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Abstract

Polystyrene, poly(styrene-co-maleic anhydride), poly[styrene-co-(4-vinylpyridine)] and poly(4-vinylpyridine) with well-defined molecular
weights and polydispersities were synthesized using 4-hydroxyl-2,2,6,6-tetramethylpiperidin-1-oxyl (HTEMPO)-mediated radical polymeriza-
tion initiated by azobisisobutyronitrile or benzoyl peroxide. The resultant polymers were grafted onto carbon black surface through a radical
trapping reaction at 130 �C in DMF. 1H NMR, TGA, TEM, AFM, DSC and dynamic light scattering were used to characterize the carbon black
grafted with polymers. It was found that the carbon black grafted with polystyrene and poly(styrene-co-maleic anhydride) could be dispersed in
THF, chloroform, dichloromethane, DMF, etc., and the carbon black grafted with poly(4-vinylpyridine) and poly[styrene-co-(4-vinylpyridine)]
could be well dispersed in ethanol.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Carbon black/polymer composites are used as gas sensing
materials to detect, quantify and discriminate various organic
vapors [1e6]. In the carbon black/polymer composites, selec-
tive adsorption of polymer on the carbon black surface often
leads to a heterogeneous dispersion of carbon black particles
in the polymer matrix as a result of a very low percolation
threshold [7]. Carbon black grafted with polymer may be one
of more practicable gas sensor materials because of the im-
proved dispersion in polymer matrix or solvent leading to bet-
ter response behaviors. There are two kinds of polymer
grafting methods including ‘‘grafting from’’ and ‘‘grafting to’’.
The ‘‘grafting from’’ approach means grafting polymers from
carbon black surface. The ‘‘grafting from’’ approach can bring
about a higher grafting polymer density, nevertheless initiator
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groups such as eCH2OH, eOLi, eCOO�Mþ, eCOþClO4
�,

eNH2, peroxyesters or azo moieties should be introduced
onto carbon black surface before grafting polymerization. In
the past decades, most research focused on anionic polymeri-
zation [8], cationic polymerization [9e11], surface-initiated
ring-opening polymerization (SI-ROP) [12e14], and radical
polymerization on the carbon black surface [15]. In recent
years, surface-initiated atom transfer radical polymerization
(SI-ATRP) has proved to be a promising living/controlled
free radical polymerization and has been used to modify and
functionalize nanoparticles. Jin et al. grafted polymers onto
carbon spheres by SI-ATRP [16]. Li and Lukehart synthesized
hydrophobic and hydrophilic graphitic carbon nanofiber with
polymer brushes by SI-ATRP [17]. Matyjaszewski and co-
workers reported that after the CeBr bond attached onto car-
bon black surface, the SI-ATRP of n-butyl acrylate, t-butyl
acrylate and 2-(dimethylamino) ethyl methacrylate could be
successfully carried out [18e20]. However, the ‘‘grafting
to’’ method is to graft polymer through a reaction between
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carbon black and end-functionalized polymer or trapping
polymer radicals [21e23]. Although a relatively low grafting
polymer density is obtained due to the steric hindrance from
the previous grafted polymer chains, the ‘‘grafting to’’ method
is simple and practical one. Nitroxide-mediated radical poly-
merization has proved to be a feasible method to prepare
2,2,6,6-tetramethylpiperidin-l-oxyl (TEMPO)-terminated poly-
mers with controlled molecular weights and polydispersities.
Adronov and coworkers functionalized single-walled carbon
nanotubes with well-defined polymers by radical coupling
[24]. Tsubokawa and coworkers reported grafting polystyrene
with controlled molecular weight and polydispersity onto car-
bon black surface through trapping of the polymer radicals
formed by thermal dissociation of TEMPO-terminated polysty-
rene [21]. Chiu et al. also synthesized five kinds of TEMPO-
terminated polymers and grafted them onto carbon black surface
by radical trapping method [22].

