br connected groups showed an impor-

tant effect on ATNRC reaction, and the ATNRC reaction with

high efficiency could be realized by transforming the higher

active Br connected groups into the lower one by the addi-

tion of small amount of St monomers. The final comb-like

block copolymers mPEO-b-[Poly(EO-co-Gly)-g-(St1.8-b-PCL)]

and mPEO-b-[Poly(Gly)-g-(St2.4-b-PCL)] with high coupling

efficiency were obtained by this strategy. VC 2010 Wiley

Periodicals, Inc. J Polym Sci Part A: Polym Chem 48: 1633–

1640, 2010

KEYWORDS: atom transfer nitroxide radical coupling (ATNRC);

atom transfer radical polymerization (ATRP); block copolymers;

comb-like block copolymers; graft copolymers; 2,2,6,6-tetra-

methylpiperidinyl-1-oxy poly(e-caprolactone) (TEMPO-PCL)

INTRODUCTION Recently, the controlled polymerization
strategies, such as the ‘‘living’’ anionic polymerization,1 nitro-
xide mediated radical polymerization (NMRP),2,3 atom trans-
fer radical polymerization (ATRP),4,5 ring-opening polymer-
ization (ROP), and single electron transfer ‘‘living’’ radical
polymerization (SET-LRP)6 were widely investigated. Com-
bining some high efficient coupling methods, such as the
reaction by chlorosilane agent, the atom transfer radical cou-
pling (ATRC)7 and the ‘‘click’’ chemistry,8 with the controlled
polymerization mechanisms, some copolymers with compli-
cated structures and compositions,9 such as the graft,10

hyperbranched,11 cyclic,12 dendritic,13 and star-shaped
copolymers14 could be constructed. These unique copoly-
mers were widely used in biomedical materials,15 nanotech-
nology,16 composite polymer materials,17 and supramolecular
science.18 Specially, the synthesis of graft copolymers with
different compositions by ‘‘grafting from,’’ ‘‘grafting onto’’ or
‘‘grafting through’’ were the successful examples by combina-
tion of multiple polymerization mechanisms with coupling
methods. Among them, the ‘‘grafting onto’’ strategy shows a
promising prospect because the precursors of main chain
and graft side chain could be prepared separately, and the
characterization or purification of graft copolymers were

quite easy. However, the low coupling efficiency was the
drawback for ‘‘grafting onto’’ strategy. Therefore, looking for
some novel coupling reactions with high efficiency would be
the key to resolve this problem.

One of the widely used coupling reactions in polymer science
was recently developed Cu-catalyzed azide/alkyne click
(CuAAC) chemistry because of their high efficiency and toler-
ance to mediums.8 However, in the ‘‘click’’ chemistry, the used
photosensitive azide groups and possible Glaser side reaction
of alkyne and alkyne should be carefully considered.19

In our previous works, two (co)polymer chains contained ha-
lide group and 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO)
group were prepared separately, then the copolymers with
the complicated structures could be obtained by the coupling
reaction between the halide group and TEMPO group in the
presence of CuBr and ligands at elevated temperature based
on the ATRP mechanism, and the reaction was termed as the
atom transfer nitroxide radical coupling (ATNRC).20 In this
reaction, the terminal Br group served as oxidant was
reduced to bromine anion, whereas Cuþ was oxidized to
Cu2þ accordingly. Meanwhile, the formed carbon radical was
immediately captured by the TEMPO radical on another (co)-
polymer chain and formed an alkoxyamine between two
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(co)polymers. In ATNRC reaction, CuBr participated in the
reaction was served as reactant and its action was quite dif-
ferent from the ATRP. If some Cu(0) was added, the Cu(0)
would react with the formed Cu2þ and the Cuþ was regener-
ated, which promoted the reaction completely. Thus, under
the ATNRC conditions (such as the Cu(0)/CuBr/PMDETA sys-
tem), the graft,20 the star-shaped,21 and the linear copoly-
mer22 were prepared successfully with high efficiency.

Recently, Monteiro and coworkers also explored a rapid,
selective, and reversible NRC reaction based on the SET-LRP
mechanism in the presence of polar solvent of DMSO,23 and
Fu et al. prepared several diblock copolymers by using the
similar NRC method in the presence of polar solvents of tet-
rahydrofuran (THF) or CH3OH.

