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Abstract

A reversible additionefragmentation chain transfer (RAFT) agent, 2-{[(dodecylsulfanyl)carbonothioyl]sulfanyl}propanoic acid (DSCTSP),
was immobilized on the hydroxyl-functionalized carbon black (CB) surface via a direct condensation reaction, producing CBeDSCTSP. Then,
RAFT polymerizations were carried out on carbon black surface using the CBeDSCTSP as a chain transfer agent. Poly(N-isopropylacrylamide)
(PNIPAAm) chains were grown from the carbon black surface by a surface-induced reversible additionefragmentation chain transfer (SI-RAFT)
polymerization. FT-IR, 1H NMR, TGA, TEM, and dynamic light scattering were used to characterize the carbon black grafted with poly(N-iso-
propylacrylamide) (CB-g-PNIPAAm). Dispersion experiment showed that CB-g-PNIPAAm had a good solubility in water. 1H NMR, AFM and
dynamic light scattering measurements showed that CB-g-PNIPAAm behaved a reversible temperature-responsive property in water.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Stimuli-responsive hybrid nanoparticles are composed of
an inorganic core and a stimuli-responsive polymer shell. Usu-
ally, the core part supplies the optical, magnetic, conductive,
mechanical properties, and the stimuli-responsive polymer
behaves a reversible volume phase transition in response to
external stimuli such as changes in temperature, pH and light.
Stimuli-responsive hybrid nanoparticles have the potentials for
use in photonics, electronics, magnetic devices, sensors, drug
delivery, artificial muscles, selective separation membranes,
probes, smart coatings, etc. [1e4]. In recent years, tempera-
ture-responsive hybrid nanoparticles have attracted much
attention, and most studies focused on gold nanoparticles
[5e10], silica nanoparticles [11e15], poly(methyl meth-
acrylate) microspheres [16], and polystyrene latex [17].
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Carbon-based hybrid materials consisting of stimuli-responsive
polymer have been also studied for developing smart materials
[18,19]. In fact, carbon black nanoparticle is a relatively
conductive material composed of 90e99% elemental carbon,
and is most readily available among carbon nanoparticles.
And carbon black nanoparticle is a potentially biocompatible
and nonimmunogenic material [20]. In general, carbon black
nanoparticle has been used in positive temperature coefficient
materials, double layer capacitors and gas sensor materials
[21e25]. Unfortunately, the applications of carbon black in de-
veloping new materials have been studied very little until now.
Stone et al. incorporated protein into the poly(vinyl alcohol)/
carbon black matrix to translate the change in the protein’s con-
formation as a change in electrical resistance [26]. Akashi et al.
found that the poly(N-isopropylacrylamide) gel including
carbon black nanoparticles was a kind of light-modulation
material because PNIPAAm/carbon black gel exhibited a
volume phase transition from swollen to shrunken at 34 �C,
resulting in a color change below or above 34 �C [27,28].
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Although carbon black nanoparticle has the concentric
graphene layer symmetry with a hydrophobic and low reactive
surface, its surface properties can be tailored by grafting poly-
mers, which supplies a great opportunity to develop carbon-
based hybrid nanoparticles. Matyjaszewski and co-workers
had prepared the water-dispersible carbon black hybrid nano-
particles by surface-initiated atom transfer radical polymeriza-
tion (SI-ATRP) of 2-(dimethylamino)ethyl methacrylate [29].
Compared with SI-ATRP, surface-induced reversible addi-
tionefragmentation chain transfer (SI-RAFT) polymerization
is easy to graft a water-soluble polymer or functional polymer
onto a solid surface. To carry out the SI-RAFT polymerization,
azoinitiator moieties or RAFT agents need to be immobilized
first on a solid surface. Many studies prove that after azoinitia-
tor moieties immobilized on a solid surface, some additional
‘‘free’’ initiators and RAFT agents are necessarily added to
a reaction system to carry out the SI-RAFT polymerization
[11,12]. Certainly, the RAFT agent may be directly immobi-
lized on a solid surface by Z-group (the activating and radical
stabilizing group) or R-group (the leaving and reinitiating
group). The SI-RAFT polymerization via a Z-group immobili-
zation approach was reported little [15,30,31]. In spite of side
reactions, the R-group immobilization approach is more
widely adopted [6,16,9,18,32,33].

