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ABSTRACT: Difunctional haloxanthate inifers were used for successive reversible addition-fragmenta-
tion transfer (RAFT) polymerization ofN-vinylpyrrolidone (NVP) and atom transfer radical polymerization
(ATRP) of styrene (St), methyl acrylate (MA), and methyl methacrylate (MMA). Since a quantitative
dimerization of NVP in the presence of bromoxanthate inifers occurred, two chloroxanthate inifers,
S-[1-methyl-4-(6-chloropropionate)ethyl acetate] O-ethyl dithiocarbonate (CPX) and S-[1-methyl-4-
(6-chloroisobutyrate)ethyl acetate] O-ethyl dithiocarbonate (CiBX), were synthesized. These two difunc-
tional chloroxanthate inifers were used to prepare PNVP-b-PSt, PNVP-b-PMMA, and PNVP-b-PMA block
copolymers, where each block was synthesized by different polymerization procedures (either RAFT or
ATRP). In the RAFT-first approach, well-controlled polymerization of NVP was observed. Well-defined
PNVP-b-PSt (Mn,GPC = 15,000 g/mol and Mw/Mn < 1.4) and PNVP-b-PMMA (Mn,GPC = 50,600 g/mol
and Mw/Mn < 1.3) were successfully synthesized through a subsequent chain extension by ATRP.
A reshuffling reaction between propagating acrylate radicals and the xanthate moiety next to the NVP unit
occurred for the preparation of PNVP-b-PMA, resulting in poor control of the MA chain extension. In the
ATRP-first approach, a well-controlled polymerization was observed only for the ATRP of MMA with the
CiBX initiator (Mn = 13,000 and Mw/Mn < 1.3). Significant reshuffling reactions between the xanthate
moiety and styryl/acrylate propagating radicals were observed with the CPX initiator. This resulted in poor
control and broadmolecularweight distribution for the subsequentRAFT chain extension ofNVP. Thus, the
chloroxanthate inifers provide synthetic access to well-defined PNVP-b-PSt and PNVP-b-PMMA, but not to
PNVP-b-PMA block copolymers.

Introduction

Recently, controlled/living radical polymerization (CRP)1,2

has been extensively used for the polymerization of a wide range
of monomers in various reaction media, showing tolerance to
numerous functionalities, control over molecular weights, and
narrow molecular weight distribution. Atom transfer radical
polymerization (ATRP)3-6 and degenerative transfer polymeri-
zation (DT)7-11 are two major CRP techniques. However, the
contributionof bothmechanisms inone process is alsopossible.12-15

CRP techniques provide an easy access to many new well-
defined (co)polymers.16-23

In ATRP, the propagating radicals are stabilized by resonance
and inductive effects and successfully polymerized monomers
include styrenics, (meth)acrylates, (meth)acrylamides, and ac-
rylonitrile.24-27 In spite of the significant improvements in the
ATRP catalytic systems,28-30 polymerization of less reactive
monomers such as vinyl acetate (VAc),31-33 N-vinylpyrrolidone
(NVP),34 or N-vinylcarbazole (NVK)35 still faces difficulties.

These monomers can be, however, polymerized by degenera-
tive transfer (DT) processes such as cobalt-mediated,36-38 alkyl
iodides,7,39 organo-stibine/tellurium/bismuthine-mediated,10,40-42

and reversible addition-fragmentation chain transfer (RAFT)43,44

procedures. In the RAFT procedure, the effectiveness of a chain
transfer agent (CTA) for a specific polymerization clearly
depends on the monomer being polymerized as well as the

structures of the radical leaving group R and the stabilizing
group Z.45 Hence, RAFT agents having proper R and Z groups
can be used to overcome ATRP limitations for the polymeriza-
tion of nonconjugated monomers.46

N-Vinylpyrrolidone (NVP) is a nonconjugated monomer, and
the resulting polymer (PNVP) has been widely used in numerous
medical (e.g., it was used as a plasma expander during the second
world war), pharmaceutical, and cosmetic applications because
of its low toxicity and good biocompatibility.47,48 Therefore,
PNVP-based block copolymers can significantly expand the
range of applications. However, the preparation of PNVP-based
block copolymers with more reactive monomers is challenging,
when using a single polymerization technique.

RAFT homopolymerization of NVP has been successfully
conducted with xanthates49 and dithiocarbamates50 as mediating
agents. PNVP block copolymers were prepared by RAFT chain
extension,50,51 transformation from ATRP to RAFT,52 a combi-
nation of nitroxide-mediated polymerization (NMP) and
RAFT,53 anionic polymerization and NMP,54 cobalt-mediated
radical polymerization (CMRP),55 and others.48,56-59

Yagci et al. and Du Prez et al. recently reviewed the syntheses
of block copolymers using heterofunctional initiators containing
two or more different initiation sites that are capable of initiating
different polymerization mechanisms independently and selec-
tively.60 Such heterofunctional initiators canbe efficiently applied
to syntheses of block copolymers from mechanistically incompa-
tible monomers without the need for chain end trans forma-
tion and protection steps.61 Thus, suitable ARTP and RAFT
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difunctional initiators can be designed for the preparation of
well-defined PNVP block copolymers.