24 Thus, the NRC methods
(including the SET-NRC at low temperature based on SET-
LRP mechanism and ATNRC at elevated temperature based
on ATRP mechanism) had exhibited their huge significance
in polymer science, and these works were comprehensively
reviewed by Rosen and Percec.25 Nevertheless, there were
still some questions about this NRC method should be clari-
fied. For example, in our previous work, it was found that in
the same conditions, PS-Br always shows the higher coupling
efficiency than PtBA-Br in ATNRC.20 To clarify this point and
enlarge the application range of ATNRC reaction, in this
work, the comb-like block copolymers mPEO-b-[Poly (EO-co-
Gly)-g-(Stx-b-PCL)] and mPEO-b-[Poly(Gly)-g-(Stx-b-PCL)]
were prepared by ATNRC reaction in the presence or absence
of St monomers. Two routes with the different coupling condi-
tions were adopted as follows (Scheme 1).

EXPERIMENTAL

Materials
THF (SCR, 99%) and pyridine (SCR, 99.5%) were refluxed
over sodium wire, then distilled from sodium naphthalenide
and sodium wire solution, respectively. Styrene (St, Aldrich,
98%) was washed with 10% NaOH aqueous solution fol-
lowed by water thrice successively, dried over CaH2, and dis-
tilled under reduced pressure. e-Caprolactone (e-CL) (Aldrich,
99%) was dried over CaH2 and distilled under reduced pres-
sure. Cuprous bromide (CuBr, Acros, 98%) was purified by
stirring overnight in acetic acid and filtered, then washed
with ethanol and diethyl ether successively, and finally dried
under vacuum. 2-Bromoisobutyryl bromide (98%) and
N,N,N0,N0,N00-pentamethyldiethylenetriamine (PMDETA) were
purchased from Aldrich and used as received. Nanosize cop-
per powder (�100 nm, Aldrich, 99.9%) was used as
received. All other reagents were purchased from Sinopharm

Chemical Reagent Co. (SCR) and used as received, unless oth-
erwise noted.

a-Methoxyl-x-hydroxy-poly(ethylene oxide) [mPEO, Mn(SEC) ¼
7800 g/mol, polydispersity index (PDI) ¼ 1.10] was synthe-
sized by ROP of EO using ethylene glycol monomethyl ether
potassium as the initiator. 2,2,6,6-Tetramethylpiperidinyl-1-
oxy poly(e-caprolactone) (TEMPO-PCL) was synthesized ac-
cording to a previously work using 4-hydroxyl-2,2,6,6-tetra-
methylpiperidinyl-1-oxy (HTEMPO) as initiator and tin(II)-
bis(2-ethyl hexanoate) (Sn(Oct)2, 0.0655 mol/L in dried tolu-
ene) as catalyst.22 1H-NMR (CDCl3, d) (ppm) of TEMPO-PCL:
4.12–4.02 (ACH2CH2OC(O)A), 3.70–3.62 (ACH2CH2OH),
2.35–2.24 (AC(O)CH2CH2A), 1.72–1.56 (ACH2CH2CH2CH2CH2A),
1.42–1.33 (ACH2CH2CH2CH2CH2 OA), 1.28–1.17 (CH3, methyl
protons of TEMPO). Mn(NMR) ¼ 3100, Mn(SEC) ¼ 5800, PDI ¼
1.19 (See Supporting Information). 1-Ethoxyethyl glycidyl
ether (EEGE) was synthesized from glycidol and ethyl vinyl
ether according to the literature.26

Measurements
The number average molecular weight and PDI were esti-
mated by size exclusion chromatography (SEC). SEC traces
were performed in THF at 35 �C with an elution rate of
1.0 mL/min on an Agilent 1100 equipped with a G1310A
pump, a G1362A refractive index detector, and a G1314A
variable wavelength detector, and polystyrene standard
samples were used for calibration. 1H-NMR spectra were
obtained by a DMX 500 MHz spectrometer using tetramethyl-
silane (TMS) as the internal standard and CDCl3 as the
solvent.