PNIPAAm is a typical temperature-responsive polymer that
exhibits a reversible and inverse volume phase transition at
about 32 �C in water [18]. In this paper, to prepare a kind of
temperature-responsive hybrid nanoparticle, PNIPAAm chains
were grown from a carbon black nanoparticle surface by the
SI-RAFT polymerization.

2. Experimental section

2.1. Materials

Primary carbon black particles (VXC 605), with an average
size of 30 nm and a specific surface area of 254 m2/g, were
obtained from Cabot. 1,3-Dicyclohexylcarbodiimide (DCC),
dodecanethiol, tetrapropylammonium bromide, 2-bromopro-
panoic acid, N-isopropylacrylamide (NIPAAm) and N,N-
(dimethylamino)pyridine (DMAP) were purchased from
Acros. N,N-Dimethylformamide (DMF) and tetrahydrofuran
(THF) were dried with 4 Å molecular sieves before used.
Glycol was freshly distilled before use to remove little water,
and thionyl chloride (SOC12) and nitric acid (HNO3) were
used as received.

2.2. Characterization

1H NMR spectra were recorded with a 400 MHz AVANCE
NMR spectrometer (Model DMX400). Fourier-transform
infrared (FT-IR) spectra were recorded on a Jasco IR-700
infrared spectrophotometer. Thermogravimetric analysis
(TGA) was performed on a PerkineElmer TGA-7 (heating
rate of 20 �C/min, from 25 �C to 800 �C, in a flow of nitro-
gen). The hydrodynamic diameters of particles were measured
by dynamic light scattering (Zetasizer 3000, Malvern
Instruments, wavelength 633 nm, count rate 240.9, Cell Type
Capillary cell, power 70 mW, detector angle 90�). Transmis-
sion electron microscopic (TEM) images were obtained from
a JEOL model 1200EX instrument operated at an accelerating
voltage of 160 keV. Scanning electron microscopic (SEM)
image was obtained from a JEOL 6700F field-emission micro-
scope operated at an acceleration voltage of 10 keV. Atom
force microscopic (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.

2.3. Experimental procedures

2.3.1. Synthesis of 2-{[(dodecylsulfanyl)carbonothioyl]-
sulfanyl}propanoic acid (DSCTSP) [34]

In an ice bath, 0.50 g (12.5 mmol) NaOH was dissolved in
a mixture of 3.0 mL (12.5 mmol) dodecanethiol, 40 mL
(0.54 mol) acetone, 5 mL (0.28 mol) water, and 0.27 g
(0.10 mmol) tetrapropylammonium bromide. Then 0.75 mL
(12.5 mmol) carbon disulfide was dripped into the resulting
mixture, and 1.13 mL (12.5 mmol) 2-bromopropanoic acid
was also added after 30 min. The mixture was stirred at
room temperature for overnight. Then, the solution was evap-
orated and slowly acidified with 50 mL 2 M hydrochloric acid.
The precipitate was collected and recrystallized from ethere
light petroleum gaining yellow solid. 1H NMR (400 MHz,
CDC13): d 4.86 (1H, eSCHCH3e), 3.36 (2H,eCH2Se),
1.70 (2H, eCH2CH2Se), 1.64 (3H, eSCHCH3e), 1.40 (2H,
eCH2CH2CHSe), 1.2e1.34 (16H, CH3(CH2)8e), 0.88 (3H,
CH3CH2e).

2.3.2. Introducing hydroxyl group onto carbon black
surface (CBeOH) [35]

A suspension of carbon black (2.0 g, 0.1753 mol C) and
65% nitric acid (20 mL, 0.293 mol) was sonicated for
30 min and was stirred for 24 h at 100 �C. After cooling to
room temperature, the product was separated by vacuum filtra-
tion and washed with deionized water until the pH reached 7.
The resultant product was dried in vacuum at 50 �C, giving
1.2 g CBeCOOH (1.68 mmol/g, eCOOH).

