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Living polymerization of styrene initiated with benzoyl peroxide (BPO) in the pres-
ence of 2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO) at 125°C was performed
by using nitroxide-mediated living radical polymerization (NMRP) technique. The

obtained TEMPO-ended polystyrene served as macroinitiator for the synthesis of
poly(styrene-block-vinylpyrrolidone) diblock copolymer. Also, by polymerization of the
mixture of styrene and N-vinylpyrrolidone in the presence of TEMPO and BPO, ran-
dom copolymers of these monomers were prepared at different feed ratios by NMRP
technique. The microstructure of synthesized polymers is investigated by 1HNMR and
IR spectroscopies and GPC techniques. The compositions of synthesized polymers
were investigated by elemental analysis and the reactivity ratios of these monomers
were calculated by using the elemental analysis data through Fineman-Ross equation,
which were 15.509 and 0.102 for styrene and N-vinylpyrrolidone, respectively. The sol-
ubility of synthesized diblock and random copolymers are investigated in various sol-
vents, and the results showed the amphiphilicity of synthesized copolymers. 

INTRODUCTION

Recently, much attention has been
focused on the synthesis of well-
defined block copolymers, which
are composed of hydrophobic and
hydrophilic blocks that are cova-
lently bonded together (named as
amphiphilic copolymers). This is
mainly due to the fact that they
possess attractive properties such as
formation of self-assembled aggre-

gates in the appropriate solvents
[1,2]. Also, such block systems that
have accurately controlled architec-
ture have shown to be useful as
compatibilizer for polymer blends
and emulsifiers [3]. Living free-
radical polymerization (LFRP) is
one of the several methods for
preparation of such block copoly-
mers.
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Controlled/living radical polymerization follows the
principle of equilibration between growing free radicals
and dormant species. There are several approaches to
control FRP by suppressing the contribution of chain
breaking reactions and assuring quantitative initiations,
two conditions are necessary to achieve good control
over molecular weights, polydispersities and end group
functionalities. The reactions are described as controlled
free-radical polymerization (CRP) or controlled/living
radical polymerizations rather than a true living poly-
merization, due to the presence of unavoidable termina-
tion reactions [4].

Living free radical polymerization has been investi-
gated in order to synthesize graft copolymers such as
polystyrene grafted SBR (PS-g-SBR) [5], polystyrene
grafted ABS (PS-g-ABS) [6], and polystyrene grafted
PVC (PS-g-PVC) [7] using the concept of Georges et al.
[8] and the methodology was developed by Hawker et
al. [9,10]. This method also has been used to prepare
block copolymers of styrene with vinyl pyridine, acry-
late, butadiene, and isoprene [11-14]. 

In the nitroxide-mediated living free radical poly-
merization (NMRP) the propagating species ( ) react
with a stable radical ( ). The resulting dormant species
( ) can then reversibly cleave to regenerate the free
radicals once again. Once forms it can react with a
monomer, M, and propagate further. The most commonly
used stable radical has been nitroxide, especially
2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO) [15].

Poly(N-vinylpyrrolidone) (PNVP) is a water-soluble
and biocompatible polymer and has been extensively
used in pharmaceuticals, cosmetics, foods, printing inks,
textiles, and many more diverse applications [16].
Because of its versatilities, PNVP and its copolymers
have also found numerous applications in modern bio-
logical and material sciences and technologies [17,18].
Therefore, control of macromolecular structure of
PNVP and its copolymers would provide advanced
materials with improved and/or new properties, but
there are a few reports on the precise control of molec-
ular structure of PNVP and its copolymers. Rimmer and
Smith recently reported that PNVPs with low polydis-
persity index (PDI<1.5) could be synthesized upon
employing 3-methylbutan-2-one as a chain transfer
agent [19]. An alternative and more attractive strategy
would be the use of living radical polymerizations,

which are now widely used for the controlled polymer-
ization and copolymerization of a variety of functional-
ized monomers [20]. Yamago et al. have recently pre-
pared poly (N-vinypyrrolidone)s and its diblock copoly-
mers such as poly(methyl methacrylate [MMA]-b-
NVP), poly(NVP-b-MMA) and poly(styrene [St]-b-
NVP) by organostilbine-mediated living radical poly-
merization (SBRP) [21]. 

