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Copper-mediated atom transfer radical polymerization (ATRP) is versatile for living
polymerizations of a wide range of monomers, but ATRP of vinyl acetate (VAc)
remains challenging due to the low homolytic cleavage activity of the carbon-halide
bond of the dormant poly(vinyl acetate) (PVAc) chains and the high reactivity of grow-
ing PVAc radicals. Therefore, all the reported highly active copper-based catalysts are
inactive in ATRP of VAc. Herein, we report the first copper-catalyst mediated ATRP of
VAc using CuBr/2,20:60,200-terpyridine (tPy) or CuCl/tPy as catalysts. The polymeriza-
tion was a first order reaction with respect to the monomer concentration. The molecu-
lar weights of the resulting PVAc linearly increased with the VAc conversion. The liv-
ing character was further proven by self-chain extension of PVAc. Using polystyrene
(PS) as a macroinitiator, a well-defined diblock copolymer PS-b-PVAc was prepared.
Hydrolysis of the PS-b-PVAc produced a PS-b-poly(vinyl alcohol) amphiphilic diblock
copolymer. � 2009 American Institute of Chemical Engineers AIChE J, 55: 737–746, 2009
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Introduction

Vinyl acetate (VAc) is an important monomer because
poly(vinyl acetate) (PVAc) and its hydrolyzed product,
poly(vinyl alcohol) (PVA), have numerous applications in
coating, fiber, textile, adhesive, pharmaceutical and photo-
graphic industries. VAc can only undergo radical polymeriza-
tion. Therefore, great efforts have been made to explore the
living radical polymerization of VAc for making PVAc and
PVA with controlled molecular weights and structures. Maty-
jaszewski and coworker 1first reported the controlled radical
polymerization of VAc initiated by Al(iBu)3/TEMPO
(TEMPO 5 2,2,6,6-tetramethyl-1-piperidinyloxy), but this
system was found to be complicated and difficult to repro-
duce.2 Later, this group synthesized PVAc with predictable

molecular weight by radical telomerization using CCl4 as an
initiator in the presence of Fe(OAc)2/ N,N,N0,N00,N00-pentame-
thyldiethylenetriamine.3 Controlled/living polymerizations of
VAc via RAFT process,4–6 xanthate-mediated polymeriza-
tion,7–10 and degenerative iodine transfer11–13 were then
reported. Recently, cobalt-complexes,14–21 organotellium22

and organostibine23,24 were found effective in the controlled/
living radical polymerization of VAc.

Atom transfer radical polymerization (ATRP), a transition
metal-mediated living radical polymerization, is very versa-
tile for many vinyl monomers including (meth)acrylates, styr-
enic monomers, and acrylamides.25,26 However, ATRP of
VAc is still not very successful. The carbon-halogen bonds
(C-Br or C-Cl) of the dormant PVAc chains are too strong to
be homolytically activated by the reported ATRP cata-
lysts,27,28 resulting in an extremely low activation constant
kact and therefore a very low ATRP equilibrium constant Keq

(5kact/kdeact) in VAc polymerization, as illustrated in
Scheme 1 and Eq. 1.25,26 Thus, even the highly active
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ATRP catalyst, CuBr/tris[2-(dimethylamino)ethyl]amine
(Me6TREN),29 is too ‘‘mild’’ for VAc polymerization. In
addition, the VAc propagating radical is not stabilized and
thus is highly reactive and prone to chain transfer and termi-
nation reactions. Therefore, ATRP of VAc has been consid-
ered highly challenging. There is only one report of possible
ATRP of VAc, in which dicarbonylcyclopentadienyliron
dimer [Fe(Cp)(CO)2)]2 was used as catalyst in the presence
of Al(O-i-Pr)3 or Ti(O-i-Pr)4 as additives with an iodide
compound as initiator.30 However, the iodine-degenerative
transfer process could not be excluded during the polymeriza-
tion because alkyl-iodides alone could mediate degenerative
transfer polymerization of VAc.11–13 The metal alkoxides
played an important role in this polymerization. No polymeriza-
tion occurred or the polymerization was extremely slow without
this additive. Thus, the underlying mechanism of this system
was still unclear.30 All the attempts in ATRP of VAc using
copper-based ATRP catalysts failed.

