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ABSTRACT: A new strategy for the one-pot preparation of ABA-

type block-graft copolymers via a combination of Cu-catalyzed

azide-alkyne cycloaddition (CuAAC) ‘‘click’’ chemistry with

atom transfer nitroxide radical coupling (ATNRC) reaction was

reported. First, sequential ring-opening polymerization of 4-gly-

cidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl (GTEMPO) and 1-

ethoxyethyl glycidyl ether provided a backbone with pendant

TEMPO and ethoxyethyl-protected hydroxyl groups, the

hydroxyl groups could be recovered by hydrolysis and then

esterified with 2-bromoisobutyryl bromide, the bromide groups

were converted into azide groups via treatment with NaN3.

Subsequently, bromine-containing poly(tert-butyl acrylate)

(PtBA-Br) was synthesized by atom transfer radical polymeriza-

tion. Alkyne-containing polystyrene (PS-alkyne) was prepared

by capping polystyryl-lithium with ethylene oxide and subse-

quent modification by propargyl bromide. Finally, the CuAAC

and ATNRC reaction proceeded simultaneously between back-

bone and PtBA-Br, PS-alkyne. The effects of catalyst systems on

one-pot reaction were discussed. The block-graft copolymers

and intermediates were characterized by size-exclusion chroma-

tography, 1H NMR, and FT-IR in detail. VC 2010 Wiley Periodicals,

Inc. J Polym Sci Part A: Polym Chem 48: 5430–5438, 2010

KEYWORDS: atom transfer radical polymerization; block copoly-

mers; graft copolymers; ‘‘click’’ chemistry; atom transfer nitro-

xide radical coupling

INTRODUCTION The copolymers with well-defined architec-
tures show some novel properties stemming from their
unique structures, such as block,1 star2 and graft.3 Nowa-
days, these copolymers have been attracting much interest,
because there has been wide application of well-defined
polymeric architectures in industry.4 Block-graft copolymer,
consisting of block and graft structures, is a new kind of co-
polymer because of their ability to arrange the different side
chains on backbone accurately, such as the hard graft chain
outside and soft chain inside.5 Up to now, few works have
reported ABA-type block-graft copolymers, because the syn-
thesis of these copolymers is still a challenge.5–7

Generally, there are three strategies for graft copolymer:
‘‘grafting from,’’8,9 ‘‘grafting through’’10,11 and ‘‘grafting
onto’’.12,13 The ‘‘grafting onto’’ strategy shows a promising
prospect because the backbone and side chains could be pre-
pared separately with controllable molecular parameters.
However, low grafting efficiency was usually a basic draw-
back, and looking for synthetic route with high efficiencies
and simplicity in practice was always an essential work.

Recently, one-pot methods have gained attention in polymer
science14–19 because of their simple operation procedure. Up
to now, several graft copolymers with different structures

have been prepared using a one-pot procedure. Wooley et al.
synthesized a core-shell brush by ring-opening metathesis
and reversible addition-fragmentation chain transfer copoly-
merization.15 Ochiai et al. reported the one-pot synthesis of
graft copolymer by a combination of free radical polymeriza-
tion and polyaddition.18 Wang et al. prepared amphiphilic
centipede-like brush copolymers by a one-pot synthesis
strategy combining ring-opening polymerization (ROP) and
‘‘click’’ reaction.19 However, the ‘‘grafting from’’ strategy was
usually adopted in these works, and the accurate control of
molecular weight and the chain structure in these cases is
still questionable. In this presentation, ‘‘grafting onto’’ strat-
egy is adopted by using two coupling reactions in one pot.16

Fortunately, Cu-catalyzed azide-alkyne cycloaddition (CuAAC)
‘‘Click’’ chemistry is researched intensively due to their
high specificity, quantitative yields and near-perfect fidelity
in the presence of most functional groups,20–24 which proved
to be a powerful tool for synthesis of graft copolymers.25–29

As a novel coupling reaction, atom transfer nitroxide radical
coupling (ATNRC) reaction between 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) and in situ generated radicals by
atom transfer radical polymerization30 (ATRP) had been
intensively investigated and developed.31 Percec reported
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single electron transfer living radical polymerization (SET-
LRP),32–44 which provides a new strategy to generate macro-
radicals. The macro-radicals generated by SET mechanism
are trapped by nitroxide radicals, and the coupling reaction
was termed as single electron transfer nitroxide radical cou-
pling (SETNRC) reaction.45–47 Using nitroxide radical cou-
pling (NRC) reaction, some block,45,48 star-shaped,46,47,49,50

and graft copolymers31,51 were constructed successfully. Our
previous works ever described the use of one-pot technique
combining CuAAC ‘‘Click’’ chemistry with ATNRC reaction to
prepare copolymers of the block48 and star50 structures in
high efficiency. Therefore, it is promising to apply them for
preparation of block-graft copolymer by one-pot.