It was recently demonstrated that ATRP and RAFT can be
combined to synthesize well-defined poly(vinyl acetate) (PVAc)
block copolymers using difunctional xanthate inifers.15,62 How-
ever, this approach is more challenging for NVP since side
reactions have been reported during the RAFT polymerizations
of NVP with xanthates.63 These side reactions include the
formation of unsaturated and saturated dimers as well as the
formation of side products in the presence of impurities such as
water or acid. The xanthate moiety can also undergo elimination
at higher temperatures (>70 �C), resulting in the formation of an
unsaturated chain end and a new xanthate species. Therefore,
unlike VAc, RAFT polymerization of NVP encounters several
potential side reactions that could have a significant influence on
polymerization kinetics, end group functionality, and the result-
ing molar mass distributions.

The aim of the present study is to combine RAFT polymer-
ization of NVP with ATRP of styrene and (meth)acrylates to
prepare well-defined PNVP block copolymers. Several chloro-
and bromoxanthate inifers were synthesized, and the order of
polymerization (RAFT to ATRP or reverse) was varied in order
to evaluate and optimize the block copolymer synthesis.

Experimental Section

Materials. Styrene (St, 99%), methyl methacrylate (MMA,
99%), methyl acrylate (MA, 99%), and n-butyl acrylate (BA,
99%) were purchased from Aldrich and purified by passing
through a column filled with basic alumina to remove the
inhibitors or antioxidants. N-Vinylpyrrolidone (NVP, 99%,
Aldrich) was dried over anhydrous magnesium sulfate and
purified by distillation under reduced pressure. 2,20-Azobis-
(isobutyronitrile) (AIBN, 99%, Aldrich) was recrystallized
twice from methanol. 2-Chloropropionyl chloride (97%), pyr-
idine (98%), 2,20-bipyridyne (bpy, 99%), N,N,N0,N0 0,N0 0-penta-
methyldiethylenetriamine (PMDETA, 99%), 2,6-di(tert-butyl)
pyridine (DtBuP, 97%), copper(II) chloride (CuCl2, 99%), ethyl
2-bromopropionate (EBP, 97%), ethyl 2-bromoisobutyrate
(EBiB, 98%), ethyl 2-chloropropionate (ECP, 97%), and ethyl
2-chloroisobutyrate (ECiB, 98%) were purchased from Aldrich
and used without further purification. Copper(I) chloride
(CuCl, 98%, Acros) was washed with glacial acetic acid in order
to remove any soluble oxidized species, filtered, washed with
ethanol, and dried. Tris[(2-pyridyl)methyl]amine (TPMA, 99%)
was purchased fromATRPSolutions Inc.O-Ethyl-S-(1-ethoxy-
carbonyl)ethyl xanthate (X), S-(1-methyl-4- hydroxyethyl
acetate) O-ethyl dithiocarbonate, S-[1-methyl-4-(6-bromoiso-
butyrate)ethyl acetate] O-ethyl dithiocarbonate (BiBX), and
S-[1-methyl-4-(6-bromopropionate)ethyl acetate] O-ethyl
dithiocarbonate (BPX) were prepared as described elsewhere.15

All other solvents were purified by distillation prior to use.
General Procedure for the NVP Dimerization. In a typical

experiment, EBP (12 μL, 95 � 10-3 mmol), anisole (0.25 mL),
and NVP (0.5 mL, 4.69 mmol) were charged to a Schlenk flask.
The resulting mixture was deoxygenated by three free-
ze-pump-thaw cycles. The flask was placed in an oil bath
thermostatted at 60 �C. After completion of the reaction, 1H
NMR was used to assess the NVP dimerization. 1H NMR
(CDCl3, δ=ppm): 6.94-6.98 (d, -CHdCH-N-, 1H), 4.93-4.80
(m,CH3CHCHdCH-N-, 2H), 3.47-3.19 (m, (-N-CH2CH2-)�2,
4H), 2.47-2.32 (m, (-CH2CH2CO-) � 2, 4H), 2.12-1.90 (m,
(-CH2CH2CH2CO-) � 2, 4H).

Synthesis of S-[1-Methyl-4-(6-chloropropionate)Ethyl Acet-

ate]O-Ethyl Dithiocarbonate (CPX). The chloroxanthate inifer,
CPX, was synthesized in accordance with literature proce-
dures.15S-(1-Methyl-4-hydroxyethyl acetate)O-ethyl dithiocar-
bonate (2.02 g, 8.45 mmol) and pyridine (0.96 mL, 11.83 mmol)
were dissolved in dry dichloromethane (DCM, 10 mL).
2-Chloropropionyl chloride (1.18 mL, 11.83 mmol) was diluted

in 5 mL of dry DCM and then was gradually added to the
solution over 30 min while the solution temperature was kept at
around 0 �C. The reaction mixture was stirred for 19 h at room
temperature. The excess 2-chloropropionyl chloride was neu-
tralized with 0.1 mL of water and DCM to a total volume of
40 mL. The mixture was poured into a solution of hydrochloric
acid (80 mL, 0.3 M). The organic layer was washed with a
solution of sodium hydroxide (40 mL, 0.3 M) twice and then
dried over MgSO4. The product was purified by flash column
chromatography on basic alumina using diethyl ether as eluent,
providing 1.136 g (yield = 40.8%) of yellow viscous liquid.
1H NMR (CDCl3, δ=ppm): 4.64 (q, -SdC-OCH2CH3, 2H),
4.47-4.32 (m, -SCSCHCH3, -O(CH2)2O-, and -OCOCH-
ClCH3, 6H), 1.83 (d,-OCOCHClCH3, 3H), 1.58 (d, -SCSCHCH3,
3H), 1.42 (t, -SdC-OCH2CH3, 3H). The 1H NMR spectra of the
NVP dimer and two chloroxanthate inifers are shown in the
Supporting Information.

