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Abstract: Synthesis of poly(vinyl chloride-graft-2-vinylpyridine) graft copolymers was carried out by reversible addition-fragmentation chain transfer (RAFT)
polymerization of 2-vinylpyridine using a novel macroinitiator (RAFT macroinitiator). For this purpose, RAFT macroinitiator was obtained from the potassium salt of ethyl
xanthogenate and poly(vinyl chloride) (PVC). Then the
graft copolymers were synthesized by using RAFT macroinitiator and 2-vinylpyridine. The principal parameters
such as monomer concentration, initiator concentration,
and polymerization time that affect the polymerization
reaction were studied. The effect of the reaction conditions
on the heterogeneity index and molecular weight was also
investigated. The block lengths of the graft copolymers
were calculated by using 1H nuclear magnetic resonance
(1H NMR) spectra. The block lengths of the copolymers
could be adjusted by varying the monomer and initiator
concentrations. The characterizations of the samples were
carried out by using 1H NMR, Fourier-transform infrared
spectroscopy, gel-permeation chromatography, thermogravimetric analysis, differential scanning calorimetry,
and fractional precipitation (γ value) techniques. RAFT
polymerization is used to control the polymerization of
2-vinylpyridine over a broad range of molecular weights.
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1 Introduction
Block or graft copolymers that provide particular combinations of physical properties are one of the most important
polymeric materials used in technological applications
and theoretical research because of their superior properties based on microphase separation (1–21). Graft copolymers are branched copolymers in which the side chains
are different from the main chain. By using functional
poly
mers containing appropriate alkyl halide groups
along the backbone as a macroinitiator, graft copolymers
with a controlled structure can be obtained (22). The welldefined synthesis of graft copolymers is an important topic
in macromolecular chemistry (23). Macrointermediates
such as macroinitiators, macromonomers, and macrocrosslinkers have been extensively used for designing
various block or graft copolymers via a radical initiated
process (24–36).
Polymers of a well-defined structure and molecular
weight can be synthesized by controlled radical-poly
merization methods, such as nitroxide-mediated poly
merization (37, 38), atom-transfer radical polymerization
(25, 39–44), and reversible addition-fragmentation chain
transfer (RAFT) polymerization (33, 45–60). RAFT poly
merization is one of the most recently developed controlled
radical-polymerization methods and is an important technique for the synthesis of copolymers. The versatility of
the method is shown by its compatibility with many mono
mers and reaction conditions. Reversible chain transfer
includes homolytic substitution, addition fragmentation,
or some other transfer mechanisms (45–56).
In earlier studies, we reported the synthesis of a new
dual macromonomer initiator obtained from the potassium salt of ethyl xanthogenate and terminally brominated poly(ethylene glycol) for RAFT polymerization,
which is a method of controlled/“living” polymerization
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(33, 58). In this study, we report the synthesis of a novel
macroinitiator (RAFT macroinitiator) obtained from the
potassium salt of ethyl xanthogenate and poly(vinyl chloride) (PVC) for RAFT polymerization, which is a method
of controlled/living polymerization. Poly(vinyl chloridegraft-2-vinylpyridine) graft copolymers were synthesized
using RAFT macroinitiator by RAFT polymerization of the
reactants. Graft copolymerization was studied by changing some polymerization conditions such as monomer
concentration, initiator concentration, and polymerization time. The synthesized graft copolymers could be used
to prepare copolymers with the desired segment ratio by
changing the polymerization conditions.

2 Materials and methods
2.1 Materials
The potassium salt of ethyl xanthogenate, tetrahydrofuran (THF), 2-vinylpyridine, and methanol were supplied
by Merck (Merck KGaA, Germany) and used as received.
2,2′-Azobisisobutyronitrile (AIBN), N,N-dimethylformamide
(DMF), and chloroform were obtained from Sigma-Aldrich
(Sigma-Aldrich Co., USA) and used as received. Diethyl ether
and petroleum ether were supplied from Carlo Erba A.G.
(Carlo Erba Reagents, Italy) and used as received. All other
chemicals were reagent grade and used as supplied.