In this work, the ABA-type block-graft copolymer was pre-
pared via the one-pot reaction by a combination of CuAAC
with ATNRC. The catalyst system of CuBr/Cu0/PMDETA was
used in the reaction, which is the better system compared
with the CuBr/PMDETA.

EXPERIMENTAL

Materials
2,2-dimethyl-1,3-propanediol (Acros Organics) was dried in
vacuo at 50 �C for 24 h. Ethylene oxide (EO; Sinopharm
Chemical Reagent) (SCR) was dried by CaH2 for 48 h and
distilled under N2 before use. Styrene (St; 99.5%) purchased
from SCR was washed with a 15% NaOH aqueous solution
and water successively, dried over anhydrous MgSO4, further
dried over CaH2, and then distilled under reduced pressure
twice before use. tert-Butyl acrylate (tBA; 99%; SCR), pro-
pargyl bromide (99%), N,N-dimethylformamide (DMF, 99%)
and dimethyl sulfoxide (DMSO; 98%) were dried over CaH2

and distilled under reduced pressure before use. CuBr
(95%) was stirred overnight in acetic acid, filtered, washed
with ethanol and diethyl ether successively, and dried in
vacuo. Copper powder (Cu0, 99%, Aldrich) N,N,N0,N00,N00-pen-
tamethyldiethylenetriamine (PMDETA, Aldrich), ethyl 2-bro-
moisobutyrate (EBiB, Aldrich) were used as received. And
other reagents were all purchased from SCR and purified by
standard methods.

Diphenylmethyl potassium (DPMK) solution was freshly pre-
pared according to the literature,52 the concentration was
0.75 mol/L. 4-Glycidyloxy-2,2,6,6-tetramethylpiperidine-1-
oxyl (GTEMPO) was synthesized according to our previous
work.53 and 1-ethoxyethyl glycidyl ether (EEGE) was synthe-
sized from glycidol (Gly) and ethyl vinyl ether according to
Fitton et al.54

Synthesis of the Poly(EO-co-EEGE)-b-Poly(EO-co-
GTEMPO)-b-Poly(EO-co-EEGE) Backbone with Pendant
TEMPO and Ethoxyethyl-Protected Hydroxyl Groups
The copolymer poly(EO-co-EEGE)-b-poly(EO-co-GTEMPO)-b-
poly(EO-co-EEGE) was prepared through sequential anionic
ROP. The typical procedure is described as follows: Into a
150-mL dried stainless steel kettle, the anhydrous 2,2-di-
methyl-1,3-propanediol (0.28 g, 2.69 mmol) dissolved in
mixed solvents of DMSO and tetrahydrofuran (THF) (v/v: 3/
2, 60 mL), a solution of DPMK in THF (3.59 mL, 2.69 mmol)

were slowly introduced. Then GTEMPO (3.68 g, 16.2 mmol)
and EO (8.2 mL, 162 mmol) were added, and the solution
was stirred at 55 �C for 48 h. After the kettle was cooled to
�20 �C, EEGE (3.4 mL, 24.2 mmol) and EO (12.3 mL, 242
mmol) were introduced into kettle under magnetic stirring,
and the solution was again maintained at 55 �C for another
48 h. The final polymer was purified by dissolution/precipi-
tation with methylene chloride/ petroleum ether (60–90 �C)
twice. The red viscous product poly(EO-co-EEGE)-b-poly(EO-
co-GTEMPO)-b-poly(EO-co-EEGE) was dried in vacuo at room
temperature (22.38 g, yield: 89.5%). 1H NMR (CD3OD), in
the presence of calculated amounts of HCOONH4 and Pd/C,
d ppm: 0.9 (s, 6H, AC(CH3)2A), 1.1–1.32 (complex, 18H,
CH3CH2OA, ACH(CH3)A of EEGE and ACH3 of GTEMPO),
1.43, 1.91 (complex, 4H, ACH2A of GTEMPO), 3.25 (s, 4H,
AC(CH3)2CH2OA), 3.5–3.8 (m, 17H, ACH2CH2OA of PEO,
ACHA, AOCH2CH(CH2)A of GTEMPO, and AOCH2CH(CH2)A,
CH3CH2OA of EEGE), 4.7 (AOCH(CH3)OAof EEGE), Mn,NMR:
9,900 g/mol. Size-exclusion chromatography (SEC), Mn:
9,800 g/mol, polydispersity index (PDI): 1.12.