CBeCOOH (2.016 mmol, eCOOH) of 1.2 g was dispersed
in 50 mL SOCl2 (0.685 mol) and the mixture was stirred at
65 �C for 24 h. After the residual SOC12 was removed by vac-
uum, 20 mL glycol (0.36 mol) was added and stirred at 120 �C
for 24 h. The resultant solid was separated by vacuum filtra-
tion and completely washed with deionized water and THF.
The resultant product was dried in vacuum at 50 �C, obtaining
0.6208 g CBeOH (1.41 mmol/g, eOH).

2.3.3. Immobilizing the RAFT agent on carbon black
surface (CBeDSCTSP) [9]

CBeOH (0.79 mmol, eOH) of 0.5606 g, 0.2189 g
DSCTSP (0.63 mmol), 74.5 mg DMAP (0.61 mmol) and
0.1306 g DCC (0.63 mmol) were added into a 25 mL



3446 Q. Yang et al. / Polymer 48 (2007) 3444e3451
three-necked flask, and the mixture was sonicated in 10 mL
DMF for 30 min. The mixture was reacted for 1 h at 0 �C,
and further reacted for 48 h at room temperature. The product
was separated centrifugally (each time for 30 min with the
rotation speed 3000 r/min), and was completely washed with
ethanol, deionized water and THF to remove any possible
absorbed DSCTSP. The resultant product was dried in vacuum
at 50 �C, obtaining CBeDSCTSP (0.33 mmol/g, the RAFT
agent).

2.3.4. Synthesis of CB-g-PNIPAAm
Typically, 50 mg CBeDSCTSP (16.5 mmol, the RAFT

agent), 0.4 mg AIBN (2.4 mmol) and 0.5051 g NIPAAm
(4.46 mmol) and 3 mL l,4-dioxane were placed in a 25 mL
two-necked flask, degassed with three freezeethaw cycles.
The flask was immersed in an oil bath at 80 �C for 24 h. At
the end of reaction, the resultant product was separated centrif-
ugally (each time for 30 min with rotation speed 3000 r/min),
and was washed with deionized water and THF. Such pro-
cedures were repeated until there was no white sediment
detected in the supernatant solution by the addition of ether.
The resultant product was dried in vacuum at 50 �C.

3. Results and discussion

3.1. Immobilizing the RAFT agent on carbon black
surface

A reversible addition and fragmentation chain transfer
(RAFT) agent, 2-{[(dodecylsulfanyl)carbonothioyl]sulfanyl}-
propanoic acid was immobilized on the hydroxyl-activated
carbon black nanoparticle surface through a direct condensa-
tion reaction with its surface hydroxyl group. First, pristine
carbon black was oxidized with HNO3 to produce carboxylic
groups. Then, the carboxylic group on the carbon black sur-
face was reacted with thionyl chloride and subsequently was
reacted with glycol to introduce hydroxyl group. The hydroxyl
group on the carbon black surface was reacted with 2-{[(dode-
cylsulfanyl)carbonothioyl]sulfanyl}propanoic acid via a con-
densation reaction. Scheme 1 illustrates the process of
immobilizing the RAFT agent on carbon black surface.

The whole process of immobilizing the RAFT agent on car-
bon black surface can be verified by TGA, EDS and FT-IR.
Fig. 1 shows the TGA curves of carbon black, CBeCOOH,
CBeOH and CBeDSCTSP. Pristine carbon black remained
basically stable up to 685 �C and had about 6.19% between
25 �C and 800 �C. CBeCOOH had about 7.58% weight loss
below 300 �C and the carboxyl group’s density was approxi-
mately 1.68 mmol/g, calculated by TGA. CBeOH had about
13.80% weight loss below 460 �C [35] and the hydroxyl
group’s density was about 1.41 mmol/g. CBeDSCTSP had
about 24.80% weight loss below 460 �C and the RAFT agent
group’s density was 0.33 mmol/g.