Synthesis of S-[1-Methyl-4-(6-chloroisobutyrate)Ethyl Acet-
ate]O-Ethyl Dithiocarbonate (CiBX). The chloroxanthate inifer
CiBX was synthesized using halogen exchange.64-66 A 100 mL
Schlenk flask was charged with BiBX (1.0 g, 2.58 mmol), bpy
(2.42 g, 15.48 mmol), and dry acetone (50 mL), and was then
deoxygenated by three freeze-pump-thaw cycles. CuCl (0.511 g,
5.16 mmol) and CuCl2 (0.346 g, 2.58 mmol) were quickly added
to the frozen mixture, followed by three freeze-pump-thaw
cycles, and themixture was stirred for 24 h at 50 �C. Themixture
was passed through a column filled with neutral alumina to
remove the copper. The washing and filtrate solutions were
combined and then concentrated to dryness under vacuum to
obtain a yellowish liquid in quantitative yield. 1H NMR
(CDCl3, δ=ppm): 4.64 (q, -SdC-OCH2CH3, 2H), 4.47-4.32
(m, -SCSCHCH3, and -O(CH2)2O-, 5H), 1.83 (s, -OCOCH-
(CH3)2, 6H), 1.58 (d, -SCSCHCH3, 3H), 1.42 (t, -SdC-
OCH2CH3, 3H).

General Procedure for RAFT Polymerization of NVP. In a
typical experiment, CPX (16.2 mg, 49� 10-3 mmol), AIBN
(4.1 mg, 25�10-3 mmol), anisole (0.26mL), andNVP (1.05 mL,
9.85 mmol) were charged to a Schlenk flask. The mixture was
deoxygenated by three freeze-pump-thaw cycles. The flask
was placed in an oil bath thermostatted at 60 �C for the desired
time period. Samples were withdrawn at timed intervals via a
syringe for the measurement of monomer conversion and
molecular weight (MW)of polymer byDMFGPC.The reaction
was quenched by placing the flask in an ice bath, exposure to air,
and dilution in THF to provide the X-PNVP-ClII macro-
initiator. MW of X-PNVP-ClII was measured by GPC, and its
xanthate end group was analyzed by 1H NMR (conversion =
18.8%, Mn,GPC = 4,500 g/mol, Mw/Mn = 1.15, Mn,NMR =
4,550).

General Procedure for ATRP ofMMA,MA, and St with CPX

or X-PNVP-Cl Macroinitiator. In a typical experiment,
X-PNVP-ClII macroinitiator (148 mg, 32 � 10-3 mmol, Mn=
4,500 g/mol,Mw/Mn=1.15) and anisole (2 mL) were charged to
a flask and purged with N2 for 30 min. Deoxygenated MMA
(2 mL, 17.92 mmol), CuCl (4.1 mg, 28 � 10-3 mmol), CuCl2
(0.7 mg, 3.2 � 10-3 mmol), and TPMA (9.3 mg, 32 �
10-3 mmol) were added. An initial sample was taken, and the
solution was stirred at 40 �C for the desired time period. At
timed intervals, samples were withdrawn via a syringe for
measurements of monomer conversion by 1H NMR and MW
of polymer byGPC. The polymerizationwas stopped by placing
the flask in an ice bath, exposure to air, and dilution in THF
(Mn=30,700 g/mol, Mw/Mn=1.20, conversion=44.2%).

Analyses. 1H NMR spectra were recorded on a Bruker
Avance 300 MHz NMR instrument in CDCl3 at 25 �C. Con-
versions of styrene, (meth)acrylate, and NVP were determined
by 1H NMR. MW and molecular weight distribution (Mw/Mn)
were measured on a DMF (with PMMA standards) or THF
(with PSt standards) GPC system consisting of a Waters 510
HPLCpump, threeWatersUltraStyragel columns (102, 103, and
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105 Å), and a Waters 410 differential refractive index detector,
with a flow rate of 1.0 mL/min (30 �C).

Results and Discussion

Model Studies of theN-Vinylpyrrolidone (NVP)Dimeriza-
tion Reaction. The initial attempts to conduct RAFT polym-
erization of NVP, unexpectedly, led to a nearly quantitative
dimerization of NVP in the presence of a small amount
bromoxanthate inifers (see Figure S1 in Supporting Infor-
mation for dimer structure). The acid-catalyzed63,67-70 and
alcohol-catalyzed63 dimerizations of NVP have been pre-
viously reported. The dimerization plausibly proceeds by a
cationic mechanism. The SN2 reaction between the bromoe-
ster and a NVP monomer could initiate dimerization. How-
ever, the increase of steric hindrance in alkyl bromides from
secondary (BPX) to tertiary (BiBX) (entries S1 and S2 in
Table S1, Supporting Information) did not prevent dimer-
ization. Addition of a proton scavenger (DtBuP) resulted in
some suppression and retardation of dimer formation
(entries S3 (NVP/BiBX/AIBN/DtBuP = 200/1/0.5/0.1)
and S4 (NVP/BiBX/AIBN/DtBuP = 200/1/0.5/2) in Table
S1, Supporting Information) but no polymer was detected in
DMF GPC traces. Quantitative dimerization of NVP was
also observed in the presence of ethyl 2-bromopropionate
(EBP) and ethyl 2-bromoisobutyrate (EBiB), analogues of
BPX and BiBX, respectively (Figures S2a and S2b in Sup-
porting Information).