Synthesis of Poly(EO-co-AiBGE)-b-Poly(EO-co-
GTEMPO)-b-Poly(EO-co-AiBGE) Backbone with
Pendant TEMPO and Azide Groups
Poly(EO-co-AiBGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-AiBGE)
was obtained by transforming the EEGE units (on poly(EO-
co-EEGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-EEGE)) into
glycidol (Gly) units by hydrolysis, then into2-bromoisobutyr-
yloxyglycidyl ether (BiBGE) by esterification and 2-azideiso-
butyryloxyglycidyl ether (AiBGE) by azidation, respectively.28

The typical preparation procedure for Poly(EO-co-Gly)-b-poly
(EO-co-GTEMPO)-b-poly(EO-co-Gly) (according to literature.28):
Poly(EO-co-EEGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-EEGE)
(Mn,NMR: 9800 g/mol, 5 g) was mixed with formic acid
(60 mL), the solution was stirred at room temperature for
30 min and then evaporated under reduced pressure vacuo
to remove formic acid. After the product was again dissolved
in a mixture of dioxane (45 mL) and methanol (25 mL), the
solution was alkalized with KOH aqueous solution (pH > 12)
and refluxed for 24 h, then neutralized with HCl aqueous
solution (1.0 mol/L). The red copolymer poly(EO-co-Gly)-b-
poly(EO-co-GTEMPO)-b-poly(EO-co-Gly) was obtained by sep-
aration of the formed salts and precipitation in cold petro-
leum ether (60–90 �C) twice and dried under vacuum at
40 �C till to a constant weight (4.6 g, yield: 92%). 1H NMR
(CD3OD), in the presence of calculated amounts of HCOONH4

and Pd/C, d ppm: 0.9 (s, 6H, -C(CH3)2-), 1.18, 1.43,
and 1.91 (complex, 16H, ACH2A, ACH3 of GTEMPO), 3.25 (s,
4H, AC(CH3)2CH2OA), 3.5–3.8 (m, 15H, ACH2CH2OA,
ACH2CH(CH2OH)OA of PEO, and ACHA, AOCH2CH(CH2)A
of GTEMPO). Mn,cal.: 9300 g/mol.

The typical preparation procedure for Poly(EO-co-BiBGE)-b-
poly(EO-co-GTEMPO)-b-poly(EO-co-BiBGE): dried poly(EO-co-
Gly)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-Gly) (Mn,cal: 9300
g/mol, 4 g, 4.4 mmol hydroxyl groups) was dissolved in an-
hydrous pyridine (100 mL), then 2-bromoisobutyryl bromide
(0.82 mL, 6.6 mmol) was added dropwise at 0 �C for 30 min
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under vigorous stirring, and the mixture was stirred at room
temperature for another 24 h. The crude product was con-
centrated and purified by dialysis against water to remove
salts, and the final product poly(EO-co-BiBGE)-b-poly(EO-co-
GTEMPO)-b-poly(EO-co-BiBGE) with red color was obtained
with the yield of 85%. 1H NMR (CD3OD), in the presence of
calculated amounts of HCOONH4 and Pd/C, d ppm: 0.9 (s,
6H, AC(CH3)2A), 1.18, 1.43, and 1.91 (complex, 16H,
ACH2A, ACH3 of GTEMPO), 1.94 (s, 6H, AC(CH3)2Br), 3.25
(s, 4H, AC(CH3)2CH2OA), 3.5–3.8 (m, 13H, ACH2CH2OA
ACH2CH(CH2A)OA of PEO, and ACHA, ACH2CH(CH2)OA of
GTEMPO), 4.13–4.42 (m, 2H, ACH2OCOC(CH3)2Br). Mn,cal.:
10,800 g/mol.

The typical preparation procedure for poly(EO-co-AiBGE)-b-
poly(EO-co-GTEMPO)-b-poly(EO-co-AiBGE) (according to the
literature28): Poly(EO-co-BiBGE)-b- poly(EO-co-GTEMPO) -b-
poly(EO-co-BiBGE) (1.5 g, 1.4 mmol bromide atoms) was dis-
solved in DMF (20 mL), then NaN3 (0.91 g, 14 mmol) was
added and stirred for 24 h at room temperature. The poly-
mer solution was passed through a short column of neutral
alumina to remove the formed salt. After removal of DMF
under reduced pressure, the copolymer poly[(EO-co-AiBGE)-
b-poly(EO-co-GTEMPO)-b-poly(EO-co-AiBGE) was recovered
by precipitation into petroleum ether, then stored at �20 �C
before use. Yield: 80%. Mn, cal.: 10,500 g/mol. FT-IR (cm�1):
1121 (ACAOACA), 1726 (ACOOA), 2108 (AN3).