In the present study, living polystyrene was synthe-
sized by nitroxide-mediated living free radical polymer-
ization (NMRP) technique. Then the TEMPO-ended
polystyrene was used for the first time as a macroinitia-
tor to prepare amphiphilic diblock copolymer of styrene
and N-vinylpyrrolidone with controlled architecture.
Also, we report here the first successful synthesis of ran-
dom copolymers of styrene and N-vinylpyrrolidone by
using nitroxide-mediated living free radical polymeriza-
tion (NMRP) technique. By using the elemental analy-
sis data, the reactivity ratios of these monomers were
calculated by Fineman-Ross equation.

EXPERIMENTAL

Materials and Instruments
Styrene (Fluka) and N-vinylpyrrolidone (Merck) were
distilled under reduced pressure prior to their use.
Benzoyl peroxide was purchased from Merck and puri-
fied by reprecipitation from chloroform into methanol.
TEMPO was prepared according to the literature proce-
dure [22-24]. Acetone, calcium chloride, para-nitrotoluene,
hydrazine hydrate (NH2NH2 . xH2O, d = 1.024 g/mL) and
solvents were purchased from Merck and used without
further purification.

The 1HNMR spectra were recorded with a FTNMR
(400 MHz) Bruker in CDCl3. The molecular weights of
the resulting polymers were obtained with a Maxima
820 GPC analysis instrument using polystyrene calibra-
tion standards with dimethyl formamide as the mobile
phase. The elemental analysis was carried out with an
Elementar VarioEL III instrument.

Synthesis of Living Polystyrene (PS-TEMPO)
PS-TEMPO was prepared as described previously [9].
In a typical run, a mixture of styrene (3.5×10-2 mol),
BPO (2.4×10-4 mol) and TEMPO (3.2×10-4 mol) was
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transferred to a glass tube, degassed with several freeze-
thaw cycles, and sealed under vaccum. Then, the mix-
ture was heated at 95°C for 3.5 h and at 125°C for 6 h to
yield a polymer. The polymer was recovered by precip-
itation from a large excess of methanol, purified by
reprecipitation with a chloroform (solvent)/methanol
(non-solvent) system and thoroughly dried (yield 31%).
According to the PS-calibrated GPC, the synthesized
polystyrene has 3805 g/mol and PD= 1.11.

Synthesis of Poly(St-b-NVP) Amphiphilic Diblock
Copolymer
An amount of 0.20 g (5.26×10-5 mol) of the PS-TEMPO
sample (prepared as described above) and 3.0 g
(2.7×10-2 mol) of N-vinylpyrrolidone were placed in a
polymerization ampoule. After dissolving the PS-
TEMPO in N-vinylpyrrolidone, the solution was
degassed and sealed under vacuum. The copolymeriza-
tion reaction was allowed to proceed at 125°C for 48 h.

Because of the amphiphilicity of the block copolymer
there was no suitable non-solvent for the precipitation of
product. Thus, in order to purify the product, the solu-
tion was poured in 5 mL of double distillated water at
25°C. The mixture was conducted into cellophane mem-
brane dialysis bag. The bag was closed and transferred
into a flask containing 100 mL of double distillated
water maintained at 25°C for 4 days. The external water
was continuously stirred. After this period, the product
was poured in a dish and its water was evaporated at
50°C, then the product was collected (yield 30%).
According to the PS-calibrated GPC, the synthesized
block copolymer has  7448 g/mol and PD = 1.59.

Synthesis of Random Copolymers of Styrene and N-
vinylpyrrolidone
A mixture of different ratios of styrene and N-
vinylpyrrolidone, BPO (2.4×10-4 mol) and TEMPO
(3.2×10-4 mol) was transferred to a glass tube, degassed

nM =

nM =

Scheme I. Synthesis of living polystyrene.

Scheme II. Synthesis of poly(St-b-NVP) diblock copolymer.
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and sealed under vacuum. Then, the mixture was heated
at 95°C for 3.5 h and at 125°C for 12 h. The total
amount of monomers for all experiments was 0.035 mol
and the amount of each monomer was calculated
according to the molar ratio of monomers. In order to
purify copolymers with a high percentage of styrene, a
solvent (chloroform)/nonsolvent (methanol) system was
used. While for the purification of copolymers with a
high percentage of N-vinylpyrrolidone, cellophane
membrane dialysis bag was utilized.