2.2 Instrumentation
The molecular weights and heterogeneity indexes were
measured with a Polymer Labs PL-GPC 220 (Polymer
Laboratories Ltd., UK) gel-permeation chromatography

(GPC) instrument with THF as the solvent. A calibration
curve was obtained with four polystyrene standards: 2960,
50,400, and 696,500 Da, of low polydispersity. Fouriertransform infrared (FTIR) spectra were recorded using a
Nicolet-520 model FTIR spectrometer. 1H nuclear magnetic
resonance (1H NMR) spectra of the samples in dimethyl
sulfoxide and CDCl3 as the solvent, with tetramethylsilane
as the internal standard, were recorded using a Bruker
Ultra Shield Plus, ultra long hold time 400 MHz NMR
spectrometer (Bruker Corporation, Germany). Thermal
analysis measurements of the samples were carried out
under nitrogen using a Perkin-Elmer Pyris 1 TGA and a
Spectrum thermal analyzer (PerkinElmer Inc., USA) to
determine thermal degradation. Differential scanning
calorimetry (DSC) measurement was carried out by using

a Perkin-Elmer DSC 8000 series thermal analysis system
(PerkinElmer Inc., USA). Dried sample was heated at a
rate of 10°C/min under nitrogen atmosphere.

2.3 Synthesis of a novel macroinitiator
PVC was purified as follows: It was dissolved in THF, precipitated in methanol, and dried under vacuum at 45°C for
24 h before use. Purified PVC [4.50 g (6.82 × 10-3 mol/l)] was
reacted with 11.60 g (2.42 mol/l) of the potassium salt of
ethyl xanthogenate in 30 ml of THF at 25°C for 48 h. The
solution was filtered to remove the unreacted xanthate,
and the solvent was removed by a rotary evaporator. RAFT
macroinitiator was precipitated in cold diethyl ether/
petroleum ether (1:1) solution and dried under vacuum at
room temperature for 4 days.

2.4 R
 AFT polymerization of 2-vinylpyridine
by using the macroinitiator
Specified amounts of RAFT macroinitiator, 2-vinylpyridine, AIBN, and DMF (as solvent) were charged separately
into a Pyrex tube, and subsequently, argon was purged
into the tube through a needle. The tube was tightly
capped with a rubber septum and was dropped into an
oil bath thermostated at 90°C. After the polymerization,
the reaction mixture was poured into an excess of methanol to separate poly(vinyl chloride-graft-2-vinylpyridine)
graft copolymers. The graft copolymers were dried at 40°C
under vacuum for 4 days. The yield of the graft copolymer
was determined gravimetrically.

2.5 Fractional precipitations of the polymers
Fractional precipitations of the polymers were carried
out according to the procedure reported in the literature
(43, 61). Vacuum-dried graft copolymer sample (approximately 0.5 g) was dissolved in 5 ml of THF. Petroleum ether
was added dropwise to the polymer solution with stirring
until turbidity occurred. At this point, 1–2 ml of petroleum
ether was added to complete the precipitation. The precipitate was removed by filtration. The solvent was THF
and the nonsolvent was petroleum ether. In this solventnonsolvent system, the γ value was calculated as the ratio
of the total volume of nonsolvent used for the first fraction
to the volume of solvent used.
γ value =

Volume of nonsolvent (ml, petroleum ether)
Volume of solvent (ml, THF)
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synthesis of RAFT macroinitiator is shown in Scheme 1.
The FTIR spectrum of PVC in Figure 1A shows the signals
at 2910 and 2967 cm-1 for aliphatic -CH and -CH2 groups.
The FTIR spectrum of RAFT macroinitiator in Figure
1B shows the signals at 2981, 2968, and 2951 cm-1 for aliphatic -CH, -CH2, and -CH3 groups, respectively, 1462 cm-1
for -C = S groups, and 1138 cm-1 for -C-O groups. The 1H
NMR spectrum of PVC in Figure 2A shows the signals at
2.2 ppm for -CH2 protons and 4.4 ppm for -CHCl protons.
The 1H NMR spectrum of RAFT macroinitiator in Figure 2B
shows the signals at 1.2 ppm for -CH3 protons, 2.2 ppm for
-CH2 protons, 3.1 ppm for -SCH protons, and 4.4 ppm for
-OCH2 and -CHCl protons. The numbers of the xanthogenate groups of RAFT macroinitiator were calculated using
the integral ratios of the signals corresponding to the -CH3
protons of ethyl xanthogenate group (δ = 1.2 ppm), and the
-CH2 groups of the PVC group (δ = 2.2 ppm) in the 1H NMR
spectrum of the macroinitiator. There were approximately
72 xanthogenate groups per chain.

The nonsolvent addition into the filtrate solution was
continued according to the same procedure mentioned
above to determine the γ value for the second fraction if
there was one.

