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HCl elimination in low ratio was first carried out from poly(vinyl chloride) to increase allylic chlorines. Partially dehydrochlorinated
poly(vinyl chloride), having a macroinitiator effect, was grafted with tert-butyl methacrylate via atom transfer radical polymerization in
the presence of CuBr/2,20-bipyridine at 648C in tetrahydrofuran. Original poly(vinyl chloride) was also grafted with tert-butyl methacrylate

under the same conditions to compare with that of partially dehydrochlorinated poly(vinyl chloride). The graft copolymers were character-
ized by elemental analysis, FTIR, 1H and 13C-NMR, differential scanning calorimetry, and gel permeation chromatography (GPC). Thermal
stabilities of the graft copolymers were investigated by thermogravimetric analysis as compared with those of the macroinitiators.
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1 Introduction

Poly(vinyl chloride), PVC, is now one of the world’s major
polymers in view of the large production amount and
having a very diversified area of usage. Several synthetic
methods for grafting of PVC have been reported by radical
chain transfer reaction, such as in grafting of PVC with
glycidyl methacrylate (1), methyl methacrylate (2) and
butyl acrylate (3), by ionic polymerization from labile
chlorine in PVC, such as in the grafting with isobutylene
(4, 5), with the aid of a polyperoxy radical (6), by mechano-
chemical reaction, such as in the grafting with vinyl alcohol
(7), and by the aid of a polymer radical produced by
g-irradiation, such as in the grafting with styrene (8),
methyl methacrylate (9), acrylic acide (10), and acrylamide
(11). The synthesis of an amphiphilic graft copolymer
composed of PVC backbone and poly(ethylene oxide) side
chain from the reaction of the chlorine in PVC and the
sodium salt of poly(ethylene glycol) has been reported (12).
In some works, grafting of PVC was carried out in two
steps (13–17). The first step contained the reaction of the
chlorine atoms in PVC with some thio compounds to form
a macroinitiator. In the second step, UV light decomposed
the macroinitiator to macroradicals and they can further

react with various monomers to form graft copolymers. An
oxygen stream was also used to form macroradicals from a
macroinitiator with thio side chain (18). In another work,
grafting of dehydrochlorinated PVC in solution with styrene,
in the presence of AIBN, was reported (19).
Metal-catalyzed living radical polymerization, also called

atom transfer radical polymerization (ATRP), recently
provides another approach to the preparation of graft copoly-
mers. Polymeric species containing activated halogen atoms
can potentially be used to initiate ATRP, and if this procedure
was performed in the presence of a monomer, this causes the
grafting of the monomer on the polymer. Grafting of styrene
and various acrylates was achieved by ATRP with the chlor-
oacetyl group being introduced to the polymer as initiating
sites (20). PVC is mainly produced by radical polymerization.
Radical polymerization of vinyl chloride, however, results in
the formation of molecules with a number of isomeric forms
and structural defects (21–23). Recently, Percec and co-
workers (24, 25), and Bicak and Özlem (26) reported the
utility of ATRP in the grafting of some vinyl monomers by
initiation via the labile chlorines of PVC. Very recently,
Chen and coworkers reported grafting of poly(vinyl
chloride-co-vinyl acetate) with methyl methacrylate over
the labile chlorines by ATRP (27).
In this study, we have reported the utility of ATRP in

grafting of tert-butyl methacrylate(tBMA) via the allylic
chlorines in partially dehydrochlorinated PVC (DhPVC),
and the characterization of poly(vinyl chloride)-g-poly(tert-
butyl methacrylate), PVC-g-PtBMA, by elemental analysis,
FTIR, NMR, GPC and thermal analysis.
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2 Experimental

2.1 Materials

tBMA (Fluka) was purified by distillation. Tetrahydrofuran
(THF), methanol, 1,3-dichlorobenzene, CuBr, 2,20-bipyridine
(bpy) and piperidine (Aldrich) were used as received. PVC
was obtained from a local company named Keban Plastic
Co. Sodium n-butoxide was prepared by reaction of anhy-
drous n-butanol with metallic sodium in dry diethyl ether at
room temperature.