Rp ¼ �dM

dt
¼ kpkact½RX�½M�½CuX�

kdeact½CuX2�

PDI ¼Mw

Mn

¼ 1 þ kp½RX�
kdeact½CuX2�

� �
2

p
� 1

� � (1)

During our study on highly active catalysts, we found that
copper halide/2,20:60,200-terpyridine (CuBr/tPy or CuCl/tPy)
could catalyze a very fast polymerization of acrylates even at
room temperature. Further tests showed that the catalysts
could catalyze a living radical polymerization of VAc.
Herein, we report the first copper-mediated ATRP of VAc
using CuBr/tPy or CuCl/tPy as catalyst and ethyl 2-bromoi-
sobutyrate (EBiB) as an initiator. CuBr/tPy and CuCl/tPy cat-
alyzed a living polymerization of VAc and block copolymer-
ization using a polystyrene (PS) macroinitiator. Hydrolysis of
the PS-b-PVAc produces the corresponding PS-b-PVA
amphiphilic diblock copolymer. This amphiphilic copolymer
formed micelles in water and had a lower critical solution
temperature (LCST) phase behavior in mixed THF/water
solution.

Experimental Section

Materials

1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA,
98%), methyl a-bromophenylacetate (MBPA), methyl 2-bro-
mopropionate (MBP, 96%), ethyl 2-bromoisobutyrate (EBiB,
98%), 2,20:400,600-terpyridine (tPy, 98%), 1,4,8,11,-tetraazacy-
clotetradecane (CYCLAM, 98%) were purchased from
Aldrich and used as received. Styrene (St, 99%, Aldrich) and

vinyl acetate (VAc, 99%, Aldrich) were washed with 5 wt%
NaOH aqueous solution and vacuum distilled over CaH2

twice. Copper (I) bromide (CuBr, 99%, Aldrich) and copper
(I) chloride (CuCl, 99%, Aldrich) were purified according to
literature.31 Ligands tris[2-(dimethylamino)ethyl]amine
(Me6TREN), tris[(2-pyridyl)-methyl]-amine (TPMA), N,N0,
N00,N000-tetra[(methoxycarbonyl)ethyl]-1,4,8,11-tetraazacyclo-
tetradecane (Meco4CYCLAM), and N,N,N0,N0-tetra[(2-pyri-
dal)methyl]-ethylenediamine (TPEN) were prepared accord-
ing to the reported methods.32–34

Characterization

Monomer conversions were determined by 1H NMR spec-
tra. Both 1H NMR and inverse-gated-decoupling 13C NMR
of PVAc spectra were recorded on a Bruker Advance DRX-
400 spectrometer. Pulse program zgig30 (D1 5 30 s) was
used to perform 13C NMR measurements. Deuterated dime-
thylsulfoxide (DMSO-d6) and chloroform (CDCl3) were dried
over molecular sieve overnight before use. Chemical shifts d
were given in ppm referenced to the internal standard tetra-
methylsilane (TMS, d 5 0 ppm). The molecular weights of
polymers were determined by a Waters gel permeation chro-
matography (GPC) equipped with two 300 mm Waters sol-
vent-saving Styrgel columns (molecular weight ranges: 5 3

102–3 3 104, 5 3 103–6 3 105) and a Waters 2414 refrac-
tive index detector. The eluent was THF at a flow rate of 0.3
mL/min and the column temperature was 308C. A series of
polystyrene standards with molecular weights ranging from
1450 to 450,000 were used to generate the universal calibra-
tion curve of PVAc. Dynamic laser light scattering study was
carried out on a Malvern Nano ZS (scattering angle 1738) to
measure the hydrodynamic radius of the PS-b-PVA micelles
in aqueous solution at 258C. The equipment is quipped with
a 40 mW He-Ne laser operating at 633 nm and calibrated
with 60 nm latex standard. The cloud points of the PS-b-
PVA block polymer in THF/water mixture were determined
by monitoring the optical density at 500 nm of stirred poly-
mer solutions with increasing temperature using an Agilent
8453 UV-Vis Spectrophotometer. Infrared spectra (IR) were
recorded on a Perkin Elmer Spectrum 2000 FTIR spectrome-
ter (NaCl) with a scanning range from 600 cm21 to 3800
cm21. Thermo gravimetric analysis (TGA) was carried out
with a Perkin Elmer TGA 7 thermogravimetric analyzer
under nitrogen flow (30 mL/min) at a heating rate of 208C/
min from 508C to 5008C. Differential scanning calorimetry
(DSC) was performed under a nitrogen flow (40 mL/min) at
a heating rate of 208C/min with a DSC QP10 from TA
Instruments.