2.6 M
 easurement of swelling ratio in
distilled water
Measurement of the swelling ratios (qv) of the graft copolymers (62) was carried out by storing 0.4 g of the samples in
30 ml of distilled water for 48 h at 20°C. The qv of the graft
copolymer was calculated by the following equations:
A=

Swollen copolymer (g)-Dry copolymer (g)
Dry copolymer (g)
qv = 1 +

A
dwater

The density of distilled water (dwater) is taken as 1 g/ml.

3.2 S
 ynthesis of poly(vinyl chloride-graft2-vinylpyridine) graft copolymers by
RAFT polymerization

3 Results and discussion
3.1 Synthesis of RAFT macroinitiator

The RAFT polymerization of 2-vinylpyridine initiated by
RAFT macroinitiator is shown in Scheme 1. This process
creates new active sites on the thiocarbonate groups for
RAFT polymerization. The FTIR spectrum of poly(vinyl
chloride-graft-2-vinylpyridine) graft copolymer (PD-4) in
Figure 1B shows the signals at 3055 cm-1 for aromatic -CH
groups; 3004, 2921, and 2850 cm-1 for aliphatic -CH, -CH2,
and -CH3 groups, respectively; 1646 cm-1 for -C = S groups;
and 1147 cm-1 for -C-O groups. The 1H NMR spectrum of the

The goal of this work was to synthesize a novel macroinitiator and to evaluate graft copolymerization with
2-vinylpyridine by RAFT method in view of the effect of
some different polymerization conditions. RAFT macroinitiator was synthesized by the reaction of the potassium salt of ethyl xanthogenate with PVC. The product
yield was approximately 36 wt%. The basic outline for the
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Scheme 1 Reaction pathways in the synthesis of poly(vinyl chloride-graft-2-vinylpyridine) graft copolymer.
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Figure 1 FTIR spectra of PVC (A), RAFT macroinitiator (B), and
poly(vinyl chloride-graft-2-vinylpyridine) graft copolymer (PD-4 in
Table 1) (C).

graft copolymer (PD-4) in Figure 2C shows the signals at
1.2 ppm for -CH3 protons of the ethyl xanthogenate group,
1.8 ppm for -CH2 protons of the PVC group, 2.4 ppm for
-CH2 protons of the poly(2-vinylpyridine) group, 2.9 ppm
for -CH protons of PVC-attached poly(2-vinylpyridine)
group, 3.0 ppm for -CH protons of the poly(2-vinylpyridine) group, 4.7 ppm for -OCH2 protons of the ethyl xanthogenate group, 5.5 ppm for -CHCl protons of the PVC
group, and 6.3, 6.9, and 7.2 ppm for aromatic -CH protons
of the poly(2-vinylpyridine) group.
The effects of polymerization time, initiator concentration, and monomer concentration on the copolymerization
in the presence of RAFT macroinitiator by the application
of RAFT processes were studied (Table 1). The monomer
conversion was calculated from the weight of recovered
graft copolymer. The conversion of monomer was between
48.97 and 67.35 wt%. High conversion of 2-vinylpyridine
is obtained by the graft polymerization of 2-vinylpyridine
initiated with RAFT macroinitiator. For polymerizations of
longer durations, polymers of higher molecular weights are
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Figure 2 1H NMR spectra of PVC (A), RAFT macroinitiator (B), and
poly(vinyl chloride-graft-2-vinylpyridine) graft copolymer (PD-4 in
Table 1) (C).

obtained. Longer polymerization time causes higher copolymer yields; these results are in good agreement with those
stated by Heidenreich and Puskas (63) for RAFT polymerization. Higher amounts of RAFT macroinitiator cause
a higher graft copolymer yield. Interestingly, the value of
Mn can only decrease if new chains are generated, which,
however, is not in accordance with a controlled polymerization. Increased amounts of initiator in the reaction mixture
lead to the formation of a higher number of active centers.
Consequently, increased numbers of growing macroradicals are formed in the system. Hence, it may be expected
that they have shorter poly(2-vinylpyridine) segments,
which is confirmed by a decrease in the molecular weights
of the graft copolymers, as shown in Table 1. The same situation was also observed in our previous articles (58–60).
Increasing the amount of monomers also generally causes
an increase in both the yield and the molecular weights
of the copolymers as expected. However, the molecular
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Table 1 The effects of polymerization time, amount of RAFT macroinitiator, and amount of the monomer on the graft copolymerization.
Code RAFT
macroinitiator