2.2 Partially Dehydrochlorination of PVC and

Grafting Procedure

According to the procedure adopted from the literature (19), par-
tially DhPVC was prepared by HCl elimination of PVC in THF
solution with piperidine (1.4 molar ratio of VC in PVC/piper-
idine) as a base at the reflux temperature (648C) under argon
atmosphere for 180 min, The colorless reaction solution first
changed to yellow, brown and dark brown as the reaction pro-
ceeds. At the end of the desired time, the reaction mixture was
cooled, and a small part of the solution was then poured into
excessmethanol toprecipitateDhPVC. Itwasfilteredandpurified
by reprecipitation, then dried under vacuum for 24 h. Excess
piperidine in the main part of the dehydrochlorination solution
of PVC was neutralized by acetic acid, and then Cu(I)Br/bpy
(1/3 by mol) was added to the solution by stirring. After tBMA
in a 50 times amount (by mole) of Cu(I)Br was also added to
the solution, the mixture was refluxed under argon atmosphere
for the desired time. At the end of the reaction time, the reaction
mixture was filtered to remove undissolved particles, and the
graft copolymer was precipitated from excess methanol, and
dried under vacuum at 508C for 24 h.

The dehydrochlorination of PVC was also carried out in the
presence of sodium n-butoxide in THF at 258C for 5 min. The
excess base in the mixture was neutralized by acetic acid.
DhPVC was grafted by ATRP with tBMA, and the grafted
polymer was isolated as mentioned above.

In addition, dehydrochlorination of PVC was carried out in
1,3-dichlorobenzene at 958C in the presence of piperidine as a
base under an Ar atmosphere for 120 min. After DhPVC was
isolated by precipitating in methanol, the graft copolymer was
dissolved again in 1,3-dichlorobenzene, and was grafted by
ATRP with tBMA at 958C using Cu(I)Br/bpy as a catalyst.

As a comparison, the original PVC was also grafted with
tBMA by ATRP refluxing in THF in the presence of CuBr/
bpy as a catalyst.

2.3 Characterization

Gel permeation chromatography (GPC) was performed using
an Agilant 1100 series instrument, which consisted of a
pump, a refractive index detector and Waters Styragel
columns, in THF. Polystyrene standards were used for cali-
bration. NMR spectra were recorded using a Jeol FX 90Q
spectrometer. FT-IR was measured using a Mattson 1000
spectrometer. Elemental analyses were carried out in the
usual manner using a Leco 935 CHNS analyzer. Thermogra-
vimetric analysis (TGA) and differential scanning calorimetry
(DSC) data were obtained from a Shimadzu TGA-50 thermo-
balance and DSC-50, respectively.

3 Results and Discussion

3.1 Dehydrochlorination and Grafting

Partial dehydrochlorination of PVC generates new double
bonds, and these may increase the amount of allylic chlorine
atoms in the polymer backbone. Organic compounds contain-
ing allylic chlorine are used as an initiator in atom transfer
radical polymerization (28).

HCl elimination was carried out from PVC in low ratio to
performgraftingover allylic chlorine inpartiallydehydrochlori-
nated PVC (DhPVC). In the presence of the bases, dehydro-
chlorination of PVC in solution is expected to produce
conjugated carbon-carbon double bonds along the polymer
chain due to elimination of HCl (19). During dehydrochlorina-
tion of PVC, the color of the solution changed from colorless to
yellow and dark brown. The results obtained from dehydro-
chlorination of PVC in the presence of piperidine in THF at
648C and in 1,3-dichlorobenzen at 958C, and in the presence
of sodium n-butoxide in THF at 258C, are shown in Table 1.
HCl elimination in low ratio was preferred to avoid gelation
during both grafting and elimination.