ATRP of vinyl acetate

A typical polymerization procedure of VAc is as follows.
CuBr (28.7 mg, 0.20 mmol), tPy (46.5 mg, 0.20 mmol) and
a stirring bar were charged into a Schlenk flask and the flask
was tightly sealed with a rubber septum. Oxygen was
removed from the flask by applying high vacuum and back-
filling with argon (5 cycles). VAc (2.8 mL, 30.0 mmol)
purged with argon for 30 min was then added using a gas-
tight syringe under protection of argon. After the reaction
flask was equilibrated to 708C in an oil bath, degassed initia-
tor EBiB (30 lL, 0.20 mmol) was added via a gastight

Scheme 1. The equilibrium in ATRP of VAc.
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syringe. At timed intervals, samples were withdrawn via
degassed gastight syringes, placed in hermetic vials, and-
stored in a freezer for NMR and GPC measurements.

Chain extension of PVAc

A polymerization of VAc using above procedure with
VAc/EBiB/CuBr/tPy ratio of 75:1:1:1 was stopped at 43%
conversion to prepare low molecular weight PVAc for chain
extension. The PVAc was precipitated in ether and redis-
solved in THF. The THF solution was quickly precipitated
with ice-cold water to remove the copper salts. The precipi-
tate was dried and dissolved in THF again before it was fil-
tered through a column of neutral alumina. The filtrate was
dried and the purified PVAc was collected. This PVAc mac-
roinitiator had a Mn of 4500 and a PDI of 1.48.

PVAc macroinitiator (0.9 g, 0.20 mmol), CuBr (28.7 mg,
0.20 mmol) and tPy (46.5 mg, 0.20 mmol) were charged into
a Schlenk flask. The flask was tightly sealed with a rubber
septum and then degassed (5 cycles) to remove the air in the
flask. Degassed VAc (1.9 mL, 20.0 mmol) was added via a
degassed gastight syringe and the mixture was heated at
708C in an oil bath. After 10 h, the polymerization reached
about 64% conversion determined by NMR. The polymer-
ization was stopped and the solution was precipitated in
cold water. The precipitate was collected and dried under
vacuum.

Synthesis of PS-b-PVAc block copolymer

The PS-b-PVAc block copolymer was prepared by ATRP
of VAc using a PS macroinitiator (PS-Br) with narrow mo-
lecular weight distribution (Mn 5 4200, PDI 5 1.12). It was
synthesized by ATRP of styrene using CuBr/HMTETA as
catalyst and EBiB as initiator. The polymerization was con-
ducted at 908C using St/EBiB/CuBr/HMTETA of 40:1:1 and
stopped at �87% monomer conversion. The purification of
PS-Br macroinitiator is the same as the purification of PVAc
macroinitiator.

PS-Br (0.84 g, 0.20 mmol), CuBr (28.7 mg, 0.20 mmol)
and tPy (46.5 mg, 0.20 mmol) were added into a Schlenk
flask. The flask was tightly sealed with a rubber septum and
then degassed (5 cycles). Degassed VAc (1.4 mL, 15.0
mmol) was added using a degassed gastight syringe and the
mixture was heated at 708C in an oil bath. After 6 h, the po-
lymerization reached about 35% conversion by NMR. It was
stopped and the solution was precipitated in cold methanol.
The precipitate was collected and dried under vacuum.

Synthesis of PS-b-PVA amphiphilic block copolymer

The PS-b-PVA block copolymer was prepared by hydroly-
sis of the corresponding PS-b-PVAc copolymer. PS-b-PVAc
(PS Mn 5 4200, PVAcMn 5 2700) (0.55 g) was dissolved in
25 mL of THF. NaOH aqueous solution (1.5 N, 5 mL) was
mixed with the THF solution and the mixture was stirred at
508C for 24 h. An excess of methanol was then added to pre-
cipitate the produced PS(4200)-b-PVA(1380) block copoly-
mer. The product was collected and dried in vacuum.