Synthesis of Bromine-Containing Poly(tert-Butyl
Acrylate) (PtBA-Br)
To a 50-mL ampoule, EBiB (0.254 mL, 1.72 mmol), CuBr
(0.172 g, 1.2 mmol), PMDETA (0.25mL, 1.2 mmol), and tBA
(26 mL, 179 mmol) in acetone (26 mL) were charged, and
then the mixture was vacuumed by three freeze-pump-thaw
cycles and left under nitrogen. The ampoule was immersed
in oil bath at 60 �C for 4.5 h and stopped by dipping the am-
poule into liquid nitrogen. The reaction mixture was diluted
with THF and filtered through an activated neutral alumina
column to remove the copper salts. The polymer precipitated
in CH3OH/H2O (v/v ¼ 1/1) was collected and dried at 40 �C
in vacuum for 4 h. 1H NMR (CDCl3), d (ppm): 1.13 (s, 6H,
AC(CH3)2APtBA), 1.20–2.29 (m, 15H, CH3CH2OA, ACH2CHA,
and AC(CH3)3 of PtBA), 4.05–4.15 (m, 3H, CH3CH2OA and
ACHABr). MnNMR: 3100 g/mol, Conversion: 21.6%. SEC, Mn:
3,100 g/mol, PDI: 1.09. FT-IR (cm�1): 1726 (ACOOA).

Synthesis of Alkyne-Containing Polystyrene (PS-alkyne)
First, the poly(styryl)lithium (PS�Liþ) prepared using butyl
lithium as initiator for anionic polymerization of St was
capped by EO to form the functionalized PS with an active
hydroxyl group at x-end (PSAOH) according to literature.55

SEC, Mn: 1900 g/mol, PDI: 1.08.

Then, PS-alkyne was prepared by the nucleophilic substitu-
tion reaction between active hydroxyl group and propargyl
bromide: To a 250 mL dried ampoule, PSAOH (Mn,SEC: 1900
g/mol, 8 g, 4.21 mmol) and THF (60 mL) were added. Then
the system was bubbled with N2 and DPMK solution was
introduced until the solution was turned into reddish-brown.
After the ampoule was placed in ice bath, propargyl bromide

(1.87 mL, 2.5 g, 21 mmol) was added dropwise during 2 h,
and the reaction was continued for 24 h at room tempera-
ture. The PS-alkyne was obtained by separation of the
formed salts and precipitation in cold methanol twice, and
dried under vacuum at 40 �C for 12 h until constant weight
(7.76 g, yield :97.0%). 1H NMR (CDCl3) d (ppm): 0.80 (m,
3H, CH3CH2A), 1.26–2.1 (m, 3H, ACHCH2A of PS), 3.05–3.30
(m, 2H, ACH2CH2OA), 3.84–4.18 (m, 2H, AOCH2CBCH),
6.30–7.30 (m, 5H, C6H5A), MnNMR: 2,100 g/mol. SEC, Mn:
1,900 g/mol, PDI: 1.07. FT-IR (cm�1): 3300 (ACBCH).

One-Pot Synthesis of ABA-Type Block-Graft Copolymer
[Poly(EO-co-AiBGE)-g-PS]-b-[Poly(EO-co-GTEMPO)-g-
PtBA]-b-[Poly(EO-co-AiBGE)-g-PS] ((PEO-g-PS)-b-
(PEO-g-PtBA)-b-(PEO-g-PS))
Typically, the reaction in the presence of CuBr/Cu0/PMDETA
was carried out using the following procedure: Into a 50-mL
ampoule, poly(EO-co-AiBGE)-b-poly(EO-co-GTEMPO)-b-poly
(EO-co-AiBGE) (Mn cal: 10,500 g/mol, 0.1 g, 9.5 � 10�3

mmol), PtBA-Br (MnNMR: 3100 g/mol, 0.227 g, 0.073 mmol,
[TEMPO]:[Br] ¼ 1:1.2), PS-alkyne (MnNMR: 2100 g/mol.,
0.242 g, 0.115 mmol, [azide]:[alkyne] ¼ 1:1.2), CuBr (0.112
g, 0.786 mmol), Cu0 (0.05 g, 0.786 mmol), PMDETA (0.164
mL, 0.786 mmol), and DMF (6 mL) were charged. The reac-
tion mixture was then vacuumed by three freeze-pump-thaw
cycles and purged with N2, heated to 90 �C for 24 h and
then immersed in liquid nitrogen. After evaporation of DMF,
the reaction mixture was diluted with THF and passed
through an activated neutral alumina column to remove the
copper salts. The crude product was dissolved in cyclo-
hexane, then petroleum ether was added slowly to the solu-
tion under continuous agitation at room temperature until
the polymer precipitate instantaneously. The backbone of
graft copolymer [Poly(EO-co-AiBGE)-g-PS]-b-[poly(EO-co-
GTEMPO)-g-PtBA]-b-[poly(EO-co-AiBGE)-g-PS] showed the
same structure as PEO, so it is named as (PEO-g-PS)-b-(PEO-
g-PtBA)-b-(PEO-g-PS) briefly. The latter was collected by cen-
trifugation and dried in vacuo. 1H NMR (CDCl3), d (ppm):
0.7–1.18 (m, 24H, CH3CH2A of PS, CH3CH2OCOC(CH3)2A of
PtBA, ACH3 of GTEMPO), 1.2–2.1 (m, 14H, ACH2CHA of PS,
ACH2CHA and AC(CH3)3 of PtBA), 2.2 (s, 1H, ACH2ACHA
of PtBA), 3.0–3.23 (m, 2H, AOCH2CH2APS), 3.5–3.8 (m, 13H,
ACH2CH2OA, ACH2CH(CH2A)OA of PEO, and ACHA,
AOCH2CH(CH2)A of GTEMPO), 4.05–4.15 (s, 2H, CH3CH2OA
of PtBA), 4.2–4.45 (m, 2H, ACH2OCOC(CH3)2-triazole ring),
4.55–4.7 (s, 2H, AOCH2-(4-triazole), 6.3–7.3 (m, 5H, C6H5- of
PS), 7.7 (s, 1H, ACHA of triazole ring). SEC, Mn: 19,800 g/
mol, PDI: 1.13. FT-IR(cm�1): 1146 (ACAOACA), 1454, 1494,
1601 (aromatic, ACACA) and 1726 (ACOOA) 3027 (aro-
matic, ACAH).