Grafting via ATRP on original PVC was first carried out to
see the effect of partial dehydrochlorination on the grafting of
PVC. During the conventional radical polymerization of vinyl
chloride, structural defects such as allylic and tertiary chloride

Table 1. Dehydrochlorination of PVC

Polymer Solvent/base
Temp.
(8C)

Time
(min)

Chlorinea

(% wt)
Dehydrochl.
(% by mol)

Original PVC — — 0 56.76 0
DhPVC THF/piperidine 64 180 53.61 5.5
DhPVC(p) 1,3-Dichloro-benzen/piperidine 95 120 54.85 3.4

DhPVC(s) THF/sodium-n-butoxide 25 5 55.10 2.9

aFrom the difference of carbon and hydrogen results in elemental analysis.
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are introduced into the polymer, and their bond dissociation
energies are relatively low, 58 and 67 kcal/mol, respectively
(23). Under various conditions, grafting via ATRP over the
labile chlorines on commercial PVC of many conventional
vinyl monomers was reported (25, 26). In this study, the
graft copolymerization on original PVC was carried out in
THF as a solvent at reflux temperature (648C in laboratory con-
ditions) under argon atmosphere. A CuBr/bpy complex was
used as catalyst. Assuming the presence of around 1% (by
mol) labile chlorine in commercial PVC, the ratio of the
macroinitiator (PVC)/CuBr/bpy/tBMA is used as 1/1/3/50
in the grafting, and the grafting was performed at three differ-
ent times (17, 30 and 72 h).

Assuming forming of one allylic chlorine per eliminated HCl,
the macroinitiator (DhPVC)/CuBr/bpy/tBMA ratio is used as
1/1/3/50. Atom transfer radical graft copolymerization
(Scheme 1) is carried out at 648C for 17, 30, 72 and 96 h.
Grafting studies on DhPVC(p) and DhPVC(s) (they are
described in Table 1) were performed similarly.

3.2 Structural and Molecular Weight Characterization

FTIR spectrum (Figure 1) of 5.5% dehydrochlorinated sample
(DhPVC) shows a new broad band at 1634 cm21 (C55C stretch-
ing vibration), a decrease in intensity of band at 763 cm21 (C-Cl)
in comparison with that of original PVC.

Average molecular weights and polydispersities of the
graft copolymers are shown in Table 2. FTIR spectra of
original PVC, dehydrochlorinated PVC, and some graft copo-
lymers are shown in Figure 1. During the grafting, number
average molecular weight increased from 75,500, which is
that of the original PVC, to 82,000 up to 30 h, but it decreased
to 57,900 in grafting for 72 h. The latter showed a small
shoulder in the high molecular weight side of GPC trace,
and this may result in growing chain ends during the
grafting captured PVC chains.
During grafting, studies on DhPVC, number average mol-

ecular weight decreased from 69,500 to 26,400 depending on
increasing grafting time and polydispersity increased around
2. A decrease in molecular weight during the grafting may
be obvious evidence of main chain scission. The chain
scission also increases the radical concentration in the
grafting medium, and this event increases the polydispersity.
These results indicated that atom transfer radical graft copoly-
merization on DhPVC is not well controlled due to radical pro-
duction from another source. It is thought the double bonds in
DhPVC have a role in the chain scission. GPC traces of all
graft copolymers are unimodel except small shoulders in the
high molecular weight side. These shoulders indicate that the
grafting accompanied a small amount of crosslinking.
FTIR spectrum (Figure 1) of DhPVC-g-PtBMA (17 h)

produced from the grafting of DhPVC with tBMA for 17 h

Sch. 1. Graft copolymerization of partially dehydrochlorinated PVC with tBMA.
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evidently showed an ester carbonyl band at 1725 cm21 and -
(C55O)-O-C- symmetric stretching vibration at 1146 cm21,
and these bands are relatively more intense in that product
obtained in grafting for 30 h. These bands which are

spectroscopic evidence of the grafting are very small in
FTIR spectrum of PVC-g-PtBMA (17 h) produced from
grafting original PVC with tBMA for 17 h. FTIR
spectrum of the product obtained from the grafting of
DhPVC(s) with tBMA for 17 h at 648C also showed very
small ester bands, and a very small band at 1775 cm21

apart from ester bands. These results indicated that PVC,
dehydrochlorinated in low ratio in THF at 648C in the
presence of piperidine, is a suitable material for grafting
with tBMA via ATRP. The increasing of allylic structures
by dehydrochlorination raised active centers as ATRP
initiator, but these also caused chain scission during the
grating.