Polymers with controlled molecular weights and polydisper-
sities can be also synthesized using 4-hydroxyl-2,2,6,6-
tetramethylpiperidin-l-oxyl (HTEMPO)-mediated radical
polymerization [25e28]. In this paper, four kinds of
HTEMPO-terminated polymers involving polystyrene, poly-
(4-vinylpyridine), poly(styrene-co-maleic anhydride) and
poly[styrene-co-(4-vinylpyridine)] were prepared using
HTEMPO-mediated radical polymerization initiated by azobi-
sisobutyronitrile or benzoyl peroxide. The resultant HTEMPO-
terminated polymers were grafted onto carbon black surface
through radical trapping method. Carbon black grafted with
these polymers is characterized here systematically and the
mechanism of trapping polymers by carbon black surface is
also discussed in detail.

2. Experimental part

2.1. Materials

Primary carbon black particles (CB, VXC 605), with an av-
erage size of 30 nm and a specific surface area of 254 m2/g,
were obtained from Cabot. 4-Vinylpyridine (4VP) and styrene
(St) were distilled before use. Azobisisobutyronitrile (AIBN)
and benzoyl peroxide (BPO) were purified by recrystallization
in anhydrous methanol. Maleic anhydride (MA) was used
as received. 4-Hydroxyl-2,2,6,6-tetramethylpiperidin-l-oxyl
(HTEMPO) was bought from Acros and purified by recrystal-
lization in hexane.

2.2. Synthesis of HTEMPO-PS [25]

Styrene (10 ml, 87.4 mmol), AIBN (98.5 mg, 0.6 mmol)
and HTEMPO (103.8 mg, 0.6 mmol) were added into a two-
necked flask, degassed with three freezeethaw cycles. Under
magnetic stirring, the reaction mixture was first preheated to
95 �C for 1 h to allow for the decomposition of AIBN and
then was heated up to 125 �C. After reaction for 7 h, the prod-
uct was precipitated in ethanol and was dried in vacuum at
50 �C. Yield: 75%; Mn¼ 7.42� 103, PDI¼ 1.15.
1H NMR (CDCl3) d (ppm): 7.20e6.30 (eC6H5), 2.25e1.74
(eCH (C6H5)), 1.74e1.25 (eCH2eCH (C6H5)).

2.3. Synthesis of HTEMPO-P(St-co-MA) [26]

Styrene (5 ml, 43.7 mmol), MA (0.4285 g, 4.37 mmol),
HTEMPO (51.2 mg, 0.297 mmol) and BPO (40 mg, 165 mmol)
were added into a two-necked flask, degassed with three
freezeethaw cycles. Under magnetic stirring, the reaction
mixture was first preheated to 100 �C for 1 h to allow the
decomposition of BPO and then was heated up to 125 �C. After
reaction for 7 h, the product was precipitated in methanol and
was dried in vacuum at 50 �C. Yield: 78%; Mn¼ 3.5� 103,
PDI¼ 1.41.

1H NMR (CDCl3) d (ppm): 7.22e6.29 (eC6H5), 2.22e1.67
(eCH (C6H5)), 1.67e1.14 (eCH2eCH (C6H5)).

2.4. Synthesis of HTEMPO-P(St-co-4VP) [27]

Styrene (5.72 ml, 50 mmol), 4-vinylpyridine (2.28 ml,
21.7 mmol), HTEMPO (67.4 mg, 0.36 mmol) and AIBN
(28.5 mg, 0.2 mmol) were added into a two-necked flask,
degassed with three freezeethaw cycles. Under magnetic stir-
ring, the reaction mixture was first preheated to 100 �C for 2 h
to allow for the decomposition of AIBN and then was heated
up to 125 �C. After reaction for 36 h, the product was precipi-
tated in ether and was dried in vacuum at 50 �C. Yield: 82%;
Mn¼ 8.1� 103, PDI¼ 1.27.

1H NMR (CDCl3) d (ppm): 8.48e8.02 (eCHeNeCHe),
7.23e6.09 (eCHeCeCHe), 2.31e1.57 (eCH2eCHe),
1.57e1.06 (eCH2eCHe).