Preparation of micelle formed from PS-b-PVA block
copolymer in water

The above PS-b-PVA (0.05 g) was dissolved in 1 mL of
THF and this solution was added dropwise in 10 mL of dis-
tilled water with vigorous stirring. THF was then removed
by dialysis against distilled water and a clear transparent mi-
celle solution was obtained for size measurement. Another
0.1 g block PS-b-PVA was dissolved in 5 mL of THF. This
solution was added dropwise into 5 mL of distilled water.
The water/THF mixture was vigorously agitated for 12 h.
The light absorbance at 500 nm of the mixture was measured
using a UV-Vis spectrometer to determine its phase transition
temperature.

Results and Discussion

ATRP of VAc

Highly active ATRP catalysts reported in literature35 were
first tested for ATRP of VAc. For example, CuBr/HMTETA
was found to polymerize methacrylates at 1 mol % catalyst
relative to initiator.36 Matyjaszewski et al reported that acti-
vator generated by electron transfer (AGET) ATRP polymer-
ized styrene and methyl methacrylates at 1 mol % CuBr/
Me6TREN or CuBr/TPMA relative to initiator in a well con-
trolled manner.37 We recently found that 1 mol % CuBr/
TPEN relative to initiator was sufficient to mediate well-con-
trolled polymerizations of methacrylates, acrylates and styr-
enic monomers.38,39 With these catalysts the polymerizations,
however, either could not proceed or stopped at very low
conversions (\10%) (Table 1). The low activities of these
catalysts suggest that their equilibrium constants Keq (Keq 5

kact/kdeact) are still insufficiently high for ATRP of VAc
(Scheme 1), as discussed in the Introduction. CuBr com-
plexed with cyclic ligand Meco4CYCLAM was reported to
exhibit very high activity for acrylate, acryamide and styrene
monomers.40,41 The VAc polymerization catalyzed by CuBr/
Meco4CYCLAM reached �58% conversion in 12 h, but the
molecular weights of the resulting PVAc did not increase
with the monomer conversion, suggesting a conventional free
radical polymerization.

During our study on highly active ATRP catalysts, we
found that CuBr/tPy had a high activity. A 5 mol % CuBr/
tPy relative to EBiB could polymerize methyl acrylate to
80% conversion in 10 min at room temperature, producing
poly(methyl acrylate) with relative high polydispersity (PDI
5 �1.7). The polymerization was highly exothermic and
even caused the monomer solution boiling in an insulated
tube. Its high activity motivated us to use it for ATRP of
VAc. With methyl 2-bromopropionate (MBP) as initiator,
CuBr/tPy slowly polymerized VAc to 43% conversion in 15
h (Table 1). The polymerization initiated by more reactive
methyl a-bromophenylacetate (MBPA) produced a large
amount of precipitates (Cu(II) complex) immediately after
the addition of MBPA, indicating that the initiation was too
fast and the irreversible radical terminations occurred, pro-
ducing an excess Cu(II)/tPy species. Consequently, the poly-
merization was slow (\25% in 11 h). EBiB seems the best
initiator for this system, producing PVAc with controlled
molecular weights with high conversions (Table 1, entry 7
and 8).
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Figure 1 shows the kinetic plots of the polymerization of
VAc at 708C initiated by EBiB. The polymerizations by
CuBr/tPy and CuCl/tPy proceeded smoothly and reached
70% and 80% conversions in 10 h. Obviously, the polymer-
ization was faster than the reported [Fe(Cp)(CO)2)]2 catalyst
(�60% conversion in 60 h at 608C).30 The CuBr/tPy-cata-
lyzed polymerization was faster than that by CuCl/tPy at
the initial period but slowed slightly later. Both ln([M]0/[M])
�t plots were linear, indicating that the concentrations of
growing radicals remained constant in both polymerizations.