Preparation of Precursors mPEO-b-poly(BiBGE) and
mPEO-b-poly(EO-co-BiBGE)
The preparation procedures of precursors were described in
details in Supporting Information. The synthesis of methoxyl
poly(ethylene oxide)-b-poly(2-bromoiso butyryloxy glycidyl
ether) (mPEO-b-Poly(BiBGE)) and methoxyl poly(ethylene ox-
ide)-b-[poly(ethylene oxide-co-2-bromoiso butyryloxy glycidyl
ether) (mPEO-b-Poly(EO-co-BiBGE)) were accorded to the
reference,27 and the linear mPEO (Mn(SEC) ¼ 7800 g/mol)
was used as the initial macroinitiator. Taking the mPEO-b-
Poly(EO-co-BiBGE) as example, the process involved the syn-
thesis of methoxyl-poly(ethylene oxide)-b-poly(ethylene ox-
ide-co-ethoxyethyl glycidyl ether) (mPEO-b-Poly(EO-co-
EEGE)) (Mn(NMR) ¼ 14,300 g/mol, Mn(SEC) ¼ 10,500 g/mol,
PDI ¼ 1.15) by anionic ring-opening copolymerization of EO
and ethoxyethyl glycidyl ether (EEGE), the methoxyl-poly
(ethylene oxide)-b-poly(ethylene oxide-co-glycidyl) (mPEO-b-

SCHEME 1 The illustration of two

synthetic routes for the comb-like

block copolymers.
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Poly(EO-co-Gly)) (Mn(NMR) ¼ 13,300 g/mol) by hydrolysis
of EEGE units, and the mPEO-b-Poly(EO-co-BiBGE) by
subsequent esterification of the recovered hydroxyl
groups by 2-bromoisobutyryl bromide. 1H-NMR (CDCl3) d
(ppm) of mPEO-b-Poly(EO-co-BiBGE): 1.93 (AC (CH3)2Br),
3.38(CH3OA), 3.49–3.79 (ACH2CH2OA and ACH2CH
(CH2A)OA for PEO main chain), 4.19–4.35 (ACH2COOA),
Mn(NMR) ¼ 15,500 g/mol.

Similarly, the mPEO-b-Poly(BiBGE) (Mn(NMR) ¼ 12,300 g/
mol) was also synthesized by the same procedure from
mPEO-b-Poly(EEGE) (Mn(SEC) ¼ 9,000 g/mol, PDI ¼ 1.16,
Mn(NMR) ¼ 12,300 g/mol.), which was obtained by the
anionic ROP of EEGE. 1H-NMR (CDCl3) d (ppm) of mPEO-b-
Poly(BiBGE): 1.93 (AC(CH3)2Br), 3.38 (CH3OA), 3.49–3.79
(ACH2CH2OA and ACH2CH(CH2A)OA for PEO main chain),
4.19–4.35 (ACH2COOA), Mn(NMR) ¼ 12,300 g/mol.

Preparation of Comb-Like Block Copolymers mPEO-b-
[Poly(EO-co-Gly)-g-(Stx-b-PCL)] and mPEO-b-[Poly(Gly)-g-
(Stx-b-PCL)] by ATNRC Reaction
Using the comb-like block copolymer methoxyl poly(ethylene
oxide)-b-[poly(ethylene oxide-co-glycidyl)-g-(Styrenex-b-poly
(e-caprolactone))] (mPEO-b-[Poly(EO-co-Gly)-g-(Stx-b-PCL)])
as example. Typically, mPEO-b-Poly(EO-co-BiBGE) (0.50 g,
0.48 mmol of -Br groups), TEMPO-PCL (1.4880 g, 0.48
mmol), toluene (20 mL), St (0.22 mL, 1.92 mmol), Cu(0)
(0.0156 g, 0.24 mmol), CuBr (0.0686 g, 0.48 mmol), and
PMDETA (0.0892 mL, 0.48 mmol) were charged into a 50
mL ampoule, the reaction mixture was degassed with three
cycles of freeze-pump-thaw and then purged with N2, kept at
80 �C for 48 h. Afterward, the mixture was diluted with THF
and passed through an activated neutral alumina column to
remove the copper salts. After THF was removed by distilla-
tion under vacuum, the crude product was purified by frac-
tionated precipitation to remove the remaining TEMPEO-
PCL. The final mPEO-b-[Poly(EO-co-Gly)-g-(Stx-b-PCL)] was
collected and then dried in vacuum at 45 �C for 12 h till to a
constant weight. 1H-NMR (CDCl3, d) (ppm): 1.28–1.17 (CH3,
methyl protons of TEMPO), 1.42–1.33 (ACH2CH2CH2