RESULTS AND DISCUSSION 

Synthesis of Living Polystyrene and Poly(styrene-b-
vinylpyrrolidone)
Living radical polymerization of styrene was performed
in bulk by using BPO as an initiator in the presence of
TEMPO at 125°C for 6 h, after being held at 95°C for

3.5-4 h according to the method described in the litera-
ture [25,26]. Scheme I shows the mechanism of living
radical polymerization of styrene. 

The reaction of TEMPO-terminated polystyrene
with N-vinylpyrrolidone resulted in the formation of
Poly(St-b-NVP) diblock copolymer [Scheme II]. A
blank polymerization of N-vinylpyrrolidone, i.e. in the
absence of BPO and TEMPO, was performed under the
same conditions similar to original experiments. It was
observed that no homopolymerization occurred in ther-
mal manner. By considering this point we concluded
that the N-vinylpyrrolidone is polymerized in radical
manner at the end of living polystyrene as radical
macroinitiator. The GPC of living polystyrene shows
that polydispersity of this polymer is 1.11 with narrow
molecular weight distribution [Figure 1a]. The GPC of
poly (St-b-NVP) diblock copolymer demonstrates a dis-
tinct shift to a higher molecular weight. The absence of
new peak in the GPC chromatogram indicates that the
product is free of poly (N-vinylpyrrolidone) homopoly-
mer [Figure 1b]. The results of the GPC chromatograms
for living polystyrene and poly (St-b-NVP) are summa-
rized in Table 1.

In FTIR spectrum of poly (St-b-NVP) copolymer, a
strong peak at 1663 cm-1 shows the presence of C=O
group and hence the presence of poly(N-vinylpyrroli-
done) in the structure of polymer is proven (Figure 2). 

Figure 3a shows the 1HNMR spectrum of PS-
TEMPO obtained from living radical polymerization by
TEMPO/BPO. It is obvious that the signals at =1.42 -
1.84 ppm and = 6.57 - 7.25 ppm are attributed to
methylene, methine, and aromatic protons of styrene,

δ
δ

(a)

Figure 1. GPC Chromatograms of (a) PS-TEMPO and (b)
poly(St-b-NVP).

Figure 2. FTIR Spectrum of l iving polystyrene and
poly(St-b-NVP).

(b)
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Table 1. Molecular weight and polydispersity of PS-TEMPO and poly(St-b-NVP) from GPC.

Sample Initiator Time
(h)

Yield
(%) 1gmol−⎡ ⎤⎣ ⎦

nM
1gmol−⎡ ⎤⎣ ⎦

wM PD

PS-TEMPO BZ-TEMPO 6 31 3805 4223 1.11

PS-b-PVP PS-TEMPO 48 30 7448 11842 1.59

(a)

(b)

Figure 3. 1HNMR Spectra of (a) PS-TEMPO and (b) poly(St-b-NVP).
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respectively. The signals of protons derived from the
piperidinyloxy methyl resonance of TEMPO ( = 0.20-
1.09 ppm) are also observed. The signals at  = 4.03 -
4.45 ppm were assigned to the benzylic proton of the
styrene unit bonded to the piperidinyloxy group.

Figure 3b represents the 1HNMR spectrum of
poly(St-b-NVP) diblock copolymer. Signals at  = 3.44 ppm
and = 3.74 ppm are attributed to He and Hd in N-
vinylpyrrolidone, respectively [31]. Therefore, the
1HNMR spectrum of the purified product indicates the
presence of poly(N-vinylpyrrolidone).

By using the data from 1HNMR spectrum, we calcu-
lated the percentages of each monomer in the synthesized
diblock copolymer. The peak area in =1.45-2.40 ppm
belongs to the three protons of styrene and six protons
of N-vinylpyrrolidone (Ha: 1.4 ppm, Hb: 1.8 ppm, Hg:
2.1-2.4 ppm, Hf: 1.35-1.9 ppm, Hc: 1.98-2.1 ppm). Also,
the peak area in =3.26-3.74 ppm is attributed to three
protons of N-vinylpyrrolidone (He: 3.44 ppm and Hd:
3.74 ppm). Thus, by using the equations (1) and (2), the
percentages of styrene (S) and N-vinylpyrrolidone (V)
in diblock copolymer are calculated.