The number-average molecular weights of the resulting
PVAc did increase linearly with the monomer conversion
(Figure 2), indicating that the copper-based catalysts indeed
mediated a living radical polymerization of VAc. This also
indicates that the polymerization was not a redox-initiated
radical telomerization, whose Mn vs. monomer conversion
relationship is of a typical free radical polymerization.42 The
measured molecular weights of PVAc were higher than their
theoretical values with an initiation efficiency of about 0.75.
The molecular weight distribution of the obtained PVAc was
unimodal and the polydispersity was relatively narrow at low
conversions (Mw/Mn �1.4 at 16% conversion) and slightly
broadened at high conversion (Mw/Mn 5 �1.7, 80%). One
reason for the relatively high polydispersity is the high prop-
agation constant (kp) of VAc as illustrated in Eq. 1 (kp 5

3700 L/mol�s for VAc, 176 L/mol�s for St and 367 L/mol�s
for MMA at 608C). This polydispersity is, however, lower
than that of PVAc prepared with [Fe(Cp)(CO)2)]2 (Mw/Mn 5

�2.0 at 55% conversion with Bu2NH or i-Bu3Al as an addi-
tive).30

These results indicate that CuBr/tPy or CuCl/tPy was suffi-
ciently active for ATRP of VAc. Matyjaszewski et al.
reported that copper halides complexed with 4,40,400-tri-tert-
butyl-2,20:60,200-terpyridine (TBtPy) had a fast activation but
a slow deactivation.43 CuBr/TBtPy at 1/1 ratio of catalyst/ini-
tiator polymerized MA in 3 h at 508C. However, we found
that a 5 mol % CuBr/tPy relative to the initiator EBiB could
polymerize MA in 10 min at room temperature. Thus, copper
halides complexed with the unsubstituted tPy may have even
higher activation constant than CuX/TBtPy and thereby CuX/
tPy could effectively abstract the Br or Cl from the dormant
PVAc chains (Scheme 1). In contrast to the uncontrolled po-
lymerization of St with the catalysis of CuBr/tPy,44 the poly-
merization of VAc with CuX/tPy was controlled/living as
evidenced by the linear increase in PVAc molecular weights
with conversion (Figure 2). This also indicates that CuX2/tPy
could deactivate the propagating PVAc radicals to establish
the ATRP equilibrium (Scheme 1).

The reason that CuX/tPy can mediate ATRP of VAc may
be the just right activity and solubility of resulting CuX2/tPy.

Table 1. ATRPs of VAc at 708C*

Entry Initiator Catalyst Time (h) Conv (%) Mn,theo Mn,GPC PDI

1 EBiB CuBr/HMTETA 10 No polymer – – –
2 EBiB CuBr/Me6TREN 10 8 1032 1500 1.85
3 EBiB CuBr/TPEN 8 6 774 1700 2.10
4 EBiB CuBr/Meco4CYCLAM 12 52 6708 7700 1.82
5 MBPA CuBr/tPy 11 21 2709 45,000 1.62
6 MBP CuBr/tPy 15 43 5547 7100 1.57
7 EBiB CuBr/tPy 10 70 9030 11,600 1.74
8 EBiB CuCl/tPy 10 80 10,320 13,300 1.69

*[VAc] 5 10.8 M, [initiator] 5 72 mM, VAc/initiator/catalyst 5 150:1:1.

Figure 1. Kinetics of ATRP of VAc at 70 8C using EBiB
as initiator and CuBr/tPy (n,&) or CuCl/tPy
(^,^) as catalyst.

Conditions: [VAc] 5 10.8 M, [EBiB] 5 [CuBr/tPy] 5
[CuCl/tPy] 5 72 mM.

Figure 2. The molecular weight and polydispersity of
PVAc as a function of the monomer conver-
sion for the ATRP of VAc using CuBr/tPy
(n,&) and CuCl/tPy (^,^) as catalysts.

