
1. Introduction
Carbon nanotubes (CNTs) have won more and
more intense interest since their discovery because
of their unique structural, mechanical and elec-
tronic properties [1–3]. However, the processing of
CNTs has been limited by their insolubility in most
common solvents, due to the strong inter-tube van
der Waals attraction [4].
Consequently, various methods have been pro-
posed for functionalizing CNTs. Functionalization
of CNTs with polymers is gaining comprehensive
interest because the polymer chains can promote
the solubility of CNTs in common solvents. The
widely used methods for the chemical functional-
ization of CNTs are the ‘grafting to’ and ‘grafting
from’ approaches [5]. The functional groups, such
as carboxyl groups [6] or amino groups [7] for the
‘grafting to’ approaches, and initiating groups [8]

or polymerizable groups [9] for the ‘grafting from’
approaches, must be introduced onto the surfaces of
CNTs before the grafting reactions.
Most recently, the research interest in the research
field has focused on the ‘free radical addition’
[10–12] and ‘anionic addition’ [13, 14] approaches
for the chemical functionalization of CNTs by the
addition reaction of the polymer radicals or poly-
mer anions on the surface π-bonds of the CNTs.
These approaches seem to be simpler than the
‘grafting to’ and ‘grafting from’ approaches because
the surface modification of the CNTs with the func-
tional groups is not needed.
Friedel-Crafts reaction has been successfully applied
for the chemical functionalization of carbon nano-
fibers [15] and CNTs with small molecules [16,
17]. In the present work, we report the grafting of
poly(vinyl chloride) (PVC) onto multi-walled car-
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bon nanotubes (MWCNTs) MWCNTs both at the
ends and on the sidewalls via the Friedel-Crafts
alkylation reaction with anhydrous aluminum chlo-
ride (AlCl3) as catalyst for the first time. Similarly
to the ‘free radical addition’ and ‘anionic addition’
approaches, the pre-functionalization of the MWC-
NTs with functional groups is not needed. Further-
more, the pristine MWCNTs without any treatment
were used in the proposed method. Therefore, the
original length of the MWCNTs remained.

2. Experimental
2.1. Materials
MWCNTs, synthesized by a thermal chemical
vapor deposition method, were obtained from
Shenzhen Nanotech Port Co., Ltd. (Shenzhen,
China) with an average diameter of 20–40 nm and a
purity of 95%. The MWCNTs were used without
any purification process.
PVC was bought from the Chemical factory of
Yanguoxia in Gansu, and dried in vacuum. Anhy-
drous aluminum chloride (AlCl3) was provided by
Sitong Chemical Factory in Tianjin. Chloroform
(CHCl3) was dehydrated with anhydrous calcium
chloride (CaCl2) and then distilled under reduced
pressure. Other solvents were analytical grade
obtained from Tianjin Chemical Co. Ltd.

2.2. Friedel-Crafts alkylation

For a typical Friedel-Crafts alkylation reaction,
0.20 g MWCNTs, certain amount of anhydrous alu-
minum chloride, and dehydrated chloroform 30 ml
were combined into a three neck flask. Then the
mixture was stirred electromagnetically at certain
temperature for certain time under nitrogen atmos-
phere. After being cooled to room temperature, the

mixture was dispersed in THF with ultrasonic
vibration and centrifuged (12 000 rpm for 10 min)
until no PVC could be detected in the supernatant
liquid. The resulting products, poly(vinyl chloride)
grafted MWCNTs (PVC-MWCNTs), were dried
naturally. The conditions of the Friedel-Crafts alky-
lation reaction were summarized in Table 1.
For comparison, the reaction was also conducted
without PVC or MWCNTs at 60°C for 30 h.

2.3. Analysis and characterizations

A Bruker IFS 66 v/s infrared spectrometer was used
for the Fourier transform infrared (FTIR) spec-
troscopy analysis. Raman measurements were car-
ried out on the powder samples using FT-Raman
spectrometer (BRUKER RFS 100/S) with the exci-
tation laser of Nd:YAG (wavelength: 1064 nm).
The morphologies of the MWCNTs and PVC-
MWCNTs were characterized with a JEM-1200
EX/S transmission electron microscope (TEM).
The powders were dispersed in THF in an ultra-
sonic bath for 5 min, and then deposited on a cop-
per grid covered with a perforated carbon film.
Thermogravimetric analysis (TGA) was performed
with a Perkin-Elmer TGA-7 system at a scan rate of
20°C·min–1 to 800°C in N2. The percentage of graft-
ing (PG%) of the PVC-MWCNTs was calculated
from the TGA analysis.