PD-4
PD-5
PE-2
PE-3
PE-4
PE-5
PG-4
PG-5

2-Vinylpyridine Time (min) Yield (g) Conversion γ a
(wt%)

g

mol/l

0.204
0.200
0.203
0.202
0.203
0.202
0.250
0.350

1.81 × 10
1.78 × 10-3
1.80 × 10-3
1.79 × 10-3
1.80 × 10-3
1.79 × 10-3
2.22 × 10-3
3.11 × 10-3
-3

g

mol/l

3.880
3.880
2.910
4.850
5.820
6.790
3.880
3.880

9.238
9.238
6.929
11.547
13.857
16.167
9.238
9.238

130
200
70
70
70
70
70
70

2.431
2.748
1.855
2.474
3.232
3.844
2.255
2.415

59.52
67.35
59.59
48.97
53.67
54.98
54.60
57.09

2.00
2.06
1.80
2.06
2.08
2.06
2.06
2.00

qv (in distilled Mn,GPC
water)

Mw/Mn PVC/poly(2vinylpyridine)
segment (mol/mol)

1.50
1.42
1.72
1.88
1.28
1.57
1.33
1.40

1.89
1.84
2.42
1.75
1.66
1.80
1.22
1.97

12,570
15,004
12,863
13,746
16,229
16,063
23,459
17,529

1.00/0.83
–/–
1.00/0.83
1.00/0.84
1.00/0.86
1.00/0.85
1.00/0.85
1.00/0.79

Polymer temperature=90°C. aNonsolvent (petroleum ether, ml)/solvent (THF, ml); AIBN, 0.022 g; DMF, 4 ml.

16,500

60

16,000

58

15,500

56

15,000

54

14,500

52

14,000

50

13,500
Mn,GPC

13,000
12,500

Conv. (%)

3

4

5
6
2-Vinylpyridine (g)

The polymer composition of the graft copolymers
was calculated using the integral ratios of the signals
corresponding to the -CH2 groups of PVC (δ = 1.7–1.8 ppm)
and the aromatic -CH of poly(2-vinylpyridine) (δ = 6.2–8.4
ppm). In general, PVC segments of the graft copolymers
are more than the poly(2-vinypyridine) segments of the
copolymers. Generally, as the monomer feed increased, the
poly(2-vinylpyridine) content increased at the copolymers
(Table 1). The poly(2-vinylpyridine) content increased with
increasing initiator feed at the copolymerization as shown
in Table 1. These results indicate that RAFT polymerization can be used to prepare graft copolymers containing
the desired segment ratio by changing the polymerization
conditions.
Thermogravimetric analysis (TGA) showed interesting
properties of the graft copolymers indicating continuous
weight loss starting from nearly 95°C to nearly 480°C with
a derivative at 427°C (PD-5) as shown in Figure 5. The first
decomposition observed at 111°C may have been caused
by the solvent traces. The Tg value of the graft copolymer
(PD-4) was 140°C (Figure 6). The Tg values reported in the

PE-2
PG-4

Conversion (%)

Mn,GPC

weight decreases for PE-5 in comparison to PE-4 (Table 1)
with increase in the monomer concentration reacted at
the same temperature. At higher amounts of monomer, a
deviation from normal behavior was observed. This situation could be attributed to the increase in viscosity of the
polymerization medium as shown in our previous articles
(24, 60). Dependence of 2-vinylpyridine concentration
on Mn for the copolymerization is shown in Figure 3. The
Mw/Mn values of the poly(vinyl chloride-graft-2-vinylpyridine) graft copolymers are between 1.22 and 2.42 (Table 1).
Because of the use of a macroinitiator including PVC,
Mw/Mn values of the graft copolymers are relatively higher
than expected. All GPC chromatograms were unimodal.
The GPC chromatograms of the copolymers (PE-2 and
PG-4) are shown in Figure 4. A significant GPC trace was
observed at lower elution volume in Figure 4. The GPC
trace showed low yields and high molar weights of products, which were not obtained appreciably. The qv values
of the graft copolymers in distilled water varied from 1.28
to 1.88, which can be attributed to low water absorbance of
the copolymers.