By varying molecular weight (Mn) of side chains and catalyst
systems(CuBr/Cu0/PMDETA, CuBr/PMDETA), a series of
block-graft copolymers were prepared.

Characterizations
SEC was performed in THF at 35 �C with an elution rate of
1.0 mL/min on an Agilent1100 with a G1310A pump, a
G1362A refractive index detector and a G1314A variable
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wavelength detector. One 5 lm LP gel column (500 Å, molec-
ular range 500–2 � 104 g/mol) and two 5 lm LP gel mixed
bed column (molecular range 200–3 � 106 g/mol) were cali-
brated by PS standard samples. The injection volume was 20
lL, and the concentration was 5 mg/mL. 1H NMR spectra
were recorded at room temperature by a Bruker (500 MHz)
spectrometer using tetramethylsilane as the internal stand-
ard and deuterated chloroform (CDCl3) as the solvent, except
for the GTEMPO-containing copolymers; which were deter-
mined in deuterated methanol (CD3OD) with stoichiometric
ammonium formate (HCOONH4) and the catalyst palladium
on carbon (Pd/C). Fourier transform infrared (FT-IR) spectra
were recorded on a Magna-550 FT-IR spectrometer (NaCl
tablet).

RESULTS AND DISCUSSIONS

Preparation and Characterization of Poly(EO-co-AiBGE)-
b-Poly(EO-co-GTEMPO)-b-Poly(EO-co-AiBGE) Backbone
with Pendant TEMPO and Azide Groups
The procedure for synthesis of PEO backbone was described
in Scheme 1. The backbone poly(EO-co-EEGE)-b-poly(EO-co-
GTEMPO)-b-poly(EO-co- EEGE) was successfully prepared
through the sequential anionic copolymerization of EO and
GTEMPO, EO, and EEGE using DPMK and 2,2-dimethyl-1,3-
propanediol as coinitiator, and a mixture of DMSO and THF
(v/v: 3/2) as solvent. The SEC curve C of poly[(EO-co-
EEGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-EEGE) in Figure
1 showed a monomodal peak with PDI of <1.12.

Because of the paramagnetism of the pendant TEMPO radi-
cals, the 1H NMR was carried out in deuterated methanol in

the presence of stoichiometric HCOONH4 and catalytic Pd/C
for the reduction of the TEMPO radicals to correspond-
ing oximes. The structure of copolymer poly(EO-co-EEGE)-b-
poly(EO-co-GTEMPO)-b- poly(EO-co-EEGE) was confirmed by
1H NMR spectrum (Fig. 2). Clearly, the EEGE in the copoly-
mer can be confirmed by the signal at 4.7 ppm
(AOCH(CH3)OA), and the signals at 1.18, 1.43, and 1.91
ppm (ACH2A, ACH3 of GTEMPO) showed the extisence of
GTEMPO. The methyl protons (AC(CH3)2A) of 2,2-dimethyl-
1,3-propanediol were detected at 0.9 ppm. Therefore, the num-
ber of EEGE (NEEGE: 8.2), GTEMPO (NGTEMPO: 6.4) and EO

SCHEME 1 Schematic synthesis route of the backbone Poly(EO-co-AiBGE)-b-Poly(EO-co-GTEMPO)-b-Poly(EO-co-AiBGE).

FIGURE 1 SEC traces of (A) PS-alkyne, (B) PtBA-Br, (C) Back-

bone poly(EO-co-EEGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-

EEGE), and (D) Graft copolymer (PEO-g-PS)-b-(PEO-g-PtBA)-b-

(PEO-g-PS).
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(NEO: 161.5) in poly(EO-co-EEGE)-b-poly(EO-co-GTEMPO)-b-
poly(EO-co-EEGE) can be calculated using the following eqs
1–3, respectively.