As proposed in Scheme 1, the bromoester-catalyzed di-
merization of NVP could proceed via protonation of NVP
with traces of HBr and dimer formation with another NVP
unit, followed by release of HBr to start a new dimerization
cycle.

The NVP dimerization was suppressed by decreasing the
electrophilicity of the haloester group. Indeed, no NVP
dimer was observed with either a secondary or a tertiary

chloroester (ECP or ECiB). The vinyl protons from NVP
remained unchanged, and no dimer (no peak at around
4.85 ppm in the 1H NMR spectra) was detected even after
54 h of reaction, as shown in Figures S2c and S2d in Support-
ing Information. Hence, the dimerization reaction strongly
depends on the structure of the haloesters (Br- . Cl-). The
absence of the formation of NVP dimer with chloroesters
suggests that difunctional chloroxanthate inifers could be used
for the preparation of well-defined PNVP block copolymers.

Synthesis ofChloroxanthate Inifers.As shown in Scheme2,
two synthetic strategies were applied to the synthesis
of chloroxanthate inifers suitable for the preparation
of PNVP-based block copolymers: (a) esterification of S-
(1-methyl-4-hydroxyethyl acetate) O-ethyl dithiocarbonate
to form a chloroxanthate inifer with a secondary chloroester
moiety and (b) halogen exchange using BiBX to form a
chloroxanthate inifer with a tertiary chloroester moiety.

2-Chloropropionate ethyl-2-xanthate (CPX) (Figure S3,
Supporting Information) was prepared by esterification of
2-hydroxyethyl 2-xanthate using a procedure similar to that
used for the preparation of bromoxanthate inifers.15 How-
ever, 2-chloroisobutyryl chloride, needed for 2-chloroisobu-
tyrate ethyl-2-xanthate (CiBX), is not commercially
available. Therefore, following previous reports,64-66 halo-
gen exchange was used to prepare CiBX from the bromo-
derivative. As shown in Figure S4 (Supporting Information),
the chemical shift of -CH3 groups next to the halogen
shifted significantly upfield from 1.93 ppm to 1.77 ppm.
Table S2 (Supporting Information) summarizes the reaction
conditions and results. High purity CiBX was obtained
using the CuCl/CuCl2/bpy for the halogen exchange. Thus,
CiBX andCPX inifers were successfully synthesized and sub-
sequently evaluated for the controlled polymerization
of methyl methacrylate (MMA), styrene (St), and methyl
acrylate (MA).

Scheme 1. Proposed NVP Dimerization Mechanism from Bromoxanthate Inifers

Scheme 2. Synthetic Routes for (a) 2-Chloropropionate Ethyl-2-Xanthate (CPX) by Esterification and (b) 2-Chloroisobutyrate Ethyl-2-Xanthate
(CiBX) by Halogen Exchange

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-000.jpg&w=306&h=170
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-001.png&w=357&h=94
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Preparation of PNVP by RAFT Polymerization. The
RAFT polymerization of NVP with the two chloroxanthate
inifers was studied. The conditions and results of NVP
polymerization are summarized in Table 1. Induction peri-
ods of 8 and 3 h were observed with CiBX (entry 1) and with
CPX (entry 2), respectively. Such induction periods were
previously reported in RAFT polymerization of less reactive
monomers.71,72 The inhibition may be due to slow fragmen-
tation of the intermediate radicals during the RAFT polym-
erization. Figure 1a shows linear first-order kinetic plots of
NVP obtained with the two different chloroxanthate inifers
and shows similar reaction rates after the induction periods.
Figure 1b illustrates a linear increase of molecular weight
(MW) vs monomer conversion. Polymers with relatively
narrow molecular weight distribution (Mw/Mn < 1.4) were
obtained. Figure 2 shows monomodal GPC traces, which
gradually shift to higher MW. These results indicate well-
controlled polymerizations ofNVPusing the chloroxanthate
inifers.

RAFT-First Approach for the Preparation of Block Copo-
lymers. The R,ω-difunctional X-PNVP-Cl polymers were
used for the subsequent chain extension with St, MMA,
and MA via ATRP.

A. Chain Extension of the PNVP Macroinitiator with St.
The R,ω-difunctional X-PNVP-Cl was used as an ATRP
macroinitiator with chloroester end group to synthesize a
PNVP-b-PSt block copolymer. Prior to the block copolym-
erization, St was polymerized with AIBN as the radical
source and a monofunctional PNVP-X (see entry S5 in
Table S1 in Supporting Information) as the macromolecu-
lar chain transfer agent (macroCTA) in order to evaluate
the potential chain transfer to the xanthate end group. As
shown in Figures 3a and b, the polymerization of St from a
monofunctional PNVP-X macroCTA shows a typical be-
havior of a conventional free radical polymerization (FRP),
i.e., no increase of MWwith conversion, highMWpolymer
formed at the beginning of the polymerization (Mn =
37,900 g/mol), and relatively broad molecular weight dis-
tribution (Mw/Mn = 1.6-1.8). In Figure 3c, GPC traces of
the polymer in DMF clearly showed two distinct popula-
tions. The MWs of these two populations do not vary with
time and only the relative intensities of the peaks change.
The low MW population corresponds to the initial PNVP
macroCTA, while the higher MW population corresponds
to the PSt homopolymer formed by conventional FRP. In
Figure 3d,GPC traces of the polymer inTHF showed only a
single population of high MW of PSt. The low intensity
of PNVP macroCTA in the THF GPC trace is due to the
small refractive index differences between PNVP and THF.
Despite the weak intensity of PNVP macroCTA, GPC
traces in THF also support a conventional FRP of St. These
results indicate that PNVP-X is a poor macroCTA in
RAFT polymerization of St.