48
46

7

Figure 3 Dependence of 2-vinylpyridine on Mn for poly(vinyl
chloride-graft-2-vinylpyridine) graft copolymers.
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8
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Figure 4 GPC profiles of the graft copolymers (PE-2 and PG-4 in
Table 1) with elution volume.
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Figure 5 TGA curves of PVC (A), RAFT macroinitiator (B), and poly(vinyl
chloride-graft-2-vinylpyridine) graft copolymer (PD-5 in Table 1).

literature for homo poly(2-vinylpyridine) and homo PVC
were 95°C (64) and 80°C (65), respectively. The Tg value
of the graft copolymer changed to a value that was more
than the values of homo PVC and homo poly(2-vinylpyridine). Only one glass transition was detected. It could be
concluded that the corresponding homopolymers were
relatively mixtures. This can be attributed to the high miscibility of the polymerizable 2-vinylpyridine groups of the
graft copolymer and PVC moieties of RAFT macroinitiator. The same situation (the observation of only one glass
transition) can also be seen in our previous articles (25,
43, 60).

3.3 Fractional precipitation
The γ values of poly(vinyl chloride-graft-2-vinylpyridine)
graft copolymers were between 1.80 and 2.08, as shown in
Table 1. In the solvent-nonsolvent system, the γ values were
found to be 1.10–1.22 for homo PVC and 0.40–0.44 for homo
poly(2-vinylpyridine). The γ values of the graft copolymers
were different from those of homo PVC and homo poly(2vinylpyridine). Fractional precipitation behavior provides
an evidence for the formation of graft copolymer.

Figure 6 DSC curve of poly(vinyl chloride-graft-2-vinylpyridine)
graft copolymer (PD-4 in Table 1).

4 Conclusions
RAFT macroinitiator containing PVC has demonstrated
the characteristic macroinitiator behavior in the graft
copolymerization of 2-vinylpyridine by RAFT polymerization. The graft copolymers are obtained in relatively high
yield and molar weight. The proposed procedure for the
preparation of graft copolymers is simple and efficient.
The block length can be regulated by varying the monomer
and initiator concentrations. Basically, by controlling the
polymerization parameters such as the macroinitiator
concentration, monomer concentration, and polymerization time, RAFT macroinitiators can be promising materials in order to obtain graft copolymers.
Acknowledgements: This work was supported by the
Scientific Research Projects Commission (KAU-BAP) of
Kafkas University (Grant #2010/FEF/16 and Grant #2011/
FEF/40) and partially supported by both the Bülent Ecevit
University Research Fund (Grant #BEU-2012-10-03-13) and
TÜBITAK (Grant #211T016).
Received September 20, 2013; accepted December 10, 2013; previously
published online January 7, 2014

References
1. Yagci Y, Schnabel W. Light-induced synthesis of block and graftcopolymers. Prog Polym Sci. 1990;15(4):551–601.
2. Riess G, Hurtres G, Bahadur P. Encyclopedia of polymer science
and engineering. New York: Wiley; 1985.
3. Ruzette AV, Leibler L. Block copolymers in tomorrow’s plastics.
Nat Mater. 2005;4(1):19–31.
4. Shipp DA, Wang J, Matyjaszewski K. Synthesis of acrylate and
methacrylate block copolymers using atom transfer radical
polymerization. Macromolecules. 1998;31(23):8005–8.

5. Bates FM, Fredrickson GH. Block copolymer thermodynamics –
theory and experiment. Annu Rev Phys Chem. 1990;41(1):525–7.
6. Bilalis P, Pitsikalis M, Hadjichristidis N. Controlled nitroxidemediated and reversible addition-fragmentation chain transfer
polymerization of N-vinylpyrrolidone: synthesis of block
copolymers with styrene and 2-vinylpyridine. J Polym Sci Part A
Polym Chem. 2006;44(1):659–65.
7. Noshay A, Mcgrath JE. Block copolymers, overview and critical
survey. New York: Academic Press; 1977.