NEEGE ¼ 6Aj

Aa
(1)

NGTEMPO ¼ 6ðAfþgþi � 6AjÞ
12Aa

(2)

NEO ¼ 6ðAbþcþc0þdþh � 7NEEGE � 6NGTEMPOÞ
4Aa

(3)

where Aa, Afþgþi, Aj, Abþcþc0þdþh were the integral areas of
corresponding protons at 0.9 ppm, 1.1–1.32 ppm, 3.5–3.8
ppm, 4.7 ppm in 1H NMR (Fig. 2). The molecular weight of
poly(EO-co-EEGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-EEGE)
(MnNMR: 9,900 g/mol) could also be calculated by eq 4:

MnNMR ¼ 104þ 44� NEO þ 146� NEEGE þ 228� NGTEMPO

(4)

where the values of 104, 44, 146, and 228 were the molecu-
lar weight of 2,2-dimethyl-1,3-propanediol, EO, EEGE and
GTEMPO, respectively.

The EEGE units on poly(EO-co-EEGE)-b-poly(EO-co-
GTEMPO)-b-poly(EO-co-EEGE) were hydrolyzed and turned
into glycidol units. The complete removal of the 1-eth-
oxyethyl groups was confirmed by completely disappearance
of the signal assigned to the 1-ethoxyethyl group
(AOCH(CH3)OA) of EEGE at 4.70 ppm. The formed poly
[(EO-co-Gly)-b-(EO-co-GTEMPO)-b-(EO-co-Gly)] was then
esterified by the reaction of recovered hydroxyl groups on

glycidol units with 2-bromoisobutyryl bromide, and the
esterification efficiency (E.F.esterification: 98.8%) of the copoly-
mer poly(EO-co-BiBGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-
BiBGE), could be calculated by eq 5:

E:F:ðesterificationÞ ¼
Ac0
2

Aa
6 ðNEEGE þ 2Þ � 100% (5)

where Aa and Ac0 were the integral areas of corresponding
protons at 0.9 ppm (glycidol C(CH3)2glycidol), 4.13–4.42
ppm (ACH2OCOC(CH3)2Br), respectively. And the others
were the same as defined before.

Finally, the pendant bromide atoms of poly(EO-co-BiBGE)-b-
poly(EO-co-GTEMPO)-b-poly(EO-co-BiBGE) were easily and
completely transformed to azides by a nucleophilic substitu-
tion reaction with NaN3 in DMF at room temperature.28,50

Then the copolymer poly(EO-co-AiBGE)-b-poly(EO-co-
GTEMPO)-b-poly(EO-co-AiBGE) with multiple TEMPO and
azide groups was obtained. FT-IR spectrum of poly(EO-co-
AiBGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-AiBGE) was
shown in Figure 3. The characteristic bands of azide at 2108
cm�1 could be easily observed, which confirmed the success-
ful of azidation.

Preparation and Characterization of
PtBA-Br and PS-Alkyne
The precursor PtBA-Br was synthesized by typical ATRP
using EBiB as initiator and CuBr/PMDETA as catalyst
(Scheme 2). By controlling the conversion (under 30%), the
PtBA with high bromination degree at chain end could be
obtained,56 and two PtBA-Br samples with different Mn were
obtained by stopping the reaction at different times (Table
1). Two characteristic peaks could be observed in 1H NMR
spectrum of PtBA-Br (Fig. 4): the resonance signal for

FIGURE 2 1H NMR spectra of (A) poly(EO-co-EEGE)-b-poly(EO-

co-GTEMPO)-b-poly(EO-co-EEGE), and (B) poly(EO-co-BiBGE)-

b-poly(EO-co-GTEMPO)-b-poly(EO-co-BiBGE)] in the presence

of Pd/C and HCOONH4, (solvent: CD3OD).

FIGURE 3 FT-IR spectra of (A) PtBA-Br, (B) PS-alkyne, (C) back-

bone poly(EO-co-AiBGE)-b-poly(EO-co-GTEMPO)-b-poly(EO-co-

AiBGE), and (D) graft copolymer (PEO-g-PS)-b-(PEO-g-PtBA)-b-

(PEO-g-PS).
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methine protons of PtBA-Br occurs at 2.2 ppm, the methine
resonance for ACHABr functional group and the methylene
resonances for the CH3CH2OA group from EBiB were
observed at 4.05–4.15 ppm. Thus, the average degree of poly-
merization (DP) of PtBA-Br was derived from the integrated
area ratio of peaks at 4.05–4.15 ppm and 2.2 ppm (Table 1).

