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A facile strategy to graft polymers onto the surfaces of multiwalled carbon
nanotubes (MWCNTs) was developed via the free radical addition process in the
solution radical polymerisation of styrene in presence of the MWCNTs without
any pretreatment so that the length of the original MWCNTs remained
unchanged. The polystyrene grafted MWCNTs were characterised with Fourier
transform infrared spectroscopy, Raman spectroscopy, thermogravimetric
analysis (TGA) and transmission electron microscopy techniques. The effect of
the amount of the initiator added and of the polymerising temperature on the
percentage of grafting (PG%) and conversion of monomer (C%) were calculated
from the TGA results. It was found that the maximum PG% of 15.6% was
achieved with 0.5% initiator added and the higher polymerising temperature
favoured the grafting polymerisation. The proposed method is expected to be
extended to other vinyl monomers and offers another diverse way for the sidewall
functionalisation of MWCNT.

Keywords: carbon nanotube; graft polymerisation; free radical addition; in situ
polymerisation

1. Introduction

Carbon nanotubes (CNTs) have attracted more and more interest for wide applications
because of their unique structure, mechanical and electrical properties [1]. But their poor
solubility or dispersibility has imposed many barriers for their widespread use in many of
these applications. Surface modification with polymers seems an efficient way to promote
the solubility of CNTs in common solvents and organic polymeric matrices [2,3] and to
improve the interfacial properties of the nanocomposites [4].

By far, there were many excellent works reported on the covalent surface functional-
isation of MWCNTs with polymers with various strategies, such as ‘graft onto’ method
[5–7], ‘graft from’ method, [8–12] ‘free radical addition’ method [13–19] and so on.
Among the strategies for surface grafting polymers onto CNTs, the ‘free radical addition’
method is the simplest one because the MWCNTs must be functionalised with reactive or
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initiating groups before the polymerisation or reaction in the former two methods. As in
the ‘free radical addition’ method, the MWCNTs could be used without any pretreatment.

In the ‘free radical addition’ method used, the polymer chain radicals which reacted
with the C¼C bonds of the MWCNTs were produced by the three main approaches:
(i) the in situ radical polymerisation of the monomers in the presence of the MWCNTs by
being initiated with initiator [9], ultrasonication assisted and microwave-induced [13],
�-ray irradiation [14] and thermo-initiation [15]; (ii) in the controlled/‘living’ radical
polymerisation [16,17]; and (3) the polymer chain transfer reaction [18]. In most of the
works reported, the MWCNTs were pretreated with acid.

In the present work, we reported the graft polymerisation of styrene (St) onto the
pristine MWCNTs without any pretreatment via the free radical addition process in
the solution free radical polymerisation. The effects of the initiator amount and the
polymerising temperature on the percentage of grafting (PG%, mass ratio of the polymer
grafted and MWCNTs) were also investigated.

2. Experimental details

2.1. Materials and reagents

MWCNTs with an average diameter of 20–40 nm and a purity of 95% were obtained from
Shenzhen Nanotech Port Co., Ltd. (Shenzhen, P. R. China). The MWCNTs were used
without any purification process. St was washed with dilute alkali solution, dried over
barium oxide, and distilled twice under reduced pressure. 2,20-Azobis(isobutyronitrile)
(AIBN; Tianjin Chemicals Ltd Co. Tianjin, P. R. China) was re-crystallisation in ethanol.
Toluene, ethanol and other solvents used were of analytical grade.

2.2. Solution polymerisation

MWCNTs (0.1 g), 10.0ml St, 10.0ml toluene and certain amounts of azobisisobutyroni-
trile (AIBN) (Table 1) were combined into a 100ml round bottom flask. The mixture was
heated at 90�C for 11 h. The product was precipitated in ethanol and dried at vacuum.

Table 1. Effect of the polymerising conditions on the C% and PG%.

MWCNTs-PS
Polymerising

temperature (�C) AIBN added (g) C% of St PG%

1 90 0.01 9.9 2.9
2 90 0.02 30.5 4.9
3 90 0.05 39.0 15.6
4 90 0.10 55.2 4.2
5 90 0.15 58.3 0.8
6 90 0.20 59.7 0.8
7 80 0.05 34.1 2.2
8 70 0.05 19.0 1.5
9 60 0.05 13.1 0.9
10 50 0.05 9.0 0.6
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The polystyrene grafted MWCNTs (MWCNTs-PS) were separated from the free
polystyrene via Soxhlet’s extraction with toluene for 24 h [19].

2.3. Analysis and characterisation

A Bruker IFS 66 v/s infrared spectrometer was used for the Fourier transform infrared
(FTIR) spectroscopy analysis. Raman measurements were carried out on the powder
samples using a FT-Raman spectrometer (BRUKER RFS 100/S) with the excitation laser
of Nd:YAG (wavelength: 1064 nm). Thermogravimetric analysis (TGA) was performed
with a Perkin-Elmer TGA-7 system at a scan rate of 10�C min�1 to 700�C in N2. The
morphologies of the MWCNTs and MWCNTs-PS were characterised with a JEM-1200
EX/S transmission electron microscope (TEM). The powers were dispersed in toluene
in an ultrasonic bath for 5min, and then deposited on a copper grid covered with a
perforated carbon film.