T. Öztürk et al.: Synthesis and characterization of graft copolymers using RAFT polymerization
8. Hsieh HL, Quirk RP. Anionic polymerization: principles and
practical applications. New York: Marcel Dekker; 1996.
9. Grubbs RT, Tumas W. Polymer synthesis and organotransition
metal chemistry. Science. 1989;243(4893):907–15.
10. Schrock RR. Living ring-opening metathesis polymerization
catalyzed by well-characterized transition-metal alkylidene
complexes. Acc Chem Res. 1990;23(5):158–65.
11. Yildiz U, Hazer B, Tauer K. Tailoring polymer architectures with
macromonomer azoinitiators. Polym Chem. 2012;3(5):1107–18.
12. Kamigaito M, Ando T, Sawamoto M. Metal-catalyzed living
radical polymerization. Chem Rev. 2001;101(12):3689–745.
13. Matyjaszewski K, Xia JH. Atom transfer radical polymerization.
Chem Rev. 2001;101:2921–90.
14. Erel I, Cianga I, Serhatli E, Yagci Y. Synthesis of block
copolymers by combination of photoinduced and atom transfer
radical polymerization routes. Eur Polym J. 2002;38(7):1409–15.
15. Cakmak I, Ozturk T. Synthesis of poly(ethylene glycol-b-styrene)
block copolymers by reverse atom transfer radical polymerization. J Polym Res. 2005;15(3):241–7.
16. Makarova LI, Filimonova LV, Dubrovina LV, Buzin MI,
Nikiforova GG, Zavin BG, Papkov VS. Synthesis and properties of
siloxane(ethylene oxide)urethane block copolymers. Polym Sci
Ser B. 2010;52(5-6):346–52.
17. Vinchon Y, Reeb R, Riess G. Preparation of macromolecular azo
initiators by anionic-polymerization – application to synthesis
of block copolymers. Eur Polym J. 1976;12:317–21.
18. Dhaese F, Goethals EJ, Tezuka Y, Imai K. Synthesis and reactions
of macromolecular polytetrahydrofuran azoinitiators. Makromol
Chem Rapid Commun. 1986;7(3):165–70.
19. Burgess FJ, Cunliffe AV, Maccallum JR, Richards DH. Reactions
to effect transformation of anionic-polymerization into cationic
polymerization. 2. Synthesis and reactivities of anionically
generated xylene bromide-terminated polymers. Polymer.
1977;18:726–32.
20. He LH, Read ES, Armes SP, Adams DJ. Direct synthesis of
controlled-structure primary amine-based methacrylic
polymers by living radical polymerization. Macromolecules.
2007;40(13):4429–38.
21. Peng ZP, Wang D, Liu X, Tong Z. RAFT synthesis of a
water-soluble triblock copolymer of poly(styrenesulfonate)b-poly(ethylene glycol)-b-poly(styrenesulfonate) using a
macromolecular chain transfer agent in aqueous solution.
J Polym Sci Part A Polym Chem. 2007;45(16):3698–706.
22. Nuyken O, Weidner R. Graft and block copolymers via polymeric
azo initiators. Adv Polym Sci. 1986;73(74):145–99.
23. Stoeckel N, Wieland PC, Nuyken O. New syntheses of graft
copolymers using the DPE-technique: ATRP graft copolymerization. Polym Bull. 2002;49(4):243–50.
24. Ozturk T, Cakmak I. One-step synthesis of multiphase block
copolymers via simultaneous free radical and ring opening
polymerization using poly(ethylene oxide) possessing azo
group. J Macromol Sci Part A Pure Appl Chem. 2008;45:572–7.
25. Ozturk T, Yilmaz SS, Hazer B, Menceloglu YZ. ATRP of methyl
methacrylate initiated with a bifunctional initiator bearing
bromomethyl functional groups: synthesis of the block and
graft copolymers. J Polym Sci Part A Polym Chem. 2010;48(6):
1364–73.
26. Wagner M, Nuyken O. Benzyl bromide functionalized
poly(phenyleneethynylene)s as macroinitiators in the atom
transfer radical polymerization of methyl methacrylate.
J Macromol Sci Part A Pure Appl Chem. 2004;41(6):637–47.