CH2CH2OA), 1.72–1.56 (ACH2CH2CH2CH2CH2A), 2.35–2.24
(AC(O)CH2CH2A), 3.49–3.79 (ACH2CH2OA and ACH2CH
(CH2A)OA for PEO main chain), 4.12–4.02 (ACH2CH2

OC(O)A), 6.31–7.01 (AC6H5A). Mn(NMR) ¼ 47,300 g/mol,
Mn(SEC) ¼ 49,500 g/mol, PDI ¼ 1.19.

Similarly, the comb-like block copolymer methoxyl poly(eth-
ylene oxide)-b-[poly(glycidyl)-g-(Styrenex-b-poly (e-caprolac-
tone))] (mPEO-b-[Poly(Gly)-g-(Stx-b-PCL)]) was obtained by
ATNRC reaction between mPEO-b-Poly(BiBGE) (Mn(NMR) ¼
12,300 g/mol) and TEMPO-PCL in the presence of St monomers
using the same procedure. 1H-NMR (CDCl3, d) (ppm): 1.28–1.17
(CH3, methyl protons of TEMPO), 1.42–1.33 (ACH2CH2CH2

CH2CH2OA), 1.72–1.56 (ACH2CH2CH2CH2CH2A), 2.35–2.24
(AC(O)CH2CH2A), 3.49–3.79 (ACH2CH2OA and ACH2CH
(CH2A)OA for PEO main chain), 4.12–4.02 (ACH2CH2

OC(O)A), 6.31–7.01 (AC6H5A). Mn(NMR) ¼ 51,700 g/mol,
Mn(SEC) ¼ 48,700 g/mol, PDI ¼ 1.24.

The ATNRC without St monomer between mPEO-b-Poly(EO-
co-BiBGE), mPEO-b-Poly(BiBGE) and TEMPO-PCL were con-
ducted by the similar aforementioned procedure.

Model ATNRC Reaction Between mPEO-b-Poly(EO-co-
BiBGE) and 4-Hydroxyl-2,2,6,6-tetramethylpiperidinyl-1-
oxy (HTEMPO)
Typically, mPEO-b-Poly(EO-co-BiBGE) (0.80 g, 0.84 mmol of
-Br groups), HTEMPO (0.1445 g, 0.84 mmol), St (0.38 mL,
3.36 mmol), toluene (6.0 mL), Cu(0) (0.0273g, 0.42 mmol),
CuBr (0.1201 g, 0.84 mmol), and PMDETA (0.1563 mL, 0.84
mmol) were charged in a 50 mL ampoule. The reaction mix-
ture was degassed with three cycles of freeze-pump-thaw
and then purged with N2, kept at 80 �C for 48 h. Afterward,
the mixture was extracted with methylene dichloride to
remove the copper salt and concentrated, then precipitated
in ethyl ether and dried in vacuum at 45 �C for 12 h till to a
constant weight. 1H-NMR (CDCl3, d) (ppm): 1.62–1.17
(CH3A, ACH2A protons on TEMPO), 1.62–1.95 ppm
(ACH2ACH(C6H5)A) protons on Stx), 3.49–3.79 (ACH2

CH2OA and ACH2CH(CH2A)OA for PEO main chain), 4.12–
4.02(ACH2OC(O)A), 6.10 ppm and 5.57 ppm (AC(CH3)¼¼
CH2), 6.31–7.01 (AC6H5A).

The ATNRC without St monomer was performed by the simi-
lar aforementioned procedure, and 1H-NMR (CDCl3, d) (ppm)
for the obtained copolymer: 1.62–1.17 (CH3A, ACH2A pro-
tons on TEMPO), 3.49–3.79 (ACH2CH2OA and ACH2

CH(CH2A)OA for PEO main chain), 4.12–4.02(ACH2

OC(O)A), 6.10 ppm and 5.57 ppm (AC(CH3)¼¼CH2).