(1)

(2)

After solving the above equations, we have S = 0.52 and
V = 0.53 where the percentages of monomers are calcu-
lated 49.5 and 50.5, respectively via using these molar
ratios. As a result, the synthesized copolymer approxi-
mately has an equal percentage of each monomer in its

structure. Table 2 displays the elemental analysis data
for both living polystyrene and poly (St-b-NVP). A
comparison of the percentages of nitrogen between liv-
ing polystyrene and poly (St-b-NVP) proves the addi-
tion of N-vinylpyrrolidone at the end of polystyrene.

Synthesis of Random Copolymers of Styrene and N-
Vinylpyrrolidone
For the preparation of random copolymers of styrene
and N-vinylpyrrolidone, these monomers are copoly-
merized at different molar ratios. Table 3 illustrates the
ratios of monomers and the yields of each reaction. As
shown in Table 3, by increasing the percentage of N-
vinylpyrrolidone, the yield of reaction decreased and
this shows that the reactivity of N-vinylpyrrolidone is
less than styrene.

Calculation of the Reactivity Ratios of Monomers
Fineman-Ross equation is one of the several methods to
calculate the reactivity ratios (eqn 3).

(3)

In this equation, and are the reactivity ratios of A
and B monomers, respectively. G and H are calculated
from the equations (4) and (5):

(4)

(5)

In the above equations and are the molar ratio ofaFaf

2

2

( )
( )

a a

a a

f 1 FH =
1 f F

−
−

( )
( )

a a

a a

f 1 2FG
1 f F

−= −
−

brar

G r H ra b= −

3V = 1.577

3S +6V = 4.748

δ

δ

δ
δ

δ
δ

pV
St

1
9

1
2

1
1

2
1

9
1

Yield
(%) 25 20 12 N.D. 0

Table 3. Molar ratios of monomers and reaction yields in
random coplymers preparations.

N.D.: not determined

Table 4. Calculated parameters for Fineman-Ross equation.

af aF G H
0.90 0.993 8.836 0.578
0.67 0.964 1.954 0.154
0.50 0.937 0.933 0.067
0.33 0.883 0.655 0.032

Table 2. Elemental analysis data of PS-TEMPO and poly(St-b-NVP).

Sample %C %H %N 1
nM gmol−⎡ ⎤⎣ ⎦

PS-TEMPO 90.17 7.137 0.363 3831

PS-b-PVP 63.82 6.132 12.01 7653
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A monomer in the feed and copolymer, respectively. The
diagram of  G vs. H is a linear graph, where its slope
gives and its intercept gives . In this equation we
supposed styrene as A and N-vinylpyrrolidone as B. By
using the data from elemental analysis, is calculated
and the results are summarized in Table 4. 

The plot of G vs. H gives the reactivity ratio of
monomers which is 15.509 for styrene and 0.102 for N-
vinylpyrrolidone (Figure 4). The calculated reactivity ratios
are close to the amounts reported in the literature [27].

Investigating the Solubility of the Synthesized
Polymers and Copolymers 
The solubility of synthesized polymers and copolymers
is investigated in various solvents and the results are
given in Table 5. The two main results that can be con-
cluded from this investigation are: 

- the solubility of poly (St-b-NVP) as an amphiphilic
copolymer is different from the solubility of polystyrene
homopolymer or random copolymers of styrene and N-
vinylpyrrolidone. 

- The solubility of random copolymers of styrene
and N-vinylpyrrolidone is similar to that of polystyrene
homopolymer because of the high percentage of styrene
in the copolymer structure.

CONCLUSION 

The controlled radical polymerization technique was
used to prepare living polystyrene, amphiphilic poly
(styrene-b-vinylpyrrolidone) and random copolymers of
styrene and N-vinylpyrrolidone. By the use of elemental
analysis data, the reactivity ratios of monomers were
calculated based on Fineman-Ross equation. The solu-
bility of synthesized copolymers was investigated in
various solvents and the results showed that synthesized
copolymers (especially poly (St-b-NVP)) are
amphiphilic copolymers with controlled structure.
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