33

27. Lodge TP. Block copolymers: past successes and future
challenges. Macromol Chem Phys. 2003;204(2):265–73.
28. Hadjichristidis N, Iatrou H, Pispas S, Pistikalis M. Anionic
polymerization: high vacuum techniques. J Polym Sci Part A
Polym Chem. 2000;38(18):3211–34.
29. Meleshko TK, Ilgach DM, Bogorad NN, Kukarkina NV,
Vlasova EN, Dobrodumov AV, Malakhova II, Gorshkov NI,
Krasikov VD, Yakimanskii AV. Synthesis of multicentered
polyimide initiators for the preparation of regular graft
copolymers via controlled radical polymerization. Polym Sci
Ser B. 2010;52(9–10):589–99.
30. Yuruk H, Ozdemir AB, Baysal BM. Preparation of block
copolymers with polymeric azocarbamate as an initiator. J Appl
Polym Sci. 1986;31(7):2171–83.
31. Ozturk T, Cakmak I. Synthesis of block copolymers via redox
polymerization process: a critical review. Iranian Polym J.
2007;16(8):561–81.
32. Percec V, Guliashvili T, Popov AV, Ramirez-Castillo E,
Coelho JFJ, Hinojosa-Falcon LA. Accelerated synthesis of
poly(methyl methacrylate)-b-poly(vinyl chloride)-b-poly(methyl
methacrylate) block copolymers by the CuCl/tris(2-dimethylaminoethyl)amine-catalyzed living radical block copolymerization
of methyl methacrylate initiated with alpha,omega-di(iodo)
poly(vinyl chloride) in dimethyl sulfoxide at 90 degrees C.
J Polym Sci Part A Polym Chem. 2005;43(8):1649–59.
33. Ozturk T, Hazer B. Synthesis and characterization of a novel
macromonomer initiator for reversible addition fragmentation
chain transfer (raft). Evaluation of the polymerization kinetics
and gelation behaviors. J Macromol Sci Part A Pure Appl Chem.
2010;47(3):265–72.
34. Vinogradova LV, Shamanin V, Kuckling D, Adler HJP. Diblock
copolymers with a poly(N,N-dimethylacrylamide) block:
Homogeneous synthesis by anionic polymerization in pyridine.
Polym Sci Ser B. 2005;47(11/12):330–4.
35. Ilter S, Hazer B, Borcakli M, Atici O. Graft copolymerisation of methyl methacrylate onto a bacterial polyester
containing unsaturated side chains. Macromol Chem Phys.
2001;202(11):2281–6.
36. Eroglu MS, Hazer B, Guven O, Baysal BM. Preparation and
thermal characterization of block copolymers by macroazonitriles having glycidyl azide and epichlorohydrin moieties.
J Appl Polym Sci. 1996;60(12):2141–7.
37. Hawker CJ, Bosman AW, Harth E. New polymer synthesis by
nitroxide mediated living radical polymerizations. Chem Rev.
2001;101(12):3661–88.
38. Lessard B, Maric M. Nitroxide-mediated synthesis of
poly(poly(ethylene glycol) acrylate) (PPEGA) comb-like
homopolymers and block copolymers. Macromolecules.
2008;41(21):7870–80.
39. Wang JS, Matyjaszewski K. Controlled living radical
polymerization – atom-transfer radical polymerization in
the presence of transition-metal complexes. J Am Chem Soc.
1995;117(20):5614–5.
40. Wang JS, Matyjaszewski K. Controlled living radical polymerization – halogen atom-transfer radical polymerization
promoted by a Cu(I)Cu(II) redox process. Macromolecules.
1995;28(23):7901–10.
41. Kotani Y, Kato M, Kamigaito M, Sawamoto M. Living radical
polymerization of alkyl methacrylates with ruthenium complex
and synthesis of their block copolymers. Macromolecules.
1996;29(22):6979–82.

34

T. Öztürk et al.: Synthesis and characterization of graft copolymers using RAFT polymerization

42. Haddleton DM, Waterson C, Derrick PJ, Jasieczek CB, Shooter A.
Monohydroxy terminally functionalised poly(methyl
methacrylate) from atom transfer radical polymerisation. J Chem
Commun. 1997;(7):683–4.
43. Ozturk T, Yilmaz SS, Hazer B. Synthesis of a new macroperoxy
initiator with methyl methacrylate and t-butyl peroxy ester by
atom transfer radical polymerization and copolymerization with
conventional vinyl monomers. J Macromol Sci Part A Pure & Appl
Chem. 2008;45(10):811–20.
44. Ozturk T, Cakmak I. Synthesis of poly(ethylene glycol-b-styrene)
block copolymers by reverse atom transfer radical polymerization. J Polym Res. 2008;15(3):241–7.
45. Chiefari J, Chong YK, Ercole F, Krstina J, Jeffery J, Le TPT,
Mayadunne RTA, Meijs GF, Moad CL, Moad E, Rizzardo E,
Thang SH. Living free-radical polymerization by reversible
addition-fragmentation chain transfer: the RAFT process.
Macromolecules. 1998;31(16):5559–62.
46. Moad G, Chiefari J, Chong YK, Krstina J, Mayadunne RTA,
Postma A, Rizzardo E, Thang SH. Living free radical polymerization with reversible addition-fragmentation chain transfer
(the life of RAFT). Polym Int. 2000;49(9):993–1001.
47. Moad G, Rizzardo E, Thang SH. Radical addition-fragmentation
chemistry in polymer synthesis. Polymer. 2008;49(5):1079–131.
48. Chong BYK, Krstina J, Le TPT, Moad G, Postma A, Rizzardo E,
Thang SH. Thiocarbonylthio compounds [S = C(Ph)S-R] in free
radical polymerization with reversible addition-fragmentation
chain transfer (RAFT polymerization). Role of the free-radical
leaving group (R). Macromolecules. 2003;36(7):2256–72.
49. Zhu J, Zhou D, Zhu X, Cheng Z. Reversible addition
fragmentation chain transfer polymerization of isobutyl
methacrylate. J Macromol Sci Part A Pure Appl Chem.
2004;41(9):1059–70.
50. Kwak Y, Goto A, Tsujii Y, Murata Y, Komatsu K, Fukuda T. A kinetic
study on the rate retardation in radical polymerization of styrene
with addition-fragmentation chain transfer. Macromolecules.
2002;35(8):3026–9.
51. Yin H, Cheng Z, Zhu J, Zhu X. RAFT polymerization of styrene
in the presence of 2-nonyl-benzoimidazole-1-carbodithioic
acid benzyl ester. J Macromol Sci Part A Pure Appl Chem.
2007;44(3):315–20.
52. Moad G, Chong YK, Postma A, Rizzardo E, Thang SH. Advances
in RAFT polymerization: the synthesis of polymers with defined
end-groups. Polymer. 2005;46(19):8458–68.
53. Perrier S, Davis TP, Carmichael AJ, Haddleton DM. Reversible
addition-fragmentation chain transfer polymerization of
methacrylate, acrylate and styrene monomers in 1-alkyl3-methylimidazolium hexfluorophosphate. Eur Polym J.
2003;39(3):417–22.