2.5. Synthesis of HTEMPO-P4VP [28]

4-Vinylpyridine (3 ml, 28.5 mmol), BPO (13.4 mg,
55.3 mmol) and HTEMPO (12.4 mg, 72.1 mmol) were added
into a two-necked flask, degassed with three freezeethaw
cycles. Under magnetic stirring, the reaction mixture was first
preheated to 100 �C for 1 h to allow for the decomposition of
BPO and then was heated up to 125 �C. After reaction for
26 h, the product was precipitated in ether and was dried in
vacuum at 50 �C. Yield: 79%; Mn¼ 8.3� 103, PDI¼ 1.20.

1H NMR (CDCl3) d (ppm): 8.76e7.97 (eCHeNeCHe),
7.23e6.09 (eCHeCeCHe), 2.24e1.75 (eCH2eCHe),
1.75e1.18 (eCH2eCHe).

2.6. Synthesis of CB-g-polymer

Taking CB-g-PS (CB-g-PS-3 in Table 1) as an example, a
typical reaction is done as follows. CB (50.4 mg), DMF
(5 ml) and HTEMPO-PS (0.2045 g, 27.6 mmol) were added
into a two-necked flask, degassed with three freezeethaw cy-
cles. Under magnetic stirring, the reaction mixture was heated
at 130 �C for 12 h. At the end of the reaction, the grafted car-
bon black was separated centrifugally and was washed with
THF for three times (each time was 30 min, rotation speed
was 3000 rpm) to remove any possible absorbed un-grafted
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polystyrene. The resultant product was dried in vacuum at
50 �C. Yield: 80%.

1H NMR (CDCl3) d (ppm): 7.20e6.30 (eC6H5), 2.25e1.74
(eCH (C6H5)), 1.74e1.25 (eCH2eCH (C6H5)).

2.7. Characterizations

1H NMR spectra were recorded with a 400 MHz AVANCE
NMR spectrometer (Model DMX400) in CDCl3 using TMS as
the standard. Thermogravimetric (TGA) curves were obtained
from a PerkineElmer Pyris thermogravimetric instrument, at
a heating rate of 20 �C/min from 25 �C to 800 �C in a flow
of nitrogen. Glass transition temperature (Tg) was recorded
on a PerkineElmer DSC-7 differential scanning calorimeter
(DSC) at a heating rate of 20 �C/min. Molecular weights of
HTEMPO-terminated polymers were determined by gel per-
meation chromatography (GPC) with laser scattering detector,
ultrastyragel column with pore sizes of 103e105 Å. Dynamic
light scattering (DLS) experiments were performed on a Zeta-
sizer 3000 HSA (Malvern Instruments, Ar-laser, wavelength
633 nm, count rate 240.9, cell type capillary cell, power
70 mW, detector angle 90 �, 25 �C). Transmission electron
microscopy (TEM) images were obtained from a JEOL model
1200EX instrument operated at an accelerating voltage of

Table 1

Reaction conditions and results

Sample Time (h) Polymer (%) Particle size (nm)

CB-g-PS-1 3 4.44 138

CB-g-PS-2 6 9.79 179

CB-g-PS-3 12 14.04 185

CB-g-PS-4 24 19.60 193

CB-g-P(St-co-MA)-l 3 4.88 126

CB-g-P(St-co-MA)-2 6 7.16 155

CB-g-P(St-co-MA)-3 12 13.35 176

CB-g-P(St-co-MA)-4 24 31.76 198

Reaction conditions: temperature¼ 130 �C, the weight ratio of HTEMPO-

polymer/carbon black (w/w)¼ 4, CB¼ 50 mg, DMF¼ 5 ml. HTEMPO-PS:

Mn¼ 7.42� 103, PDI¼ 1.15, determined by GPC; HTEMPO-P(St-co-MA):

Mn¼ 3.5� 103, PDI¼ 1.41, determined by GPC. Polymer (%)¼ the polymer

content, calculated from TGA under N2. Particle size was measured from

dynamic light scattering in THF.
160 kV. Atomic force microscopy (AFM) measurements
were carried out with the aid of a Nanoscope III equipped
with phase extender module and vertical engage J scanner.
The images were acquired in the tapping mode under ambient
conditions with standard silicon cantilevers with a nominal
spring constant of 50 N/m and a resonance frequency around
300 kHz. Carbon black and the grafted carbon black samples
were dispersed in THF or ethanol. About 1e2 drops of the
dispersions were dripped onto freshly clean silicon.