Energy dispersive spectroscopy (EDS) was used to further
characterize the CBeDSCTSP. Fig. 2 shows the EDS
of CBeDSCTSP. A weak sulfur peak can be detected in
CBeDSCTSP, which is assigned to the sulfur bond of the
2-{[(dodecylsulfanyl)carbonothioyl]sulfanyl}propanoic acid.

Fig. 3 shows the FT-IR spectra of carbon black, CBe
COOH, CBeOH and CBeDSCTSP. For the CBeCOOH sam-
ple, the peak at 1793 cm�1 assigned to the stretching vibration
of carbonyl group (C]O) was much stronger than that of
carbon black. For the CBeOH sample, the peak at 3426 cm�1

assigned to the stretching vibration of hydroxyl group (eOH)
was more obvious. The two characteristic peaks of the RAFT
agent were, respectively, at 1718 cm�1 assigned to the vibra-
tion of C]O and at 1088 cm�1 attributed to the vibration of
C]S [18].

3.2. Synthesis of CB-g-PNIPAAm

Recently, Pan and co-workers reported that PNIPAAm was
grafted onto multiwalled carbon nanotubes by surface RAFT
polymerization with dithiobenzoate as the RAFT agent [18].
Here, growing PNIPAAm chains from carbon black surface
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Fig. 2. Energy dispersive spectroscopy spectrum (a) and SEM (b) of CBeDSCTSP. The scale is 30 mm.
by SI-RAFT polymerization are illustrated in Scheme 2. All
polymerizations were conducted at 80 �C in 1,4-dioxane.
Here, the amount of the RAFT agent was 16.5 mmol, and the
initiator (AIBN) was 2.4 mmol. In a typical polymerization,
50 mg CBeDSCTSP, 3 mL 1,4-dioxane, 0.4 mg AIBN and
0.5 g NIPAAm were added into a 25 mL two-necked flask.
The flask was evacuated and back-filled with argon three
times. After polymerization at 80 �C for 24 h, the reaction
solution became thick, which suggested that the SI-ATRP
had taken place. The polymerization was quenched by expo-
sure to air. Then, the reaction solution was diluted with water,
and was centrifuged at 3000 rpm for 30 min to remove un-
reacted monomer and un-grafted polymer. The sediment was
redispersed into water under ultrasonic, such centrifugatione
redispersion cycles were repeated until there was no white
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Fig. 3. FT-IR spectra of carbon black, CBeCOOH, CBeOH and CBe

DSCTSP. (a) Carbon black, (b) CBeOH, (c) CBeCOOH, (d) CBeDSCTSP.
sediment detected in the supernatant solution after the addition
of ether. Detailed experimental conditions and results are
listed in Table 1.

The relative content of grafted PNIPAAm onto carbon
black surface, compared with pristine carbon black, was deter-
mined from thermogravimetric analysis (TGA). Fig. 4 shows
one major decomposition region at 320e450 �C correspond-
ing to PNIPAAm. The content of PNIPAAm grafted onto car-
bon black surface varied from 53.0% to 84.1% with the
increase of reaction time. It was noted that there was a sharp
increase in the amount of PNIPAAm when grafted from 12 h
to 24 h. Maybe, the heterogenous surface polymerization reac-
tion was responsible for the sharp increase of PNIPAAm
grafted. Thus, changing the reaction time could control the
content of PNIPAAm grafted onto carbon black surface.

Fig. 5 shows the FT-IR spectra of CB-g-PNIPAAm. The
two peaks at 3311 cm�1 and 1536 cm�1 were assigned to
the vibration of the NeH bond, and an obvious peak
at 1642 cm�1 was attributed to the vibration of carboxyl
group. The characteristic double peaks at 1448 cm�1 and
1370 cm�1 indicated the presence of the isopropyl group [18].