RESULTS AND DISCUSSION

Synthesis of Precursors mPEO-b-Poly(EO-co-BiBGE) and
mPEO-b-Poly(BiBGE)
In the investigation of the effect of Br connected groups struc-
ture and density on ATNRC reaction, two precursors with
AC(CH3)2Br groups were designed and synthesized. The block
copolymers mPEO-b-Poly(EO-co-EEGE) and mPEO-b-Poly
(EEGE) with different numbers of EEGE units were synthe-
sized by anionic ROP of EEGE or its copolymerization with EO
using mPEO and DPMK as coinitiator, then mPEO-b-Poly
(BiBGE) and mPEO-b-Poly(EO-co- BiBGE) were obtained,
respectively, by the hydrolysis of EEGE units of mPEO-b-Poly
(EEGE) and mPEO-b-Poly(EO-co-EEGE) to form mPEO-b-Poly
(Gly) and mPEO-b-Poly(EO-co-Gly), and subsequent esterifica-
tion of recovered AOH groups with 2-bromoisobutyryl
bromide. The whole process was illustrated in Scheme 2.

By analyzing the 1H-NMR spectrum of mPEO-b-Poly(EO-co-
BiBGE) [Fig. 1(A)], the transformation efficiency of Gly units
to BiBGE units was nearly 100% (See Supporting Informa-
tion), which confirmed the esterification was really complete.
The number ratio of EO units on mPEO segment, EO, and
BiBGE units (NBiBGE) on poly(EO-co-BiBGE) segment was
184:95:15, and the number ratio of EO on mPEO segment
and BiBGE units (NBiBGE) on poly(BiBGE) segment for block
copolymer mPEO-b-PBiBGE was 184:19 (See Supporting
Information).
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Synthesis of Comb-Like Block Copolymers mPEO-b-
[Poly(EO-co-Gly)-g-(Stx-b-PCL)] by ATNRC Reaction
In our previous work, it was found that the ATNRC reaction
efficiency between PS-Br and TEMPO-contained polymers
was higher than that of PtBA-Br. To further confirm and
explain this phenomenon, the preparation of comb-like block
copolymer mPEO-b-[Poly(EO-co-Gly)-g-(Stx-b-PCL)] was per-
formed by ATNRC reaction between mPEO-b-Poly(EO-co-
BiBGE) and TEMPO-PCL in the presence or absence of small
quantity of St monomers (4.0 equiv. of A(CH3)2Br groups),
respectively (Scheme 3).

In the absence of any St monomers, there was a little prod-
uct remained after the unreacted TEMPO-PCL was removed.
However, once small amount of St monomers were added,
the yield of graft copolymers was increased greatly as fol-
lowing described.

In the presence of St monomers, it was observed that the
peak attributed to comb-like block copolymers mPEO-b-[Poly
(EO-co-Gly)-g-(Stx-b-PCL)] (C) was shifted to the higher mo-
lecular weight compared with its precursors of TEMPO-PCL
and mPEO-b-Poly(EO-co-EEGE) from the SEC results (Fig. 2).
From the 1H-NMR spectrum [Fig. 1(C)], the resonance signal

at 3.49–3.79 ppm for methylene protons (ACH2CH2OA,
ACH2CH(CH2A)OA) on main chain, at 4.12–4.02 ppm for
methylene protons (ACH2CH2OC(O)A), and at 2.35–2.24
ppm for methylene protons (AC(O)CH2CH2A) on PCL seg-
ment were all observed. The signal for St units was also
detected at 6.31–7.01 ppm for aromatic protons (AC6H5A).
Using the following Formula 1, the efficiency of ATNRC
(E.F.(ATNRC–1)) was determined according to the already
known Mn(NMR) of TEMPO-PCL [Mn(NMR)(TEMPO-PCL), Fig. 1(B)]
and listed in Table 1:

E:F:ðATNRC�Þ ¼
Ae

.
MnðNMRÞðTEMPO�PCLÞ

115 � 2
� �

Ab=ðNEO � 4þ NBiBGE � 3Þ � NBiBGE � 100%

(1)

where Ab is the integral area at 3.49–3.79 ppm, Ae is the in-
tegral area at 4.12–4.02 ppm, and 115 is the molecular
weight of CL units. NEO and NBiBGE were the numbers of EO
and BiBGE units on PEO main chain, respectively.