3. Results and discussion

3.1. Synthesis of CB-g-PS and CB-g-P(St-co-MA)

Usually, homopolymers and copolymers of styrene are pre-
pared by TEMPO-mediated radical polymerization. In our
experiments, polystyrene and poly(styrene-co-maleic anhy-
dride) were synthesized using HTEMPO-mediated radical
polymerization initiated by azobisisobutyronitrile or benzoyl
peroxide. Polystyrene with narrow polydispersity (PDI¼ 1.15)
was prepared by bulk polymerization of styrene initiated by
AIBN in the presence of HTEMPO. Poly(styrene-co-maleic
anhydride) with narrow polydispersity (PDI¼ 1.41) was syn-
thesized by radical polymerization initiated by BPO in the
presence of HTEMPO. Fig. 1 shows the 1H NMR spectra of
HTEMPO-PS and HTEMPO-P(St-co-MA). Park et al. re-
ported that methane peaks of MA units in the P(St-co-MA)
were observed at 3.0e3.7 ppm until the MA concentration in-
creased to 17.5 mol% [26]. Here, corresponding methane peaks
of MA units could not be observed possibly because the MA
concentration was relatively low.

Fig. 2 shows the FT-IR spectra of HTEMPO-PS and
HTEMPO-P(St-co-MA). For HTEMPO-PS, a peak at
3431 cm�1 was attributed to the stretching vibration of hy-
droxyl group from terminal HTEMPO moiety, and the peaks
at 3064 cm�1, 3024 cm�1, 2920 cm�1, 2851 cm�1, 754 cm�1

and 697 cm�1 were the characteristic peaks of polystyrene.
For HTEMPO-P(St-co-MA), a strong peak at 1780 cm�1 was
assigned to the stretching vibration of carboxyl group and a
Fig. 1. 1H NMR spectra of HTEMPO-PS (a) and HTEMPO-P(St-co-MA) (b) in CDCl3.
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peak at 3422 cm�1 was attributed to the stretching vibration of
hydroxyl group from terminal HTEMPO moiety.

When polystyrene without terminal TEMPO moiety is
heated in the presence of carbon black, as a result, no polysty-
rene is found to be grafted onto carbon black surface because
polystyrene radical is not produced during the whole process
[21]. Considering that HTEMPO-terminated polymers may
be dissociated thermally and polycondensed aromatic rings
can trap the produced polymer radicals, HTEMPO-terminated
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Scheme 1. A possible mechanism of trapping polymer radicals by carbon

black surface.
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Fig. 2. FT-IR spectra of HTEMPO-PS, HTEMPO-P(St-co-MA) and HTEMPO.

a: HTEMPO-PS, b: HTEMPO-P(St-co-MA), c: HTEMPO.
polymers are used to modify carbon black. Many studies
showed that carbon black was a strong radical scavenger be-
cause of its quinonic oxygen groups and unsaturated hydrogen
atoms from the polycondensed aromatic rings. Radicals can at-
tack the two kinds of double bonds from the polycondensed
aromatic rings and quinonic oxygen groups, and delocalized
radicals have been confirmed by ESR. Taking the trapping
of polystyrene radicals as an example, a possible mechanism
of trapping radicals by carbon black surface is demonstrated
in Scheme 1 [21].

Since the carbon black grafted with polystyrene has good
solubility in solvent, 1H NMR spectroscopy may be used to
characterize the polystyrene grafted onto carbon black surface.
Fig. 3 shows the spectrum of CB-g-PS. The spectrum of CB-
g-PS was nearly similar to that of pure polystyrene. The very
small peaks below 1 ppm in Fig. 3 were assigned to the eCH3

of the alkoxyamine initiator fragments (HTEMPO). So, trace
nitroxide radical fragments may also be trapped by carbon
black. The same phenomenon was similarly observed in the
PS grafted onto single-walled carbon nanotubes [24].