The preparation of PS-alkyne was illustrated in Scheme 2.
First, the poly(styryl)lithium (PS�Liþ) was capped by EO to
form the functionalized polymer PSAOH, which had an active
hydroxyl group at x-end. Subsequently, the propargyl group
was introduced to x-end of PSAOH by the nucleophilic sub-
stitution reaction between active hydroxyl group and propar-
gyl bromide at 0 �C. From 1H NMR spectrum (Fig. 4), a new
peak at 3.84–4.18 ppm was observed after the hydroxyl
group was transformed into alkyne group, which was an in-
dicative of the formation of PS-alkyne by the functionaliza-
tion of PS-OH with propargyl bromide. The functionality effi-
ciency and the average DP of PS-alkyne can be calculated
based on 1H NMR data, respectively (Table 1).

Monomodal curves for PtAB-Br and PS-alkyne with low PDIs
were illustrated in Figure 1, which also confirmed the suc-
cessful synthesis of precursors (Table 1).

Preparation and Characterization of Block-Graft
Copolymers (PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-g-PS)
by One-Pot Method
The block-graft copolymer was prepared by mixing PS-
alkyne, PtBA-Br and backbone poly(EO-co-AiBGE)-b-poly(EO-
co-GTEMPO)-b-poly(EO-co-AiBGE) with the definite ratio in
an ampoule by one pot (Scheme 2), the effects of molecular
weight of precursors and catalyst systems on copolymers
were discussed (Table 2).

In this system, alkyne group at PS end would couple with az-
ide on backbone to form triazole ring,21 whereas the macro-
radicals generated at PtBA-Br end were trapped by the sta-
ble nitroxide radicals of TEMPO on backbone to form alkoxy-
amines,31 thus the block-graft copolymer was prepared. The
crude product could be purified by dissolution/precipitation
with cyclohexane/petroleum ether to remove unreacted
PtBA-Br and PS-alkyne. Figure 1 showed the SEC curve of
block-graft copolymer (PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-g-
PS) (sample G4 in Table 2) after purification, which showed
a Gaussian distribution with narrow PDI and meant that the
excess PS and PtBA precursor were completely removed.

SCHEME 2 The synthesis of pre-

cursors PtBA-Br and PS-alkyne.

TABLE 1 The Data for Precursors PtBA-Br and PS-Alkyne

Sample

Mn, SEC
a

(g/mol) PDIa
Mn, NMR

b

(g/mol) DPc

E.F.

(%)d

PtBA1 1700 1.10 1700 11.8

PtBA2 3100 1.09 3100 22.5

PS1 1900 1.07 2100 18.6 98.8

PS2 4300 1.03 4300 40 99.1

a Measured by SEC in THF with linear PS as standard.
b Calculated from 1H NMR data. The formulas displayed as follow:

Mn;NMRðPtBAÞ ¼ 128� DP þ 195, Mn;NMRðPSÞ ¼ 104 � DP þ 140, where DP

represent the average degree of polymerization of PtBA-Br or PS-alkyne.
c DP is Average degree of polymerization of St or tBA, calculated from

the 1H NMR data. The formulas displayed as follow: DPtBA ¼ 3Ab

Aa;c
,

DPst ¼ 2Af

5Ad
, where Aa,c, Ab, Ad, and Af represent the integral areas of cor-

responding protons in 1H NMR (Fig. 4).
d E.F. is the efficiency of functionalization of PS end groups, calculated

from 1H NMR data on the formula: E:F :proparg yl ¼ Ae

Ad
, where Ad and

Ae represent the integral areas of corresponding protons in 1H NMR.

(Fig. 4).

FIGURE 4 1H NMR spectra of (A) PtBA-Br, (B) PS-alkyne, and

(C) (PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-g-PS) (solvent: CDCl3).
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The 1H NMR spectrum of graft copolymer (PEO-g-PS)-b-
(PEO-g-PtBA)-b-(PEO-g-PS) was depicted in Figure 4, in
which three main regions can be observed. The typical
methine group protons (ACH2CHA) of PtBA at 2.2 ppm, the
phenyl group (C6H5A) of PS at 6.30–7.30 ppm and the meth-
ylene/methine protons of backbone at 3.5–3.8 ppm were
detected respectively, and these results confirmed the cou-
pling reaction was proceeded successfully. The structure of
(PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-g-PS) was also supported
by FT-IR spectra (Fig. 3). Compared with the FT-IR spectra of
backbone(C), precursor PtBA-Br (A) and PS-alkyne (B), for
(PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-g-PS) (D), the character-
istic signal of azide at 2108 cm�1 disappeared, the signals of
PS at 1454, 1494, 1601, and 3027 cm�1 appeared and the
intensity of signal from PtBA segments C¼¼O stretching at
1726 cm�1 increased.

The efficiency of CuAAC ‘‘Click’’ chemistry (E.F.CuAAC) in the
synthesis of block-graft copolymer could be calculated
according to the integrated area of resonance signal for PS
segment to PEO segment in 1H NMR, and the efficiency of

ATNRC reaction (E.F.ATNRC) was calculated according to that
of PtBA segment to PEO segment using the corresponding
eqs 6 and 7, respectively:.