The E.F.(ATNRC–1) of ATNRC was about 75.6% in the presence
of St monomers, which was corresponding to 11 chains of
TEMPO-PCL grafted on each main chain. The numbers of
inserted St monomers could be calculated by using the For-
mula 2:

NSt ¼ Am=5
Ab=ðNEO � 4þ NBiBGE � 3Þ � NBiBGE (2)

where Am is the integral area at 6.31–7.01 ppm, and others
were the same as defined before. The obtained Nst value is 1.8.

SCHEME 2 The synthesis of precursor mPEO-b-Poly(EO-co-BiBGE).

FIGURE 1 The 1H-NMR of precursors mPEO-b-Poly(EO-co-

BiBGE) (A), TEMPO-PCL (B), and mPEO-b-[Poly(EO-co-Gly)-g-

(Stx-b-PCL)] (C) copolymers.

SCHEME 3 The ATNRC reaction between mPEO-b-Poly(EO-co-

BiBGE) and TEMPO-PCL in the presence of St monomers.
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The molecular weight of graft copolymers mPEO-b-[Poly(EO-
co-Gly)-g-(Stx-b-PCL)] could be determined by using the For-
mula 3 and listed in Table 1:

MnðNMRÞðmPEO-b-½PolyðEO-co-GlyÞ-g-ðStx-b-PCLÞ�Þ
¼ E:F:ðATNRC-1Þ � NBiBGE �MnðNMRÞðTEMPO-PCLÞ

þMnðNMRÞðmPEO-b-PolyðEO-co-GlyÞÞ þ NBiBGE � NSt � 104 ð3Þ

where 104 is the molecular weight of St unit, and others
were the same as defined before.

However, in the absence of any St monomers, the comb-like
block copolymers were formed with a rather low E.F.(ATNRC–1)
of 20.3%, and there was about only three chains of TEMPO-
PCL was grafted.

Synthesis of Comb-Like Block Copolymers mPEO-b-
[Poly(Gly)-g-(Stx-b-PCL)] by ATNRC Reaction
In the copolymer mPEO-b-Poly(BiBGE), the density of
A(CH3)2Br groups was higher than that in mPEO-b-Poly
(EO-co-BiBGE). As it was well known, the coupling effi-
ciency between different polymers was dependent on the
density of functional groups on used polymers no matter
‘‘click’’ chemistry or ATNRC, the higher the density of func-
tional groups, the lower the coupling efficiency.28 In the ab-
sence of any St monomers, the graft copolymer was formed
between mPEO-b-Poly(BiBGE) and TEMPO-PCL with the low
E.F.(ATNRC–2) of 10.2% (which was also calculated using the
Formula 1 and listed in Table 1), and there was about only
2 chains of TEMPO-PCL grafted on the main chains. In the
presence of small amount of St monomers (4.0 e.q. of
A(CH3)2Br groups), the coupling reaction was preformed
smoothly with the E.F.(ATNRC–2) of 59.5%, which was about
corresponding to 11 chains of grafted TEMPO-PCL on main
chains, and the inserted number of St monomers (Nst ¼
2.4) could also be calculated according to the 1H-NMR
spectrum using the Formula 2. Similarly, the molecular
weight of graft copolymers mPEO-b-[Poly(Gly)-g-(Stx-b-PCL)]
could be determined by using the Formula 3 and listed in
Table 1.

Comparing with the E.F. of ATNRC reaction in these cases, it
was concluded that the main chain with higher density of
A(CH3)2Br groups really exerted some effect on ATNRC reac-
tion due to steric hindrance. However, obviously, the exis-
tence of small quantity of St monomers would largely
improve the ATNRC efficiency no matter the density of
A(CH3)2Br groups were dense or sparse.

Comparing with the CuAAC ‘‘click’’ chemistry between azide
and alkynene groups under the comparable conditions (refer
to the similar graft density and the molecular weight of side
chains),28 the obtained ATNRC E.F.s were all close to or
higher than that of the formers.

FIGURE 2 SEC curves of TEMPO-PCL (A, Mn(SEC) ¼ 5800 g/mol,

PDI ¼ 1.19), mPEO-b-Poly(EO-co-EEGE) (B, Mn(SEC) ¼ 10,500 g/

mol, PDI ¼ 1.15), and mPEO-b-[Poly(EO-co-Gly)-g-(Stx-b-PCL)]

(C, Mn(SEC) ¼ 47,300 g/mol, PDI ¼ 1.19).