Thus, the R,ω-difunctional X-PNVP-Cl polymers can be
used to selectively conduct the chain extension of St by
ATRP via catalytic C-Cl bond activation. Since PNVP
can chelate metal ions73,74 and affect the activation/deacti-
vation equilibrium of ATRP, a strong complexing ligand,
TPMA,75 was used for the ATRP of St. Also, a relatively low
temperature (60 �C) was selected to minimize potential side
reactions (e.g., elimination of the xanthate chain end
group).63 Figures 4a and b shows a linear first-order kinetic
plot for the St polymerization and a gradual increase inMW
with monomer conversion (St/X-PNVP-ClII/CuCl/CuCl2/
TPMA = 770/1/0.975/0.025/1; X-PNVP-ClII, Mn = 4,500

Table 1. Conditions of RAFT Polymerizations of NVP with Chloroxanthate (CX) Inifersa

entry CX time (h) conv. (%) Mn,th (g/mol) Mn,GPC
b (g/mol) Mw/Mn induction time (h)

1c CiBX 24.5 69.4 15,700 17,400 1.40 8.2
2d CPX 16.9 56.2 12,800 9,700 1.38 2.9

aPerformed in 20% (v/v) anisole with a ratio ofNVP/CX/AIBN=200/1/0.5 at 60 �C. bMn was determined byDMFGPCusing PMMAcalibration.
cMacroinitiator X-PNVP-ClI (Mn,NMR= 4,450,Mn,GPC= 4,400, andMw/Mn= 1.15) was obtained at 19.2% conversion. dMacroinitiator X-PNVP-
ClII (Mn,NMR = 4,550, Mn,GPC = 4,500, and Mw/Mn = 1.15) was obtained at 18.8% conversion.

Figure 1. (a) Kinetic plots of monomer conversion vs time and (b)
dependence of Mn and Mw/Mn vs conversion in RAFT polymeriza-
tion of NVP with different chloroxanthate (CX) inifers: NVP/CX/
AIBN = 200/1/0.5 in 20% (v/v) anisole at 60 �C.

Figure 2. GPC traces of PNVP formed in the presence of chlorox-
anthate inifers (a) CiBX and (b) CPX. NVP/CX/AIBN= 200/1/0.5 in
20% (v/v) anisole at 60 �C.

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-002.png&w=213&h=317
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-003.png&w=240&h=132
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andMw/Mn= 1.15 (footnote in Table 1)). The experimental
molecular weight (Mn,GPC = 15,000 g/mol) was lower than
the theoretical one (Mn,th = 24,400 g/mol for conversion =
24.8%), plausibly because of the difference in hydrodynamic
volumes between the block copolymers as well as the use of
PMMA standards. The molecular weight determined by 1H
NMR (Mn,NMR = 19,000 g/mol) provided a value closer to
the Mn,th. The DMF GPC traces present a small tailing
toward lowMW,which could be due to the presence of some
unreacted PNVP macroinitiator. After the block copolymer
was purified by precipitation in MeOH, however, no sig-
nificant decrease in the tailing of the GPC traces was
observed (Figure 4c red line). This rules out the presence of
unreacted PNVP macroinitiator. The profiles of both DMF
(Figure 4c) and THF (Figure 4d) GPC traces as well as
narrow molecular weight distributions (Mw/Mn < 1.4)
suggest that well-defined PNVP-b-PSt block copolymers
were obtained.

B. Chain Extension of PNVP Macroinitiator with MMA.
MMAwas first polymerizedwithAIBNas the radical source
and a monofunctional PNVP-X (see entry S5 in Table S1 in
Supporting Information) as macroCTA to evaluate a poten-
tial contribution from the RAFT mechanism. As shown in
Figure S5 (Supporting Information), a typical conventional
FRP polymerization of MMA in the presence of the PNVP-
X macroCTA was observed. A polymer with a high molec-
ular weight (Mn = 362,000 g/mol) and a broad molecular
weight distribution (Mw/Mn = 2.4) was obtained from the
beginning of the polymerization. These results suggest that
PNVP-X macroCTA has even lower efficiency as a radical
transfer agent for MMA than for St. Hence, the R,ω-difunc-
tional X-PNVP-Cl polymer could be used to selectively con-
duct the subsequent chain extension with MMA via ATRP.