Fig. 4a shows the thermogravimetric (TGA) curves of car-
bon black, polystyrene and CB-g-PS. Carbon black remained
basically stable below 685 �C, however, it had about 6.49%
between 685 �C and 800 �C. Pure polystyrene was mostly
decomposed before 448 �C. For the weight loss curves of
CB-g-PS, there were two main regions. The first region below
466 �C was the weight loss of polystyrene in CB-g-PS. Inter-
estingly, the end decomposition temperature in some CB-g-PS
samples was slightly higher than that of pure polystyrene. In
the second region between 466 �C and 800 �C was carbon
black remained basically stable. For CB-g-PS, as a whole,
the decomposition curve was similar to that of pure poly-
styrene. For CB-g-PS, with the reaction continuing from 3 h
to 24 h, the polystyrene content in CB-g-PS increased accord-
ingly from 4.44% to 19.60%.

Fig. 4b shows the TGA curves of P(St-co-MA) and CB-g-
P(St-co-MA). P(St-co-MA) was mostly decomposed between
367 �C and 454 �C. For CB-g-P(St-co-MA), there were also
two main regions. The first region below 480 �C was the
weight loss of P(St-co-MA) in CB-g-P(St-co-MA). For CB-
g-P(St-co-MA), the decomposition curve was basically similar
to that of pure poly(styrene-co-maleic anhydride) as a whole.
However, some CB-g-P(St-co-MA) samples had relatively
different weight loss curves and had higher decomposition
temperature than that of pure P(St-co-MA).In the second
region between 480 �C and 800 �C was carbon black remained
basically stable.

The content of poly(styrene-co-maleic anhydride) in CB-g-
P(St-co-MA) increased from 4.88% to 31.76% when time
Fig. 3. 1H NMR spectrum of CB-g-PS in CDCl3.
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changed from 3 h to 24 h. However, Tsubokawa et al. reported
that the polystyrene content increased no further after 12 h.
They considered that previously grafted polystyrene molecular
chains on carbon black surface hindered the approach of sub-
sequent polystyrene radicals [21]. In our experiment, after re-
action for 12 h, the polystyrene and poly(styrene-co-maleic
anhydride) contents still increased possibly owing to relatively
low molecular weight.

Differential scanning calorimeter (DSC) was also utilized
to characterize the carbon black grafted with polystyrene by
studying the glass transition temperature (Tg) of polystyrene.
Fig. 5 shows the DSC curves of CB-g-PS. It was observed
that Tg became more obvious with the polystyrene content
increasing in CB-g-PS.

Dynamic light scattering (DLS) was used to characterize
the average sizes of carbon black, CB-g-PS and CB-g-P(St-
co-MA). Pristine carbon black was strongly hydrophobic,
aggregated easily in THF, and showed broad particle size
distributions. However, for CB-g-PS and CB-g-P(St-co-MA),
their diameters were between 126 nm and 198 nm (see in
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Fig. 4. (a) TGA curves of carbon black, HTEMPO-PS and CB-g-PS. a: carbon

black, b: CB-g-PS-l, c: CB-g-PS-2, d: CB-g-PS-3, e: CB-g-PS-4, f: HTEMPO-

PS. (b) TGA curves of HTEMPO-P(St-co-MA) and CB-g-P(St-co-MA). a:

CB-g-P(St-co-MA)-l, b: CB-g-P(St-co-MA)-2, c: CB-g-P(St-co-MA)-3, d:

CB-g-P(St-co-MA)-4, e: HTEMPO-P(St-co-MA).
Table 1), and had relatively narrow size distributions. After
grafted with polystyrene or poly(styrene-co-maleic anhy-
dride), carbon black could be stable in THF because of steric
stabilization supplied by polystyrene or poly(styrene-co-
maleic anhydride) molecules.