TABLE 1 The Data for the Precursors and Comb-Like Block Copolymers

Sample

Mn(SEC)
a

(g/mol) PDIa
Mn(NMR)

b

(g/mol) NBiBGE
c E.F.d (%)

mPEO 7,800 1.10 8,100

TEMPO-PCL 5,800 1.19 3,100

mPEO-b-Poly(EO-co-EEGE) 10,500 1.15 14,300

mPEO-b-Poly(EO-co-BiBGE) 15,500 15

mPEO-b-[Poly(EO-co-Gly)-g-(Sx-b-PCL)] 47,300 1.19 49,500 75.6

mPEO-b-[Poly(EO-co-Gly)-g-PCL] 17,400 1.19 20,700 20.3

mPEO-b-Poly(EEGE) 9,000 1.16 10,800

mPEO-b-Poly(BiBGE) 12,300 19

mPEO-b-[Poly(Gly)-g-(Sx-b-PCL)] 48,700 1.24 51,700 59.5

mPEO-b-[Poly(Gly)-g-PCL] 18,200 1.27 21,000 10.2

a The number average molecular weight (Mn(SEC)) and PDI were deter-

mined by SEC, calibrated against PS standards using THF as elution.
b Mn(NMR) were determined by 1H NMR.

c NBr were the number of Br groups on precursors.
d E.F. were the coupling efficiency in ATNRC reaction.
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Model ATNRC Reaction Between mPEO-b-
Poly(EO-co-BiBGE) and HTEMPO
In the former two cases, the effect of small amount of St
monomers on ATNRC reaction was observed. However, the
question, that is, what is happened for A(CH3)2Br groups in
the presence of St monomers, was still unclear. Thus, a
model ATNRC reaction between mPEO-b-Poly(EO-co-BiBGE)
and HTEMPO with or without St monomers was designed
and completed, respectively, and the possible structure of
the formed copolymer was shown in Scheme 4.

Figure 3 showed the 1H-NMR spectrum of the formed
copolymers in the presence (B) and absence (A) of St mono-
mers. From Figure 3(A), the resonance signal at 1.95 ppm
assigned to the methyl group protons (AC(CH3)¼¼CH2,
AC(CH3)2), the signal at 4.05–4.40 ppm assigned to the
methylene protons (ACH2OCOA), the signal at 6.10 ppm
and 5.57 ppm assigned to the methylene protons
(AC(CH3)¼¼CH2), and the signal at 1.88–1.10 ppm assigned
to the protons on TEMPO groups were observed. In the pres-
ence of St monomers [Fig. (B)], the signal for aromatic pro-
tons (AC6H5A) at 6.31–7.01 ppm was observed, and the sig-
nals for double bond at 6.10 and 5.57 ppm in 1H-NMR
spectrum29 were also be detected. It was confirmed that the
disproportionation of the radicals generated from
AC(CH3)2Br in CuBr/PMDETA system could be happened in

both cases. Through the 1H-NMR spectra, the efficiency of
disproportionation (E.F.dis) and E.F.(ATNRC–3) were calculated
according to the Formula 4 and Formula 5, respectively, and
listed in Table 2:

E:F:dis ¼ Af=2

Aa=2
� 100% (4)

E:F:ðATNRC�3Þ ¼ ð1� E:F:disÞ � 100% (5)

where Aa is the integral area at 4.05–4.40 ppm, Af is the sum
integral area at 6.10 ppm and 5.57 ppm. The inserted num-
ber of St monomers could be calculated according to For-
mula 6 and listed in Table 2:

NSt ¼ Ak=5
Aa=2

(6)

where Ak is the integral area at 6.31–7.01 ppm, and others
were the same as defined before. The values of Nst were 0.9
and 1.0 for Entry B and Entry C, respectively.

By analyzing the data from Table 2, when the reaction was
conducted between the mPEO-b-Poly(EO-co-BiBGE) and
HTEMPO in the absence of St monomers, the disproportiona-
tion structure (1) composed the main product. When small
amount of St monomers were added, TEMPO terminated
structure (2) and (3) formed the main product.