3. Results and discussion

Friedel-Crafts alkylation, an electrophilic substitu-
tion reaction between aromatic rings and a
chloroalkane with strong Lewis acids as catalysts,
allows the synthesis of alkylated products via the
reaction of arenes with alkyl halides or alkenes.
Recently, it had been used for the surface chemical
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Table 1. The conditions of the Friedel-Crafts alkylation reaction

Samples
Reaction conditions Weight loss at

400°C [%]
PG%

Catalyst [g] Reaction temperature [°C] Reaction time [h]
MWCNTsc 0.50 60 30 04.91 –
PVCc 0.50 60 30 67.27 –
PVC-MWCNTs 1 0.50 60 06 38.58 117.4
PVC-MWCNTs 2 0.50 60 12 39.32 123.1
PVC-MWCNTs 3 0.50 60 18 39.94 128.2
PVC-MWCNTs 4 0.50 60 24 43.00 156.9
PVC-MWCNTs 5 0.50 60 30 44.87 178.4
PVC-MWCNTs 6 0.75 60 30 46.64 202.3
PVC-MWCNTs 7 1.00 60 30 49.27 246.4
PVC-MWCNTs 8 0.50 50 30 33.44 084.3



functionalization of the carbon nanotubes with
small organic molecules, such as lauroyl chloride
[16] and 4-(2,4,6-trimethylphenoxy)benzamide
(TMPBA) [17]. Here the reaction was used for the
grafting of poly(vinyl chloride) (PVC) onto the sur-
faces of MWCNTs with anhydrous aluminum chlo-
ride as catalyst.
The TGA curves of the poly(vinyl chloride) grafted
multi-walled carbon nanotubes (PVC-MWCNTs)

prepared with different reaction conditions, the
product from the comparative experiment without
PVC (defined as MWCNTsc) or without MWCNTs
(defined as PVCc) are presented in Figure 1. The
weight loss of less than 5% was found in the com-
parative MWCNTs sample (MWCNTsc) until
400°C, it indicated that nearly no CHCl3 has
reacted with the CNTs under the reaction condition.
However, the comparative PVC sample (PVCc) had
a weight loss of near to 70% in the temperature
range of 200–400°C, as summarized in Table 1. So
the percentage of grafting (PG%) could be calcu-
lated by the comparison of the weight loss of PVCc

and MWCNTsc with those of the PVC-MWCNTs
until 400°C (Table 1). The lower on-set thermal
decomposition temperature of the PVC-MWCNTs
than that of the pure PVC might be caused by the
residual catalyst AlCl3, which is also the catalyst
for the thermal decomposition of PVC [18].
The effect of the reaction conditions on the percent-
age of grafting (PG%) of the products, the
poly(vinyl chloride) grafted multi-walled carbon
nanotubes (PVC-MWCNTs), calculated from their
TGA analysis (Figure 1), were summarized in
Table 1. The PVC-MWCNTs samples (1–8) had
the PG% in the range of about 110–180%. It means
that 1.10–1.80 g PVC had been grafted onto per
gram of the pristine MWCNTs. It is much higher
than the polymer grafted CNTs with other methods.
It might be due to the crosslinking reaction of PVC
under the grafting condition because that the com-
parative PVC sample (PVCc) was gel and could not
be dissolved in THF. Furthermore, the strategy
developed is facile because that the pre-functional-
ization of the CNTs is not needed. So another
strong point emerges that the length of the pristine
CNTs could be maintained in the procedure. It
could be concluded that the longer reaction time,
more catalyst added, and higher reaction tempera-
ture favored the Friedel-Crafts alkylation between
MWCNTs and PVC.
After the Friedel-Crafts alkylation of the pristine
MWCNTs with PVC and the extraction of the
products with THF, some absorbance peaks such as
the symmetrical stretching vibrations of C–Cl at
600–700 cm–1, stretching vibrations of C–H at
2930, 2850, and 1250 cm–1, asymmetrical vibra-
tions of –CH2 at 1420 cm–1, which do not exist in
the FTIR spectrum of the pristine MWCNTs,
appeared in that of the PVC-MWCNTs (Figure 2).
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Figure 1. TGA curves of the PVC-MWCNTs obtained
from the different reaction conditions: (a) effect
of the reaction time; (b) effect of the catalyst
added; and (c) effect of the reaction temperature