1H-NMR and 13C-NMR spectra of DhPVC-g-PtBMA
(72 h) are shown in Figure 2. Signals at 1.43 ppm and
4.60 ppm in the 1H-NMR spectrum describes methyl groups
in tBMA of the graft copolymer and -CH(Cl)- groups in the
PVC main chain, partially dehydrochlorinated, respectively.
13C-NMR spectrum of the graft copolymer shows character-
istic signals at 177.2 (C55O), 80.0 (-O-C), 56.0–58.0 (-
CH(Cl)-), 45.8–47.4 (-CH2- in the backbone), 27.7 [methyl
carbon in -C(CH3)3] and 17.7 ppm (methyl carbon on
tBMA chain).

A quantitative estimation on DhPVC-g-PtBMA (72 h)
was done using the elemental analysis results (5.5%,

Fig. 1. FTIR spectra of some graft copolymers, DhPVC and

original PVC.

Table 2. Mn and Mw/Mn values of the graft copolymers

Polymer Mn Mw/Mn

Grafting
time (h)

Original PVC 75500 1.76 —
DhPVC 69500 1.98 —
PVC-g-PtBMA (17 h) 80500 1.60 17

PVC-g-PtBMA (30 h) 82000 1.66 30
PVC-g-PtBMA (72 h) 57900 1.82 72
DhPVC-g-PtBMA (17 h) 41000 1.88 17

DhPVC-g-PtBMA (30 h) 35000 2.03 30
DhPVC-g-PtBMA (72 h) 32300 2.14 72
DhPVC-g-PtBMA (96 h) 26400 1.99 96

DhPVC(p)-g-PtBMA (24 h) 59800 1.69 24 Fig. 2. 1H-NMR (a) and 13C-NMR, (b) spectra of DhPVC-g-
PtBMA (72 h).
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by mol, dehydrochlorination), GPC data (Mn:32300)
and integral heights of the signals at 1.43 ppm and
4.60 ppm. For this purpose, the following equations were
used:

32300 ¼ nx142þ 0.945x62.5þmx26x0.055

mx0.945x1

nx9
¼

9

46

Where n is the number of repeating units in the tBMA chain
of the graft copolymer, m is number of repeating units in the
PVC main chain of the graft copolymer, 142 and 62.5 are the
molecular weighs of tBMA and vinyl chloride, respectively,
and 9/46 is ratio of integral height of signal at 4.60 ppm to
integral height of that at 1.43 ppm. The calculations show
that m and n values are 239 and 127, respectively. In other
words, there are 53 repeating units of PtBMA per 100 repeat-
ing units of PVC.