TPMA was also used as the ligand for chain extension
of MMA (MMA/X-PNVP-ClI/CuCl/CuCl2/TPMA =
560/1/0.85/0.15/1; X-PNVP-ClI,Mn=4,400 andMw/Mn=
1.15 (footnote in Table 1)). Figures 5a and b shows a linear
first-order kinetic plot and a linear increase in MW
with monomer conversion during MMA polymerization.
The experimental molecular weight (Mn,GPC= 50,600 g/mol)
was higher than the theoretical one (Mn,th = 23,500 g/mol
at conversion = 34.1%), plausibly due to the difference in
hydrodynamic volumes between the block copolymers.
Determination of MW from the 1H NMR spectrum
(Mn,NMR = 22,500 g/mol) provided a value much closer to
theMn,th.DMFandTHFGPCtraces (Figures 5c andd) show
monomodal profiles and narrow molecular weight distribu-
tions (Mw/Mn< 1.3). These results indicate that well-defined
PNVP-b-PMMA block copolymers were synthesized.

C. Chain Extension of PNVPMacroinitiator with BA/MA.
BAwas polymerized underRAFT conditions usingAIBNas
the radical source and a PNVP-X asmacroCTA (see entry S5
in Table S1 in Supporting Information) (BA/PNVP-X/
AIBN= 151/1/0.1 in 50% (v/v) anisole at 60 �C) to evaluate
chain transfer efficiency of the xanthate moiety of R,ω-
difunctional X-PNVP-Cl polymers for acrylates. In contrast
to St and MMA polymerization, the MWs increased
linearly with conversion and were close to theoretically
predicted values, as shown inFigures 6a and b. This indicates
that PNVP-X can act as a macroCTA for chain extension of
acrylates. GPC traces in THF (Figure 6d) show gradual
MW evolution; however, GPC traces in DMF (Figure 6c)
show low initiation efficiency and even bimodality
with broad molecular weight distributions (Mw/Mn =
1.8-2.4). This reveals that PNVP-X is not a very efficient
macroCTA for chain extension with acrylates. Hence, the

Figure 3. (a) Kinetic plots of monomer conversion vs time, (b) Mn and Mw/Mn vs conversion plots, (c) DMF, and (d) THF GPC traces of St chain
extension from PNVP-X macroCTA in 50% (v/v) anisole at 60 �C. St/PNVP-X/AIBN = 145/1/0.1; PNVP-X, Mn = 5,300 and Mw/Mn = 1.21
(entry S5 in Table S1, Supporting Information).

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-004.png&w=320&h=301
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Figure 4. (a) Kinetic plot of monomer conversion vs time, (b) Mn and Mw/Mn vs conversion plots, (c) DMF, and (d) THF GPC traces of St chain
extension from X-PNVP-ClII macroinitiator in 50% (v/v) anisole at 60 �C. St/X-PNVP-ClII/CuCl/CuCl2/TPMA = 770/1/0.975/0.025/1;
X-PNVP-ClII, Mn = 4,500 and Mw/Mn = 1.15 (footnote in Table 1).

Figure 5. (a) Kinetic plot ofmonomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, (c) DMF, and (d) THFGPC traces ofMMA chain
extension from X-PNVP-ClI macroinitiator in 50% (v/v) anisole at 40 �C.MMA/X-PNVP-ClI/CuCl/CuCl2/TPMA= 560/1/0.85/0.15/1; X-PNVP-
ClI,Mn = 4,400 and Mw/Mn = 1.15 (footnote in Table 1).

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-005.jpg&w=300&h=320
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-006.png&w=311&h=310
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R,ω-difunctional X-PNVP-Cl polymers cannot be used to
selectively conduct the subsequent chain extension with BA
via ATRP.

To further understand the influence of chain transfer on
the chain extension from an R,ω-difunctional X-PNVP-Cl
polymer, an ATRP of MA was conducted from the X-
PNVP-ClII macroinitiator (footnote in Table 1) (MA/X-
PNVP-ClII/CuCl/CuCl2/TPMA=1000/1/0.9/0.1/1 in 50%
(v/v) anisole at 60 �C). As anticipated, chain extension with
MA was unsuccessful. Figure 7a shows that the poly-
merization stopped at very low conversion (3.6% after
70 h). Figures 7b and c show nonlinear molecular weight
growth, bimodal molecular weight distributions, and a poor

initiation efficiency during the chain extension reaction.
A possible explanation for these observations is shown
in Scheme 3. When PMA propagating radical transfers to
a xanthate moiety (X) during the ATRP, a new species III
(Cl-PMAn-b-PNVPm-Cl) can be formed that can grow to
form a PNVP-b-PMA diblock copolymer. Concurrently, a
double xanthate-ended polymer, species II (X-PMAn-
b-PNVPm-X), which cannot be activated by the copper
catalyst, should be generated. As the ATRP progresses, this
reshuffling reaction between acrylate propagating radi-
cals and xanthates leads to the formation of species IV
(X-PMAn-b-PNVPm-Cl), and polymerization stops at low
conversion.

Figure 6. (a) Kinetic plot of monomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, (c) DMF, and (d) THF GPC traces of BA chain
extension from PNVP-X macroCTA in 50% (v/v) anisole at 60 �C. BA/PNVP-X/AIBN = 151/1/0.1; PNVP-X, Mn = 5,300 and Mw/Mn = 1.21
(entry S5 in Table S1, Supporting Information).

Scheme 3. Proposed Chain Transfer to Xanthate during ATRP ofMA from PNVPMacroinitiator: Species I and III Can Be ATRP-Active, Species II
and IV Are ATRP-Inactive

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-007.png&w=302&h=310
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-008.jpg&w=334&h=172
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Figure 7. (a) Kinetic plot of monomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) DMFGPC traces of MA chain extension
from X-PNVP-ClII macroinitiator in 50% (v/v) anisole at 60 �C. MA/X-PNVP-ClII/CuCl/CuCl2/TPMA = 1000/1/0.9/0.1/1; X-PNVP-ClII,
Mn = 4,500 and Mw/Mn = 1.15 (footnote in Table 1).