The conversion of monomer (C%) and the PG% were calculated according to the
following relationships from the results of TGA analyses:

C% ¼
Total PS ðgÞ

Monomer charged ðgÞ
� 100%

PG% ¼
Grafted PS ðgÞ

MWCNTs charged ð gÞ
� 100%:

3. Results and discussion

In the present work, MWCNTs were used without any pretreatment including the
purification process because that the MWCNTs might be cut into pieces in the
acid-treatment process. Thus, the length of the MWCNTs remained unchanged.

After the in situ solution free radical polymerisation of St initiated with AIBN, the
products precipitated in ethanol were extracted thoroughly with toluene. The asymmet-
rical and symmetrical stretching vibrations of –CH2 at 2924 and 2854 cm�1, the flexural
vibrations of –CH2 at 1440 cm�1 and the characteristic of C–C ring stretching vibration
at 1630 cm�1 appeared in the FTIR spectrum (Figure 1) of the MWCNTs. It indicated
that the polystyrene had been successfully grafted onto the surfaces of the MWCNTs by
the proposed method.

Raman spectroscopy is useful to detect the extent of disorder in the functionalised
MWCNTs [20]. As shown in Figure 2, the Raman spectrum of the pristine MWCNTs
shows a characteristic D band at 1288 cm�1 (defects/disorder-induced modes) and a G
band at 1601 cm�1 (in-plane stretching tangential modes) with an intensity ratio (ID/IG) of
0.74. As for the MWCNTs-PS, the ID/IG intensity ratio increased to 1.97. The change
in ID/IG intensity can also be observed by the change of the peak height. For the pristine
MWCNTs, the D band is slightly lower than the G band. However, for the MWCNTs-PS,
the D bands are higher than the G bands. The results show that the in situ solution free
radical polymerisation has led to an increase in the number of defects in the nanotubes.

The grafting of polystyrene onto MWCNTs enables the nanotubes to be dispersible
in toluene. The pristine MWCNTs started to settle down soon after the sonication was
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stopped and settled down completely within 1 h. However, the black solution of the
MWCNTs-PS remained homogeneous upon standing, with no sedimentation observed
after 3 days. The TEM images (Figure 3) also intuitively proved the graft polymerisation
of St on the surfaces of MWCNTs. The MWCNTs were exfoliated into single nanotubes
and dispersed perfectly in toluene. Furthermore, the diameters of the MWCNTs seemed
to increase after the in situ radical graft polymerisation.

To determine the PG% and C%, TGA measurements were performed on the
MWCNTs-PS samples prepared with different AIBN added as initiator and with the
different polymerising temperature, as summarised in Table 1 (Figure 4). Slight weight
losses were found at the temperature at 100�C, which is attributed to the release of the
moisture and solvent adsorbed. Because the MWCNT participated in the polymerisation
reaction and consumed AIBN [8], the effect of the initiator added on the PG% and C%
were calculated from the weight loss at about 350–420�C of the TGA analysis, attributed
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Figure 1. FTIR spectra of the pristine MWCNTs and MWCNTs-PS.
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Figure 2. FT-Raman spectra of the pristine MWCNTs and MWCNTs-PS.
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to the decomposition of the polymer grafted [21]. It was found that the C% of St increased

with the increase in the amount of the initiator added. However, the highest PG% was

achieved with 0.05 g AIBN. It was also found that the higher polymerising temperature

was in favour of both the PG% and C%.
In the in situ grafting polymerisation, the coupling termination of the free radicals

with each other and the addition of the free radicals onto the MWCNTs are rivalship.

The more initiator added or at the higher polymerising temperature, the radicals were

(a) (b)

Figure 3. TEM images.
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Figure 4. TGA curves of the MWCNTs-PS.
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formed faster, so the probability of the addition reaction of the free radicals onto the
MWCNT increased. Therefore, the PG% achieved the highest value with more initiator
(0.5%) added and at the higher polymerising temperature. However, with much more
initiator (40.5%) added, the coupling termination of the free radicals with each other
might be the dominant reaction. So the PG% decreased. The PG% in the optimised
polymerisation conditions in the present method was similar to those in the range of
12–16% reported. However, the present method was simple, convenient, and inexpensive.

4. Conclusions

In summary, a facile and effective method was developed for the grafting polymers
onto the pristine MWCNTs via the in situ solution free radical polymerisation. The PG%
and the C% were affected with the amount of the initiator added and the polymerising
temperature. The proposed method was found to be simple, convenient and inexpensive
and expected to be extended to other vinyl monomers.
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