Morphologies of carbon black and CB-g-P(St-co-MA) were
studied by atomic force microscopy (AFM) and transmission
electron microscopy (TEM). Fig. 6 shows TEM images and
AFM images of carbon black and CB-g-P(St-co-MA). Carbon
black was not dispersible in THF and existed with large ag-
glomerates. CB-g-P(St-co-MA) tended to form film or cross-
linked structures possibly due to the hydrolysis of MA in
THF [29].

Carbon black is strongly hydrophobic and cannot be well
dispersed in THF. However, CB-g-PS and CB-g-P(St-co-
MA) have good solubility in THF. Fig. 7 shows the solubility
photo of CB-g-PS and CB-g-P(St-co-MA) in THF. After
standing for two months, CB-g-PS and CB-g-P(St-co-MA)
could exist stably in THF.

3.2. Synthesis of CB-g-P(St-co-4VP) and CB-g-P4VP

Apart from styrene and its derivatives, nitroxide-mediated
radical polymerization is also applicable for vinylpyridine.
Fischer et al. reported the synthesis of 4-vinylpyridine by
TEMPO [28]. The nucleophilic basic nitrogen atom of 4-
vinylpyridine can be quaternized by iodomethane and quater-
nization of polymer chain leads to high solubility in neutral
water, which is beneficial to synthesize amphiphilic and
water-dispersed carbon black [30]. Here, poly(4-vinylpyridine)
and the random copolymer of styrene and 4-vinylpyridine
were synthesized using the HTEMPO-mediated radical poly-
merization initiated by BPO or AIBN. Fig. 8 shows the 1H
NMR spectra of P(St-co-4VP) and P4VP. The relatively small
peaks at 0.95 ppm were assigned to the eCH3 of the alkoxy-
amine initiator fragments at the ends of poly[styrene-co-(4-
vinylpyridine)] or poly(4-vinylpyridine) chains.
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Fig. 6. TEM images and AFM images of carbon black and CB-g-P(St-co-MA). (a,b): carbon black, (c,d): CB-g-P(St-co-MA).
Fig. 9 shows the FT-IR spectra of HTEMPO-P4VP and
HTEMPO-P(St-co-4VP). For HTEMPO-P4VP, three peaks at
1596 cm�1, 1412 cm�1 and 993 cm�1 were assigned to the char-
acteristic peaks of P4VP, and a peak at 3409 cm�1 was attributed
to the stretching vibration of hydroxyl group from terminal
HTEMPO moiety of P4VP. For HTEMPO-P(St-co-4VP), a

Fig. 7. Solubility photo of CB-g-PS and CB-g-P(St-co-MA). a: CB-g-PS,

b: CB-g-P(St-co-MA).
peak at 3412 cm�1 was attributed to the stretching vibration of
hydroxyl group from terminal HTEMPO moiety of P(St-r-
4VP) and the peak at 993 cm�1 was assigned to pyridine ring
absorption.

Fig. 10a shows the TGA curves of carbon black, P(St-co-
4VP) and CB-g-P(St-co-4VP). P(St-co-4VP) was mainly
decomposed before 469 �C. The decomposition curve of P(St-
co-4VP) in CB-g-P(St-co-4VP) was similar to that of pure
P(St-co-4VP). P(St-co-4VP) in CB-g-P(St-co-4VP) was decom-
posed completely before 593 �C. However, all CB-g-P(St-
co-4VP) samples had slightly different weight loss curves.
The P(St-co-4VP) content in CB-g-P(St-co-4VP) was between
10.60% and 24.13%.

Fig. 10b shows the TGA curves of carbon black, P4VP
and CB-g-P4VP. Pure P4VP was mostly decomposed before
432 �C. For CB-g-P4VP, there were two main regions in
the weight loss curve. The first region below 458 �C was the
weight loss of P4VP in CB-g-P4VP. In the second region
between 458 �C and 800 �C carbon black remained stable.
The P4VP content in CB-g-P4VP was between 14.08% and
20.32% (Table 2).