Figure 8. (a) Kinetic plot ofmonomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) THFGPC traces of ATRP of St fromCPX
chloroxanthate inifer in 50% (v/v) anisole at 60 �C. St/CPX/CuCl/CuCl2/TPMA = 200/1/0.975/0.025/1.

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-009.png&w=300&h=318
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-010.png&w=300&h=316
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ATRP-First Approach for the Preparation of Block Copo-
lymers. The alternative polymerization sequence, i.e., using
first ATRP of St, MMA, or MA and subsequent RAFT of
NVP, was also evaluated for the preparation of PNVP block
copolymers. Experimental conditions and the resulting PSt,
PMMA, and PMAmacroCTAs are summarized in Table S3
in Supporting Information.

A. ATRP of St Followed by RAFT of NVP.Figure 8 shows
a kinetic plot of the ATRP of St (St/CPX/CuCl/CuCl2/
TPMA = 200/1/0.975/0.025/1 in 50% (v/v) anisole at
60 �C). A curvature in the plot of ln([M]0/[M]) vs time
(Figure 8a) indicates that radical concentration decreased
during ATRP. MWs increase linearly with conversion, and
molecular weight distribution increases above 30% conver-
sion (Figure 8b). A highMW shoulder appeared in the GPC
traces after 38 h. TheMW of this peak was twice larger than
the main PSt peak, and the intensity of the shoulder in-
creased with conversion (Figure 8c). This high MW of the
PSt shoulder disappears after hydrolysis of the resulting PSt
sample (Mn=13,000,Mw/Mn=1.25 (entry S8b inTable S3,
Supporting Information)) using sodium hydroxide in THF/
methanol (2/1 (v/v)) at 60 �C. No significant change of the
population of the main peak was observed (see Figure S6 in
Supporting Information). This suggests that the PSt propa-
gating radicals slowly transfer to the xanthate moiety, gen-
erating some polymer chains with two propagating species
and consequently chains with MWs that were two times
higher (cf. Scheme 3). An ester bond in the middle of the
higher MW PSt backbone (Cl-PSt-COO-PSt-Cl) can be
cleaved by hydrolysis, reducing MW. Such a slow chain
transfer reaction of the styryl radical to xanthate has been
previously reported.15,62

A Cl-PSt-X macroCTA (Mn = 7,000, Mw/Mn = 1.20
(entry S8a in Table S3, Supporting Information)) was used
for the subsequent RAFT polymerization of NVP (NVP/Cl-
PSt-X/AIBN= 600/1/0.5 in 40% (v/v) anisole at 60 �C).
Figure 9a shows a first-order kinetic plot for the NVP
polymerization; however, a broad molecular weight distri-
bution was observed (Figure 9b). This can be attributed to
the existence of some inactive polymer (Cl-PSt-COO-PSt-Cl)
after the ATRP of St, resulting in a tailing of the GPC curves
toward low MW and broadening of the molecular weight
distributions (Mw/Mn = 1.9-2.1) (Figure 9c). Thus, first
conducting ATRP of St, followed by RAFT of NVP is a less
efficient approach for the preparation of PSt-b-PNVP block
copolymers.

B. ATRP of MMA Followed by RAFT of NVP. A nearly
linear relationship between ln([M]0/[M]) vs time was obtained
during the ATRP of MMA with CiBX (Figure 10). The
controlled nature was further confirmed by a linear increase
of MWs with conversion, narrow molecular weight distribu-
tions (Mw/Mn < 1.3) of PMMA, and fairly good initiation
efficiency (f = Mn,th/Mn,GPC = 0.8).

Subsequently, a Cl-PMMA-X macroCTA (Mn = 13,000,
Mw/Mn = 1.19 (entry S9 in Table S3, Supporting In-
formation)) was used for the subsequent RAFT polymeri-
zation of NVP (NVP/Cl-PMMA-X/AIBN = 1000/1/0.5 in
66% (v/v) anisole at 60 �C). Figure 11a shows a first-order
kinetic plot for the NVP polymerization, and Figure 11b
shows an increase of MWs with conversion and relatively
narrow molecular weight distributions (Mw/Mn < 1.3) for
monomer conversion lower than 40%. The deviation ofMW
between Mn,th and Mn,GPC after 40% monomer conversion
might be due to some chain breaking reactions, which can be

Figure 9. (a) Kinetic plot of monomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) DMFGPC traces of NVP chain extension
fromCl-PSt-XmacroCTA in 40% (v/v) anisole at 60 �C.NVP/Cl-PSt-X/AIBN=600/1/0.5; Cl-PSt-X,Mn= 7,000 andMw/Mn= 1.20 (entry S8a in
Table S3, Supporting Information).

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-011.png&w=303&h=314
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Figure 10. (a) Kinetic plot ofmonomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) THFGPC traces of ATRP ofMMA from
CiBX chloroxanthate inifer in 50% (v/v) anisole at 40 �C. MMA/CiBX/CuCl/CuCl2/ PMDETA = 300/1/0.9/0.1/1.