3.3 Thermal Characterization

DSC and TGA techniques were used to evaluate the thermal
properties of the graft copolymers and starting polymers.
While a Tg at 888C was observed in the DSC scan
(Figure 3) of the original PVC, a Tg at 1148C was observed
in that of poly(tert-Butyl methacrylate), PtBMA, obtained
by ATRP. DSC thermogram of 5.5% DhPVC showed a
wide glass transition region with an inflexion point of 908C.
Thermal characteristics of all the polymers are summarized
in Table 3. All the graft copolymers showed two glass tran-
sition temperatures that indicates phase separation. PVC-g-
PtBMA (72 h) showed two glass transition points at 85 and
1248C, but the latter is less clear. The graft copolymers in
rich tBMA units (DhPVC-g-PtBMAs) clearly showed two
Tg at 92 and 1288C. This demonstrates the presence of
phase separation in this graft copolymer. Tgs at 928C and
1288C characterize DhPVC chains and PtBMA chains in
the graft copolymer, respectively. Phase separation has also
been reported in some graft copolymers obtained from the
grafting of chloromethylated aromatic polyethersulfone
with butyl acrylate and methyl acrylate (29), of modified
polyethylene with styrene and methyl methacrylate (30),
of poly(styrene-co-p-chloromethyl styrene) with ethyl
methacrylate (31), and of PVC with 4-chlorostyrene (24).
Although PtBMA homopolymer obtained by ATRP has a
Tg at 1148C, PtBMA chains formed by the same method in
the graft copolymer showed a higher Tg temperature
(1288C). Because one end of PtBMA chains in the graft copo-
lymer joined the DhPVC chain, these ends have a decreasing
effect on the free volume and an increasing effect on the glass
transition temperature. It has been reported that the main
chain and side chain show a higher glass transition tempera-
ture than those of corresponding homopolymers in the graft
copolymers occurring from phase separation. Poly(styrene)-
graft-poly(ethyl methacrylate) showed two Tgs at 79–858C
and 103–1058C depending on grafting degree (31). The
first value belongs to poly(ethyl methacrylate) and the
second to poly(styrene), although poly(ethyl methacrylate)
and poly(styrene) homopolymers show a glass transition at
65–708C and about 1008C, respectively. In another study,

Fig. 3. DSC traces of some graft copolymers, DhPVC and
original PVC.

Table 3. Thermal properties of the polymers

Polymer Tg (8C) Ti
a (8C) T20% (8C) T50% (8C)

Residue at

4008C (%)

Original PVC 88 235b 290 309 37

DhPVC 90 200 258 294 40
PVC-g-PtBMA (72 h) 85; 124 200 298 319 40
DhPVC-g-PtBMA (30 h) 92; 128 184 238 298 41
DhPVC-g-PtBMA (72 h) 92; 128 184 238 298 40

DhPVC-g-PtBMA (96 h) 92; 128 — — — —
PtBMA 114 — — — —

aInitial decomposition temperature.
bTemperature occurring rapidly of weight loss.
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original PVC and poly(4-chlorostyrene) homopolymers have
a glass transition at 818C and 1198C, respectively. The graft
copolymer of these two polymers showed two Tgs at 838C
and 1228C (21).

The TGA results of three graft copolymers, DhPVC and
the original PVC are summarized in Table 3, and traces
of them are shown in Figure 4. If the initial decomposition
temperature, Ti, has been assumed simply as a measurement
of thermal stability, these temperatures are 235 and 2008C
for the original PVC and DhPVC, respectively. Partially
dehydrochlorination (5.5% by mol) of PVC generates new
double bonds, and these increase the availability of allylic
chlorine atoms in the polymer backbone. An increase of
this kind of chlorine atoms decreases thermal stability of
PVC. The grafting of PVC with tBMA also decreases
thermal stability of PVC. The grafting on DhPVC also
decreases thermal stability of DhPVC. It is well known
(32, 33) that thermal degradation of radically prepared
PtBMA started by formation of methacrylic acid units and
by evolution of isobutylene from the side chain at
around 1908C, and the degradation proceeded by
formation of cyclic anhydride between nearby methacrylic
acid units. In thermal degradation of DhPVC-g-PtBMA
(30 and 72 h), proceeding of the decomposition above
3008C very slowly may be due to thermal stability of
cyclic anhydride structures which occurred up to this temp-
erature. Residue at 4008C of all the polymers investigated
TGA data is in similar ratio (about 40%), although that of
PVC is slightly lower (37%).

4 Conclusions

Partial dehydrochlorination (5.5% by mol) of PVC generates
new double bonds, and these increase the availability of

allylic chlorine atoms in the polymer backbone. This
polymer, DhPVC, was used as a macroinitiator in ATRP,
and its graft copolymerization with tBMA was carried out
in THF at 648C in the presence of CuBr/bpy as a
catalyst. To compare grafting of original PVC was also
studied under the same conditions. FTIR, NMR, DSC,
TGA and elemental analyses results showed that tBMA
units were bound to DhPVC in more ratio than that of
the original PVC. Grafting was carried out probably
together with some chain scission and a small amount of
crosslinking.
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