E:F:CuAAC ¼
Af

DPst � 5� 10:1
Ahþiþj

709

� 100% (6)

E:F:ðATNRCÞ ¼
Ab

DPtBA � 1� 6:4
Ahþiþj

709

� 100% (7)

where, DPSt, DPtBA, were the average DP of St, tBA. The val-
ues of 10.1 and 6.4 were numbers of azide and TEMPO
groups on backbone, respectively. The value of 709 was the
number of protons at 3.5–3.8 ppm on each backbone. Ab,
Ahþiþj, and Af, were the integral areas of corresponding pro-
tons resonance signal at 2.2 ppm, 3.5–3.8 ppm, and 6.3–7.3
ppm in 1H NMR (Fig. 4). All the data of block-graft copoly-
mers were summarized in Table 2.

SCHEME 3 The synthesis of

ABA-type block-graft copolymers

(PEO-g-PS)-b-(PEO-g-PtBA)-b-(PEO-

g-PS) by one-pot Method.

TABLE 2 The Data for One-Pot Preparation of ABA-Type Block-Graft Copolymera

Sample

Side Chain

Composition

Catalyst

System

Mn
b

(g/mol) PDIb

E.F. (%)c

CuAAC ATNRC

G1 PS1/PtBA1 CuBr/PMDETA 17,900 1.13 84.8 82.8

G2 PS1/PtBA1 CuBr/Cu0/PMDETA 17,500 1.13 77.1 89.8

G3 PS1/PtBA2 CuBr/PMDETA 20,300 1.12 86.9 58.8

G4 PS1/PtBA2 CuBr/Cu0/PMDETA 19,800 1.13 74.6 73.2

G5 PS2/PtBA2 CuBr/Cu0/PMDETA 25,700 1.09 78.0 62.6

a Experimental conditions: [TEMPO]:[Br]¼1:1.2, [azide]:[alkyne]¼1:1.2, [TEMPO]:[ azide]:[CuBr]::[PMDETA]

¼64:101:825:825. [CuBr]:[Cu0]¼1:1, when Cu0 was applied.
b Measured by SEC in THF with linear PS as standard.
c E.F. is the coupling efficiency of CuAAC or ATNRC, Calculated from 1H NMR data in eq 6 and 7 in text,

respectively.
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A series of side chains with different chain lengths were
used to evaluate the relationship between the molecular
weight and the coupling efficiency. When molecular weight
of PtBA-Br decreased, the efficiency of ATNRC increased to
89.8%, but the molecular weight of PS-alkyne did not exert
effect on the efficiency of CuAAC in our experiment condi-
tions. However, it was found that the efficiency of ATNRC
would reduce somewhat with the molecular weight increase
of PS-alkyne, the cause may be that: once some PS side
chains were grafted on backbone outside, there would be a
certain steric hindrance exerted on grafting of the PtBA side
chains onto the middle part of backbone.

Effect of Catalyst Systems on Efficiencies
of ATNRC
Comparing G1 with G2, and G3 with G4 in Table 2, respec-
tively, the efficiencies of ATNRC under CuBr/Cu0/PMDETA
were higher than that under CuBr/PMDETA, which meant
that the concentration of PtBA macroradicals in the presence
of CuBr/ Cu0/PMDETA were much higher than that in the
presence of CuBr/PMDETA under the same conditions, and
the CuBr/Cu0/PMDETA system is a better choice for ATNRC
than the CuBr/PMDETA system. In ATNRC reaction, the gen-
eration of macro-radicals was a key step. When CuBr/
PMDETA system was used, CuBr participating in ATNRC
reaction could not be regenerated as that in ATRP, but was
consumed with reaction going. Thus the concentration of the
macroradicals was dropped down with the consumption of
CuBr and Cu(II) was accumulated.31 However, when the
Cu(0) was added to the catalyst system, the efficiency of
NRC was raised. In the presence of CuBr/Cu0/PMDETA sys-
tem, ATNRC and SETNRC may occur simultaneously. SETNRC
may work to produce the macroradicals in the presence of
Cu(0)/PMDETA, and Cu(II) formed by ATNRC would react
with Cu(0) to disproportionate to Cu(I), so the ATNRC could
be carried out continuously. It may be the cause for the
increase of coupling efficiency in CuBr/Cu0/PMDETA system,
but we don’t know which mechanism would play the main
role. The relative research is undergoing.

CONCLUSIONS

In summary, a new strategy for one-pot synthesis of ABA-
type block-graft copolymer via a combination of CuAAC
‘‘Click’’ chemistry with ATNRC reaction was presented. The
Cu(0) added in the one-pot reaction showed a positive influ-
ence on the NRC reaction. The one-pot reaction in the pres-
ence of CuBr/Cu0/PMDETA could be conducted with high ef-
ficiency, so this synthesis route is a versatile and simple
strategy for preparation of copolymer with well-defined
architecture.

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