54. Barner Kowollik C, Quinn JF, Morsley DR, Davis TP. Modeling
the reversible addition-fragmentation chain transfer process in
cumyl dithiobenzoate-mediated styrene homopolymerizations:
Assessing rate coefficients for the addition-fragmentation
equilibrium. J Polym Sci Part A Polym Chem. 2001;39(9):1353–65.
55. Ray B, Isobe Y, Matsumoto K, Habaue S, Okamoto Y, Kamigaito M,
Sawamoto M. RAFT polymerization of N-isopropylacrylamide
in the absence and presence of Y(OTf)(3): simultaneous
control of molecular weight and tacticity. Macromolecules.
2004;37(5):1702–10.
56. Patton DL, Advincula RC. A versatile synthetic route to
macromonomers via RAFT polymerization. Macromolecules.
2006;39(25):8674–83.
57. Pallares J, Jaramillo-Soto G, Flores-Catano C, Lima EV, Lona LMF,
Penlidis A. A comparison of reaction mechanisms for reversible
addition-fragmentation chain transfer polymerization using
modeling tools. J Macromol Sci Part A Pure Appl Chem.
2006;43(9):1293–322.
58. Öztürk T, Göktaş M, Hazer B. Synthesis and characterization of
poly(methyl methacrylate-block-ethylene glycol-block-methyl
methacrylate) block copolymers by reversible additionfragmentation chain transfer polymerization. J Macromol Sci
Part A Pure Appl Chem. 2011;48:65–72.
59. Öztürk T, Göktaş M, Hazer B. One-step synthesis of triarm block
copolymers via simultaneous reversible-addition fragmentation
chain transfer and ring-opening polymerization. J Appl Polym
Sci. 2010;117(3):1638–45.
60. Öztürk T, Atalar MN, Göktaş M, Hazer B. One-step synthesis of
block-graft copolymers via simultaneous reversible-addition
fragmentation chain transfer and ring-opening polymerization
using a novel macroinitiator. J Polym Sci. Part A Polym Chem.
2013;51(12):2651–9.
61. Ozturk T, Cakmak I. One-step synthesis of star-block copolymers
via simultaneous free radical polymerization of styrene and
ring opening polymerization of epsilon-caprolacton using
tetrafunctional iniferter. J Appl Polym Sci. 2008;117:3277–81.
62. Flory PJ. Principles of polymer chemistry. Ithaca and London:
Cornell University Press; 1971.
63. Heidenreich AJ, Puskas JE. Synthesis of arborescent (dendritic)
polystyrenes via controlled inimer-type reversible additionfragmentation chain transfer polymerization. J Polym Sci Part A
Polym Chem. 2008;46(23):7621–7.
64. Available from: http://www.polymersource.com/Resources/
Thermal-analysis.pdf. Thermal analysis data for some polymers
synthesized at polymer source (@10°C/min). Accessed April 4,
2013.
65. Wilkes CE, Summers JW, Daniels CA. PVC handbook. Munich:
Carl Hanser Verlag; 2005.