Morphology of CB-g-PNIPAAm was studied by transmis-
sion electron microscopy (TEM). The sample was prepared

Table 1

Reaction conditions and results

Sample R1 R2 Temp (�C) Time (h) Fwt (%)

CB-g-PNIPAAm-1 10:1 1858:6.9:1 80 8 53.0

CB-g-PNIPAAm-2 10:1 1858:6.9:1 80 12 61.6

CB-g-PNIPAAm-3 10:1 1858:6.9:1 80 24 79.9

CB-g-PNIPAAm-4 10:1 1858:6.9:1 80 36 84.1

Reaction conditions: 50 mg CBeDSCTSP, 0.5 g NIPAAm, 0.4 mg AIBN, 3 mL

l,4-dioxane, 80 �C. R1¼monomer:CBeDSCTSP (wt:wt). R2¼monomer:the

RAFT agent:AIBN (mol:mol:mol). Fwt (%)¼ the polymer content, calculated

from TGA under N2.
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at room temperature. Fig. 6 shows the TEM images of CB-g-
PNIPAAm in water. As well known, carbon black is strongly
hydrophobic in water. After grafting PNIPAAm, carbon black
can be well dispersed in water. CB-g-PNIPAAm mostly
formed nanometer-sized agglomerates in water. The average
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diameter of CB-g-PNIPAAm was about 400 nm, which was
consistent with the result by dynamic light scattering.

Under the lower critical solution temperature (LCST) at
about 32 �C, PNIPAAm is soluble in water because it can
form the intermolecular hydrogen bonding with water mole-
cule [19]. CB-g-PNIPAAm formed the coreeshell structure,
in which the PNIPAAm shell could supply steric stabilization
in water. As a result, CB-g-PNIPAAm has a good solubility
and stability in water at room temperature. And after
placed for three months, there was no obvious sedimentation
observed, as shown in Fig. 7.

3.3. Temperature-responsive property of
CB-g-PNIPAAm

It is well known that PNIPAAm with LCST at about 32 �C
behaves temperature-responsive property in water. Below the
LCST, PNIPAAm will form the intermolecular hydrogen

Fig. 7. Solubility photo of carbon black (left) and CB-g-PNIPAAm (right) in

water.
Fig. 6. TEM images at different magnifications of CB-g-PNIPAAm in water. Sample was dried at room temperature.
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bonding with water molecules and can be soluble in water
owing to the loosely coiled-structure chains. Above the
LCST, PNIPAAm will behave hydrophobic because of the
intermolecular hydrogen bonding between C]O and NeH
groups within the molecular chains, as a result, PNIPAAm
will precipitate gradually from water [6,18,19]. Similar to tem-
perature-responsive property of PNIPAAm in solution, many
studies proved that hybrid nanoparticles with PNIPAAm shells
behaved temperature-responsive property in water [5e17].
Li et al. synthesized thermosensitive gold nanoparticles exhibit-
ing a sharp, reversible, clear-opaque transition in solution
between 25 �C and 30 �C [6]. Deng and Sun reported that PNI-
PAAm-encapsulated polystyrene latex underwent a dramatic
volume decrease at LCST of PNIPAAm [17].

In our experiment, a sample with higher concentration of
CB-g-PNIPAAm formed stable dispersion in water at 20 �C,
while deposited quickly from water at 50 �C. The result ap-
proximately showed that CB-g-PNIPAAm had temperature-
responsive in water between 20 �C and 50 �C. To study in
detail temperature-responsive property of PNIPAAm, temper-
ature-variable 1H NMR was used to verify the temperature-
responsive property of PNIPAAm. At each temperature, the
dispersion containing CB-g-PNIPAAm was equilibrated for
30 min. Fig. 8 shows the 1H NMR spectrum of CB-g-PNI-
PAAm in D2O at different temperatures. The corresponding
hydrogen signals of PNIPAAm units could be obviously
observed at 20 �C. When the temperature rose to 50 �C,
the corresponding hydrogen signals disappeared because
CB-g-PNIPAAm underwent the extended hydrophilic to glob-
ular hydrophobic transition.