The dotted line represents the theoretical molecular
weights. See Figure 1 for conditions.
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The PVAc radical is highly active, about three orders more
active than a PS radical. Thus, CuX2-deactivators having a
right activity for radicals from styrene and (meth)acrylates,
such as the CuX2-complexes of Me6TREN, TPEN and
TPMA, are too active for a VAc radical. VAc radicals would
be immediately deactivated by these highly active deactiva-
tors and have no chance to propagate VAc monomers. The
polymerization of MA by CuBr/tPy is uncontrolled, suggest-
ing that CuBr2/tPy has a very low activity and cannot effi-
ciently deactivate MA radicals. This low activity of CuBr2/
tPy, however, is just right for the highly active VAc radicals.
The solubility of the CuBr2/tPy is also important. For
example, if a small amount of a polar solvent (e.g., c-butyro-
lactone) was added to the VAc polymerization solution cata-
lyzed by CuBr/tPy, the polymerization could not proceed or

very slow. This was because the increase of the CuBr2/tPy
concentration greatly increased the deactivation rate.

End group analysis

The terminal group of the prepared PVAc was analyzed
by 1H NMR (Figure 3). Besides the strong peaks (peak f, d
and e) from the repeat unit of VAc, small peaks (a, b, c)
from initiator EBiB were also observed. The x-terminal
methine proton (g) with a C-Br bond appeared at �5.8 ppm,
indicating the preservation of end group in VAc polymeriza-
tion. Based on the integration ratio of peak g and peak b,
89% of terminal bromide was found to be preserved. The
number average molecular weight of PVAc was estimated to
be 4230 from the integration of peak f and peak b, which is
very close to the value (4500) measured by GPC.

Figure 3. 1H NMR spectrum of PVAc prepared with CuBr/tPy as catalyst and EBiB as initiator.

Scheme 2. Microstructure of PVAc prepared with CuBr/tPy catalyst and EBiB initiator.
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13C NMR study on the microstructure of PVAc

During radical polymerization, VAc predominantly under-
goes head-to-tail addition with some head-to head and tail-
to-tail additions (Scheme 2). Figure 4 shows the 13C NMR
spectrum of a prepared PVAc. The four major peaks at 20.9
ppm, 39.5 ppm, 66.9 ppm, and 170.4 ppm were assigned to
methyl, methylene, methine and carbonyl carbon atoms
respectively.45,46 The splitting and overlapping of methylene
and methine peaks at 20.9 ppm and 39.5 ppm were caused
by the chain stereo-regularity, i.e., chain confirmation and
tactic sequence.47,48 The minor peaks at 14.1ppm, 21.1ppm,
30.0ppm, 60.3ppm, 177.3 ppm from initiator EBiB were also
well resolved in the spectrum. Based on Levy and Nelson’
method49,50 the minor peaks at 24.6 ppm and 27.1 ppm were

attributed to the tail-to-tail structure (Scheme 2), which was
about 5.7% of the total repeating units. The signal of the
head-to-head structure (carbon m, n) at about 75–77 ppm and
the x-terminal methine carbon with a C-Br bond (carbon i,
�76 ppm) were unfortunately overlapped in the solvent
CDCl3 peaks. The very weak peaks between 120 and 140
ppm were from the residual ligand tPy in PVAc. The weak
peak at 198.9 ppm was from the aldehyde end group (carbon
l),51 indicating that some bromo-terminated PVAc, 14% of
the total end group (at conversion of 43%) estimated from
the peak integrations, decomposed to the aldehyde group dur-
ing the polymerization or purification. Thus, the decomposi-
tion of the active chain ends to the dead aldehyde ends
may be another cause of the relatively broad molecular dis-
tribution of PVAc (PDI: 1.4–1.7). The decomposition of the
bromo-terminated PVAc, however, is much less significant
than that in alkyl iodides-mediated degenerative transfer po-
lymerization of VAc. For example, at 37% VAc conversion,
about 26% of the end groups of the PVAc decomposed to
the aldehyde-end groups.12,51

Chain extension (self-blocking) of PVAc

Self-blocking polymerization of VAc was conducted using
PVAc macroinitiator and CuBr/tPy as catalyst to further
prove the livingness of the polymerization. Figure 5 shows
the GPC curves of the PVAc macroinitiator and the resulting
‘‘block’’ copolymer. The elution peak of the macroinitiator
with Mn of 4500 and polydispersity of 1.48 clearly shifted to
a high molecular weight (Mn 5 10,500, PDI 5 1.64). The
small shoulder peak was from the PVAc macroinitiator due
to the termination during the initiation and the dead chains
with aldehyde end groups. Nevertheless, this experiment
proves the living character of ATRP of VAc catalyzed by
CuBr/tPy. It also suggests a relatively high preservation of
the end functionalities of the PVAc macroinitiator.