Figure 11. (a) Kinetic plot ofmonomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) DMFGPC traces ofNVP chain extension
from Cl-PMMA-X macroCTA in 66% (v/v) anisole at 60 �C. NVP/Cl-PMMA-X/AIBN = 1000/1/0.5; Cl-PMMA-X, Mn = 13,000 and Mw/
Mn = 1.19 (entry S9 in Table S3, Supporting Information).

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-012.png&w=300&h=328
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-013.png&w=300&h=316
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confirmed from a tailing of the GPC curves toward lowMW
(Figure 11c). These results confirmed the orthogonality
between ATRP of MMA and RAFT of NVP using CiBX
chloroxanthate inifer, at least at lower conversion.

C.ATRPofMAFollowed byRAFTofNVP.ACl-PMA-X
macroCTAwas prepared in the presence of a chloroxanthate
iniferCPXwith a ratio ofMA/CPX/CuCl/CuCl2/PMDETA
= 200/1/0.8/0.2/1 in 50% (v/v) anisole at 60 �C. A resulting
Cl-PMA-X macroCTA (Mn = 4,400 and Mw/Mn = 1.19
(entry S10 in Table S3, Supporting Information)) was used
for chain extension of NVP. Figure 12a shows a first-order
kinetic plot for NVP polymerization. A limited increase in
MW and rather high polydispersities were observed after
45 h in Figures 12b and c. The cause of this poor control over
polymerization might arise from the occurrence of chain
transfer reactions between acrylate radicals and the xanthate

moiety during ATRP of MA. This chain transfer reaction is
similar to the above-mentioned case of ATRP of St. A
detailed explanation is proposed in Scheme 4 (i.e., an exam-
ple for ATRP of MA with CPX).

Scheme 4 illustrates the proposed formation of three PMA
macroCTA species during the ATRP reaction: (a) regular
species I (Cl-PMA-X), (b) transfer of the propagating radical
to a xanthate moiety to form species II (X-PMA-X), and (c)
species III (Cl-PMA-Cl). Species II is inactive during ATRP
but could generate a macromolecule with MW that is two
times higher during the subsequent RAFTpolymerization of
NVP. The chain transfer reactions gradually occur, generat-
ing species II and III with various MWs during the ATRP
of MA. This resulted in the broad molecular weight dis-
tributions for the subsequent RAFT chain extension of
NVP. In contrast to the RAFT-first approach for preparing

Figure 12. (a) Kinetic plot ofmonomer conversion vs time, (b)Mn andMw/Mn vs conversion plots, and (c) DMFGPC traces ofNVP chain extension
fromCl-PMA-XmacroCTA in 50% (v/v) anisole at 60 �C.NVP/Cl-PMA-X/AIBN=500/1/0.5; Cl-PMA-X,Mn= 3,000 andMw/Mn= 1.25 (entry
S10 in Table S3, Supporting Information).

Scheme 4. Proposed Chain Transfer to the Xanthate Part during ATRP ofMA: Difunctional Species I and Species IIWere ProducedWhich Are Both
Active for Subsequent RAFT Polymerization

http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-014.png&w=300&h=314
http://pubs.acs.org/action/showImage?doi=10.1021/ma901578z&iName=master.img-015.jpg&w=303&h=139
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PNVP-b-PMA (Scheme 3), no species IV can be formed, and
the reaction continues. In summary, well-defined PMA-
b-PNVP block copolymer could not be prepared using either
first RAFT polymerization of NVP followed by ATRP of
MA or the opposite sequence. This can be ascribed to the
high reactivity of the MA radical toward the xanthate
moiety, resulting in reshuffling and statistical distribution
of ATRP andRAFT chain ends. For theRAFT-first system,
this process leads to the X-PMA-PNVP-Cl system that
cannot be activated by a copper catalyst, resulting in limited
conversion.

Conclusions

Difunctional haloxanthate inifers were used to prepare block
copolymers by sequential ATRP of conjugated monomers and
RAFT polymerization of NVP. The quantitative dimerization of
NVP that occurred in the presence of bromoxanthate inifers was
overcome by using two difunctional chloroxanthate inifers (CPX
andCiBX).Well-controlled polymerizationswith some induction
periods were observed for the RAFT polymerization of NVP. In
the subsequentATRPchain extensions, PNVP-b-PSt andPNVP-
b-PMMA were successfully synthesized, with monomodal GPC
profiles and relatively narrow molecular weight distributions. In
the case of chain extension with MA a reshuffling reaction
between acrylate propagating radicals and xanthate moiety
occurred, resulting in the formations of X-PMAn-b-PNVPm-X
andX-PMAn-b-PNVPm-Cl species, which cannot be activated by
the copper catalyst. This results in poor control during the chain
extension withMA.When employing theATRP-first sequence, a
well-controlled polymerization was observed only for the ATRP
of MMA with the CiBX initiator. Some reshuffling reactions
between the xanthate moiety and the styryl/acrylate propagating
radicals were observed with the CPX initiator. This process
resulted in the formations of X-PMA-X and Cl-PMA-Cl, which
are active and inactive macroCTAs for the subsequent RAFT
polymerization of NVP, respectively. As a result, poor controls
and broad molecular weight distributions were observed during
the chain extension of NVP from PSt and PMA macroCTAs.

In summary, chloroxanthate inifers provide access to well-
defined PNVP-b-PMMA and PNVP-b-PSt block copolymers,
but not to the PNVP-b-PMA block copolymer.
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