According to the ATRP mechanism, the appropriate equilib-
rium constants (KATRP ¼ kact/kdeact) between the activation
process (generation of radicals, kact) and the deactivation
process (formation of alkyl halides, kdeact) would play an im-
portant role in good control over the polymerization. Usually,

SCHEME 4 The ATNRC reaction between mPEO-b-Poly(EO-co-BiBGE) and HTEMPO in the presence or absence of St monomers.

FIGURE 3 1H-NMR for the model ATNRC reaction between

mPEO-b-Poly(EO-co-BiBGE) and HTEMPO in the absence of St

([A(CH3)2Br]:[TEMPO]:[St] ¼ 1.0:1.0:0) (A) and in the presence

of St ([A(CH3)2Br]:[TEMPO]:[St] ¼ 1.0:1.0:4.0) (B).

TABLE 2 The Data for Model ATNRC Reaction

Entry

mPEO-b-Poly(EO-co-BiBGE) þ HTEMPO

[A(CH3)2Br]:

[TEMPO]:[St]

E.F.dis.

(%)a
E.F.(ATNRC–3)

(%)b Nst
c

A 1.0:1.0:0 67.8 32.2

B 1.0:1.0:4.0 7.8 92.2 0.9

C 1.0:1.0:10.0 6.2 93.8 1.0

a The E.F.dis. were calculated according to the 1H NMR spectra using

Formula 4.
b The E.F.(ATNRC–3) were calculated according to the 1H NMR spectra

using Formula 5.
c The Nst were calculated according to the 1H NMR spectra using For-

mula 6.

JOURNAL OF POLYMER SCIENCE: PART A: POLYMER CHEMISTRY DOI 10.1002/POLA

1638 INTERSCIENCE.WILEY.COM/JOURNAL/JPOLA



the solvents, ligand, structure of initiator, and the tempera-
ture would affect the kact and kdeact, and finally the KATRP.

30

Similarly, the structure of the Br connected groups such
as the isobutyl-bromide [AC(CH3)2Br, which used as the
model of poly(methyl acrylate)] and phenylethyl-bromide
[ACH(C6H5)ACH2Br, which act the model of polystyrene]
would also affect the ATNRC process. Tang and Matyjaszew-
ski have reported that the kact of AC(CH3)2Br was about 16
times higher than that of ACH(C6H5)ACH2Br under the
same conditions.31 It means that the higher activity for the
former structure would lead to the easier termination via
disproportionation during the ATRP,29 as well as in the
ATNRC procedure (Scheme 5).

Especially, in our ATNRC reaction, the TEMPO group was
connected at the end of PCL, the steric hindrance resulted
from the higher molecular weight of main chain or side
chains, and the denser grafting sites on main chain would
restrict the contact probability between TEMPO groups and
the generated radicals on main chain. In the absence of St
monomers, once the radical generated from AC(CH3)2Br, it
might not be trapped by TEMPO immediately through the
ATNRC (ktc), the radicals would prefer to terminate by dis-
proportionation (ktd) instead of forming the dormant radical.
However, in the presence of St monomers, if the radical gen-
erated from AC(CH3)2Br was not trapped by TEMPO, the
radicals could initiate the oligomerization (ki or/and ktd)) of
St monomers to form A[CH(C6H5)ACH2]xABr. Then, the rad-
icals formed by the latter could be captured by TEMPO in
the next cycle (ktc). Thus, the disproportionation was largely
prevented, and the E.F. of ATNRC was significantly increased.

Usually, the versatile AC(CH3)2Br groups could be intro-
duced into various copolymers by the easily esterification of
hydroxyl groups on (co)polymer chains. Thus, based the
above results, it may be useful to transform the higher active
AC(CH3)2Br on various polymer chains into the lower active

ACH(C6H5)ACH2Br by the addition of small amount of St
monomer, and the ATNRC reaction with higher efficiency
could be completed.

CONCLUSIONS

The effect of Br connected groups variation on ATNRC reac-
tion was investigated. It was found that when the A(CH3)2Br
was transformed to ACH(C6H5)ACH2Br, the ATNRC reaction
was carried out in high efficiency, and the transformation
could be easily completed by addition of small quantity of St
monomers.

We appreciate the financial support to this research by Natural
Science Foundation of Shanghai (No. 08ZR1400800) and the
Natural Science Foundation of China (No. 20874013).
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