Figure 4. 13C NMR spectrum of PVAc prepared with
CuBr/tPy as catalyst and EBiB as initiator.

Figure 5. GPC curves of the PVAc macroinitiator (a)
and the chain-extended PVAc (b).

Experimental conditions: 708C, [VAc] 5 10.8 M, [CuBr]
5 [tPy] 5 [PVAcmacroini] 5 0.11 M.

Figure 6. GPC curves of block copolymer PS-b-PVAc (a)
and the corresponding PSmacroinitiator (b).

Conditions: 708C, [VAc] 5 10.8 M, [CuBr] 5 [tPy] 5
[PSmacroini] 5 0.14 M.
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Synthesis and characterization of PS-b-PVAc
block copolymer

Because of the difficulty in controlled radical polymeriza-
tion of VAc, PS-block-PVAc copolymers were generally pre-
pared by a combination of conventional radical polymeriza-
tion and controlled radical polymerization. For example,
VAc was firstly polymerized by conventional radical poly-
merization (telomerization with chloroform or initiation by
halogenated azo-initiators)42,52 to synthesize halogen-ended
PVAc macroinitiators. This ill-defined PVAc macroinitiators
were used to initiate the ATRP of styrene to prepare PVAc-
b-PS. In the cobalt complex-mediated living radical polymer-
ization of VAc, the prepared PVAc could not directly initiate
living polymerization of the second monomer because the
PVAc chains were end-capped with the cobalt complex.
They had to react with a-bromoester or a-bromoketone-con-
taining nitroxide to remove the cobalt complex and convert
themselves into active bromide-containing macroinitiator for
ATRP of the second monomer such as styrene.20 In another
report, the cobalt complex end-capped PVAc was directly
used to initiate styrene radical polymerization at 308C. The
polymerization of styrene, however, was not controlled,
resulting in a broad molecular weight distribution of PVAc-
b-PS (PDI 1.6–3.4).53

A facile synthesis of PS-b-PVAc by direct initiation of

VAc with PS macroinitiator was achieved using CuBr/tPy as

the catalyst. PS macroinitiator (Mn 5 4200, PDI 5 1.12)

was synthesized by ATRP of styrene using CuBr/HMTETA

as catalyst and EBiB as initiator. This macroinitiator initiated

VAc in the presence of CuBr/tPy, producing PS-b-PVAc

with slightly higher polydispersity (Figure 6). The elution

peak of the macroinitiator clearly shifts to a high molecular

weight region (short elution time) without unreacted PS

macroinitiators, indicating a nearly complete formation of

PS-b-PVAc. Thus, compared to the PVAc macroinitiator

method employing Co-mediated polymerization of VAc,20

this one-step method produces pure block copolymers.

Reversing the order of the block copolymerization, i.e., using

PVAc macroinitiator to initiate styrene polymerization, resulted

in a polymer with a broad molecular weight distribution. This is

due to the slow initiation in styrene polymerization because the
initiator with the PVAc end group structure is not good for sty-
rene polymerization.25,54

The actual molecular weight of prepared PS-b-PVAc block
copolymer was determined by 1H NMR spectrum (Figure 7).
Typical signals from the PVAc segment (b, c) and the PS
segment (a, f) were clearly observed. From their intensities
and the Mn of the PS block (4200), the actual molecular
weight of the PVAc block was determined to be 2700. The
copolymer had 38% PVAc as calculated from its NMR spec-
trum. The DSC curve (Figure 8) of the copolymer had one
glass transition at about 438C corresponding to the Tg (tem-
perature of glass transition) of pure PVAc, and one at about
888C corresponding to the Tg of short PS chains. The TGA
result (Figure 9) shows a two-step weight loss. The copoly-
mer first lost about 40% weight at 3588C (the temperature at
the maximum weight loss rate) corresponding to the PVAc
thermal degradation temperature and then totally degraded at
about 4448C corresponding to the PS degradation tempera-
ture.55 The TGA result also shows that the block copolymer

Figure 7. 1H NMR spectrum of the PS(Mn 5 4200)-b-PVAc(Mn 5 2700) copolymer.