The temperature-responsive property of CB-g-PNIPAAm
in water was further investigated by variable-temperature
dynamic light scattering (DLS). While DLS measurements
are not very accurate as they are performed at 90�, variable-
temperature DLS is one of the powerful tools to characterize
the temperature-responsive property of PNIPAAm. Fig. 9
shows the size changes of CB-g-PNIPAAm with the increase
of temperature. At one temperature, the dispersion was equil-
ibrated for 30 min. It was obvious that a sudden change took
place at about 32 �C, which was consistent with the LCST
of pure PNIPAAm. With the further increase of temperature,
CB-g-PNIPAAm nanoparticle became smaller. PNIPAAm
chains on carbon black surface underwent an extended hydro-
philic to globular hydrophobic transition resulting in collapse
of chains, which was responsible for the decrease in size.
Fig. 10 illustrates the collapse of PNIPAAm molecular chains
on carbon black surface induced by the transition from hydro-
philic to hydrophobic. The maximum diameter change was
about 100 nm between 10 �C and 50 �C. Deng et al. found
that the maximum diameter change was about 72 nm for PNI-
PAAm-encapsulated polystyrene latex from 28 �C to 50 �C.
Higher PNIPAAm grafting density could be responsible for
the relative great change in size. In fact, change in size of
CB-g-PNIPAAm was smaller than that of pure PNIPAAm
because the former interchain interactions in water were not
strong [19]. The change in size distribution of CB-g-PNI-
PAAm also showed the transition. During the DLS experi-
ments, no any sediment could be observed at temperature
above LCST, possibly due to the low concentration [7]. Under
low concentration condition, it was maybe little chance for
carbon black nanoparticles to collide with each other and
produce great aggregates.

Fig. 11 shows the hydrodynamic number-averaged diame-
ter changes of CB-g-PNIPAAm with temperature fluctuation.
More important is that the size changes of CB-g-PNIPAAm
are almost repeatable, and precipitates cannot be observed in
the heating and cooling cycle. The reversible change in size
endowed CB-g-PNIPAAm nanoparticle is a kind of tem-
perature-switching properties. Similar repeatable phenomena
could be observed in thermosensitive gold nanoparticles and
temperature-responsive carbon nanotube hybrids [6,18]. Ding
et al. found that PNIPAAm blocks in water also retained their
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Fig. 9. Temperature dependence of the hydrodynamic number-averaged diameter (a) and size distribution (b) of CB-g-PNIPAAm in water.
swelling/shrinking and hydrophilic/hydrophobic properties
intact when underwent repeated temperature changes [36].

The temperature-responsive property of CB-g-PNIPAAm
was further verified by atom force microscope (AFM).
Fig. 12 shows the AFM images of CB-g-PNIPAAm at 25 �C
and 50 �C. The CB-g-PNIPAAm sample prepared at 25 �C

below LCST

above LCST 

Fig. 10. Schematic illustration of temperature-responsive property of CB-g-

PNIPAAm in water.
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Fig. 11. Hydrodynamic number-averaged diameter changes of CB-g-PNI-

PAAm with temperature fluctuation.
mostly existed with nano-sized agglomerates, while the sam-
ple prepared at 50 �C showed large agglomerates with
micrometer scale. The AFM result also verified the extended
hydrophilic to globular hydrophobic transition. Below the
LCST, PNIPAAm chains on carbon black particle surface

Fig. 12. AFM images of CB-g-PNIPAAm at 25 �C (top) and at 50 �C (bottom).



3451Q. Yang et al. / Polymer 48 (2007) 3444e3451
mostly formed the hydrogen bonding with water molecule.
Above the LCST, the hydrogen bonding between PNIPAAm
and water was destroyed and formed the new intermolecular
hydrogen bonding among these PNIPAAm chains. Gao and
co-workers studied the temperature-responsive properties of
PNIPAAm-coated carbon nanotubes with AFM [19].

4. Conclusions

PNIPAAm chains were grown from carbon black nanopar-
ticle surface by surface-induced reversible additionefragmen-
tation chain transfer polymerization. CB-g-PNIPAAm formed
the coreeshell structure with PNIPAAm shells and behaved
reversible temperature-responsive property in water. Such
a kind of temperature-responsive hybrid nanoparticle maybe
have the potential applications in smart sensor, temperature-
switching materials, etc.
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