Fig. 11 shows the AFM images of CB-g-P4VP and CB-g-
P(St-co-4VP). Their morphologies were different from carbon
black. CB-g-P4VP and CB-g-P(St-co-4VP) could be well dis-
persed in ethanol and existed with nanometer-sized agglomer-
ates. The diameter of single agglomerate of CB-g-P4VP was
also calculated by AFM. In Fig. 10a, the three CB-g-P4VP
agglomerates’ diameters were, respectively, 211 nm, 305 nm
and 317 nm, which were consistent with the results obtained
by dynamic light scattering.
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Fig. 8. 1H NMR spectra of HTEMPO-P(St-co-4VP) (a) and HTEMPO-P4VP (b) in CDCl3.
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Fig. 9. FT-IR spectra of HTEMPO-P4VP, HTEMPO-P(St-co-4VP) and

HTEMPO. a: HTEMPO-P4VP, b: HTEMPO-P(St-co-4VP), c: HTEMPO.
Fig. 12 shows the solubility photo of CB-g-P(St-co-4VP)
and CB-g-P4VP in ethanol. Carbon black cannot be dispersed
in ethanol. However, CB-g-P(St-co-4VP) and CB-g-P4VP
have good solubility in ethanol.

Table 2

Reaction conditions and results

Sample Time (h) R Polymer (%) Particle size (nm)

CB-g-P(St-co-4VP)-1 6 4 10.60 287

CB-g-P(St-co-4VP)-2 12 4 14.04 203

CB-g-P(St-co-4VP)-3 12 10 20.63 267

CB-g-P(St-co-4VP)-4 12 15 24.13 272

CB-g-P4VP-1 12 4 14.08 200

CB-g-P4VP-2 12 10 15.81 310

CB-g-P4VP-3 12 15 20.32 317

Reaction conditions: temperature¼ 130 �C; CB¼ 50 mg; DMF¼ 2 ml.

PS:P4VP¼ 7:6, calculated by 1H NMR. R¼ the weight ratio of HTEMPO-

polymer/CB (w/w). HTEMPO-P(St-co-4VP): Mn¼ 8.1� 103, PDI¼ 1.27,

determined by GPC; HTEMPO-P4VP: Mn¼ 8.3� 103, PDI¼ 1.20,

determined by GPC. Polymer (%)¼ the polymer content, calculated from

TGA under N2. Particle size was measured from dynamic light scattering in

ethanol.
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Fig. 10. (a) TGA curves of CB-g-P(St-co-4VP). a: carbon black, b: CB-g-P(St-co-4VP)-l, c: CB-g-P(St-co-4VP)-2, d: CB-g-P(St-co-4VP)-3, e: CB-g-P(St-co-

4VP)-4, f: HTEMPO-P(St-co-4VP). (b) TGA curves of CB-g-P4VP. a: carbon black, b: CB-g-P4VP-l, c: CB-g-P4VP-2, d: CB-g-P4VP-3, e: HTEMPO-P4VP.
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Fig. 11. AFM images of CB-g-P(St-co-4VP) and CB-g-P4VP. (a): CB-g-P4VP, (b): CB-g-P(St-co-4VP).
4. Conclusion

Four kinds of well-defined polymers were synthesized
using HTEMPO-mediated radical polymerization initiated by
AIBN or BPO. These polymers were grafted onto carbon black
surface by the radical trapping method. The grafted carbon
black was systematically characterized. Dispersion experi-
ments showed that the carbon black grafted with polymers
could be well dispersed in various organic solvents. Especially,
the carbon black grafted with poly(4-vinylpyridine) can be-
come hydrophilic if further quarternized with iodomethane.
These grafted carbon black nanoparticles may be useful candi-
dates for developing sensor materials and their gas sensing
characteristics are under investigation.

Fig. 12. Solubility photo of CB-g-P(St-co-4VP) and CB-g-P4VP in ethanol

after standing for two months, a: CB-g-P(St-co-4VP), b: CB-g-P4VP.
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