Figure 8. DSC trace of PS(Mn 5 4200)-b-PVAc(Mn 5
2700) block copolymer.
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was consisted of about 40 wt % of PVAc and 60 wt % of
PS, which was consistent with the NMR result. All these
data confirmed that the PS-b-PVAc prepared by this one-step
method was pure.

Synthesis and characterization of PS-b-PVA
block copolymer

The hydrolysis of PS(Mn 5 4200)-b-PVAc(Mn 5 2700)
produced an amphiphilic polystyrene (Mn 5 4200)-b-poly(vi-
nyl alcohol) (Mn 5 1380) diblock copolymer (PS-b-PVA).
The FTIR spectrum of the PS-b-PVA (Figure 10) show that
the typical carbonyl (C¼¼O) absorption of PVAc at about
1738 cm21 disappeared after hydrolysis while a strong and
broad absorption at 3377 cm21 from hydroxyl (��OH)
groups appeared, indicating a complete removal of the ace-
tate groups. This amphiphilic PS-b-PVA formed micelles in
water at room temperature with an average diameter of 120
nm and low particle size distribution (Figure 11). No large

vesicles were found in THF/water mixture that was reported
by Jerome et al.20

The amphiphilic PS(Mn 5 4200)-b-PVA(Mn 5 1380)
block copolymer has an interesting temperature-dependent

Figure 10. FTIR spectra of PS(Mn 5 4200)-b-PVAc(Mn 5
2700) (a), and PS(Mn 5 4200)-b-PVA(Mn 5
1380) block copolymer (b).

Figure 11. Size distribution of the micelle formed at
room temperature from amphiphilic PS(Mn

5 4200)-b-PVA(Mn 5 1380) block copolymer
in water at 0.5 wt %.

Figure 12. (a) Light absorbance at 500 nm of the block
PS(Mn 5 4200)-b-PVA(Mn 51380) copolymer
in 1/1 (v/v) THF/water mixture (1 wt %) as a
function of temperature; (b) The cloud tem-
perature of PS(Mn 5 4200)-b-PVA(Mn 5 1380)
block polymer in 1/1 (v/v) THF/water mixture
as a function of polymer concentration.

Figure 9. Thermogravimetric analysis of the PS(Mn 5
4200)-b-PVAc(Mn 5 2700) block copolymer.
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phase separation in 1/1 (v/v) THF/water mixture. Figure 12
(a) shows the light absorbance at 500 nm of the PS-b-PVA
in 1/1 (v/v) THF/water mixture (1 wt %) as a function of
temperature. A distinct and rapid rise in light absorbance
occurred at 40.28C, indicating that the block polymer precipi-
tated from the THF/water solution at the temperature higher
than 40.28C. This temperature, denoted as the cloud-point
temperature, of PS-b-PVA in THF/water (1/1 v/v) was
strongly dependent on its concentration (Figure 12b). The
cloud-point rapidly decreased with the increase of polymer
concentration in the range of 0 �3 wt %. Obviously, this
block copolymer solution showed a typical lower critical
solution temperature (LCST) phase behavior. These results
again confirmed that the PS(Mn 5 4200)-b-PVA(Mn 5 1380),
as well as its precursor PS(Mn 5 4200)-b-PVAc(Mn 5 2700),
was indeed a block copolymer rather than a two homopolymer
mixture.

Conclusion

In summary, the first copper-based catalyst CuX/2,20:60,200-
terpyridine (CuX/tPy, X 5 Br or Cl) for the controlled/living
polymerization of VAc is reported. The living characters of
the polymerization were confirmed by a linear increase in the
molecular weights of prepared PVAc with the monomer con-
version, self-chain extension and block copolymerization. A
facile synthesis of PS-b-PVAc block copolymer was devel-
oped by using PS macroinitiator and CuBr/tPy as catalyst.
Hydrolysis of the PS-b-PVAc produced the corresponding
PS-b-PVA block copolymer, which formed micelles in water
solution, and exhibited lower critical solution temperature
(LCST) phase behavior in mixed THF/water solution.
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