It indicated that the PVC molecules had been suc-
cessfully grafted onto the surfaces of the MWCNTs
via the Friedel-Crafts alkylation. The grafting mech-
anism could be deduced as shown in Figure 3.
Raman spectrum has been prevalently applied for
providing qualitative information on the status of
the sidewall functionalization of CNTs. The Raman
spectrum of the pristine MWCNTs and the PVC-
MWWNTs are shown in Figure 4. Two usual bands
of CNTs were detected for the MWCNTs: the
D-band (the vibration of sp2-bonded carbon atoms
in a two-dimensional hexagonal lattice, such as in a
graphitic layer) at 1290 cm–1 and the G-band (scat-
tering from sp3-hybridized carbons defects in the
hexagonal framework of the MWCNTs walls) at
1600 cm–1. The value of intensity ratio between the
D- and G-bands (ID/IG) is an indication of the
degree of the covalent functionalization of the
MWCNTs. Figure 4 showed that ID/IG of the pris-
tine MWCNTs was about 0.74, while ID/IG was
around 1.68 for the PVC-MWWNTs. ID/IG of the
MWCNTs was enhanced, indicating that more
sp3-hybridized carbons of the nanotube sidewalls
were produced after the Friedel-Crafts alkylation.

Transmission electron microscopy (TEM) was
employed to detect the structure and morphology of
the resulting samples (Figure 5). In the image of the
pristine MWCNTs (Figure 5a), it is clear that many
pristine MWCNTs were piled up and the average
diameter of the pristine MWCNTs is in the range of
20–40 nm. The surface of the pristine MWCNTs is
featureless. The convex surfaces of the pristine
MWCNTs seem to be smooth with nothing adher-
ing to them. In contrast, it can be found that after
the surface Friedel-Crafts alkylation, the surfaces
of the MWCNTs are coated with a PVC layer (Fig-
ure 5b). Obviously, a core-shell structure with
MWCNTs at the center can be clearly observed for
the nanohybrids. Furthermore, compared with the
pristine MWCNTs, the external diameters of the
functionalized MWCNTs was about 30–60 nm
which was remarkably increased. As a consequence,
we believe such ideal wrapping would be the result
of covalent grafting.
Dispersion of the pristine MWCNTs into aqueous
solution or organic solvent was very difficult even
after it was ultrasonically irradiated. However, dis-
persion of the PVC-MWCNTs into polar solvents
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Figure 2. FT-IR spectra of the pristine MWCNTs and the
PVC-MWCNTs 7

Figure 3. Proposed mechanism of grafting reaction

Figure 4. Raman spectra of the pristine MWCNTs and the
PVC-MWCNTs 7



such as tetrahydrofuran (THF) was very easy. So
the solubility or dispersibility of the functionalized
MWCNTs strongly depends on the structure and
amounts of the grafted moieties. Figure 6 gives the
digital photos of the pristine MWCNTs and the
PVC-MWCNTs in THF. It is clear that the dis-
persibility of the pristine MWCNTs in THF is very
poor, and they were only swollen (left). However,
the PVC-MWCNTs are dispersable in THF, form-
ing a homogeneous dispersion, and there was no

sedimentation observed even after one month as
shown in Figure 6 (right). All of the evidence indi-
cates that PVC chains have grafted onto the surface
of the MWCNTs via the Friedel-Crafts alkylation.

4. Conclusions

In summary, a facile strategy was developed for the
grafting of polymers onto the the ends and side-
walls of the carbon nanotubes via the Friedel-Crafts
alkylation catalyzed with strong Lewis acids. The
TGA analysis proved that the precedentless high
PG% was achieved. The modified MWCNTs exhib-
ited excellent dispersibility in THF and the disper-
sion had good stability. It is expected that the strat-
egy could be extended to the surface modification
of CNTs with other polymers by using the Friedel-
Crafts reactions.
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