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Abstract

Functionalized carbon nanotubes containing isocyanate groups can extend the nanotube chemistry, and may promote their many

potential applications such as in polymer composites and coatings. This paper describes a facile method to prepare functionalized

carbon nanotubes containing highly reactive isocyanate groups on its surface via the reaction between toluene 2,4-diisocyanate and

carboxylated carbon nanotubes. Fourier-transformed infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)

confirmed that reactive isocyanate groups were covalently attached to carbon nanotubes. The content of isocyanate groups were

determined by chemical titration and thermogravimetric analysis (TGA).

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Carbon nanotubes have a wide range of potential
applications due to their unique mechanical and
electronic properties [1–3]. Many applications require
the dispersibility and chemical activity of the carbon
nanotubes, thus their surface modification and/or
functionalization have attracted increasing attention in
recent years [4–6]. Functionalization would enrich their
properties [7–10]. Modification of carbon nanotubes by
covalent or non-covalent molecules can improve their
dispersibility in liquid media [11–18] and the compat-
ibility with polymer matrixes [16–20].

The tested covalent modifications of carbon nanotubes
have been well summarized in several review papers
[21–24]. In general, major approaches include: (i) amida-
tion or esterification of carboxylated carbon nanotubes,
e front matter r 2004 Elsevier Inc. All rights reserved.
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(ii) side-wall covalent attachment of functional groups
directly to the pristine carbon nanotubes. In this paper, we
are mainly concerned with the functionalization of carbon
nanotubes containing isocyanate groups. Isocyanate group
has a high reactivity, a wealth of chemistry and can react
with many chemicals, such as alcohols, amines and
carboxylic acid, etc. [25]. Carboxylated multi-walled
carbon nanotubes (MWNT–COOH) are chosen as a
starting model nanotube. From the viewpoint of molecular
design, toluene 2,4-diisocyanate has been selected as the
amidating agent to react with the carboxyl groups on the
MWNT–COOH to prepare functionalized multi-walled
carbon nanotubes containing isocyanate groups
(MWNT–NCO). As shown in Scheme 1, due to steric
effect, the p-isocyanate group is preferentially covalent
with the o-isocyanate group reserved. Based on the wealth
chemistry of isocyanate groups, the functionalized carbon
nanotubes containing isocyanate groups can thus extend
nanotube chemistry, and may be promising to prepare for
example, polymer/carbon nanotube composites and coat-
ings [26,27].
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Scheme 1. Schematic preparation of the functionalized carbon

nanotubes containing isocyanate groups.
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2. Experimental

Pristine MWNT, purchased from Shenzhen Nanotech
Port Co., Ltd (Shenzhen, China), were first pre-treated
using mixed acid according to a conventional method
[28] to get MWNT–COOH, and then followed by
amidation with toluene 2,4-diisocyanate to obtain
functionalized multi-walled carbon nanotubes contain-
ing isocyanate groups (MWNT–NCO). In the amidation
reaction, 0.2 g of MWNT–COOH was dispersed in
20mL anhydrous acetone under stirring, and then 0.5 g
toluene 2,4-diisocyanate was added. The functionaliza-
tion was undertaken in a dry nitrogen atmosphere
at 50 1C for 24 h. The functionalized MWNT was
filtered through a polytetrafluoroethylene (PTFE)
membrane and washed with anhydrous acetone to
completely remove the residuals. After being dried in
vacuum at 50 1C for 4 h, the functionalized multi-walled
carbon nanotubes containing isocyanate groups
(MWNT–NCO) were obtained.

The functionalized MWNT were characterized by
Fourier-transformed infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), scanning elec-
tron microscopy (SEM) and thermogravimetric analysis
(TGA). Perkin–Elmer System 2000 FTIR spectrometer
was employed on the KBr pellets. XPS were conducted
on a ESCALab220I-XL using monochromatized Al Ka
radiation (hn ¼ 1486:6 eV). JEOL S-4300F field emission
scanning electron microscope was applied to observe the
morphology of MWNT–NCO. Perkin–Elmer TGA-7
was used to measure the thermal behavior of the
nanotubes in N2 atmosphere, and the scanning rate is
20 1C/min. Dispersibility behavior was observed by
ultrasonically dispersing 0.5mg nanotubes in 5ml
anhydrous toluene in glass bottles for 2 h following by
storage for varied time.

The content of carboxyl groups in MWNT–COOH
were determined by acid–base titration according to the
literature [29]. The content is evaluated by

½2COOH� ¼
M2COOH

W 1 � 45:02� M2COOH
� 100%; (1)

where [–COOH] is the content of –COOH (mol/g),
M–COOH is moles of –COOH, W1 is the weight (g) of
MWNT–COOH, and 45.02 is the molecular weight of
–COOH. The content value is calculated basing on the
pure carbon nanotubes (organic weight is subtracted).

The content of isocyanate groups in MWNT–NCO
was titrated through the following rout: a given weight
(W2, g) of MWNT–NCO, and an excessive amount of
0.1M di-n-butylamine solution in anhydrous acetone
was added into an air-tight flask to react at room
temperature for 6 h under magnetical stirring. The
isocyanate groups have reacted completely with di-n-
butylamine to form urea. Then the dispersion was
filtered through the PTFE membrane and well washed
with anhydrous acetone. The filtrate was collected and
titrated back using 0.1M HCl solution to measure the
residual amount of di-n-butylamine in the filtrate. At the
same time, a blank experiment, without MWNT–NCO
sample, was done. The content of isocyanate groups
attaching to MWNT was calculated by

½2NCO� ¼
M2NCO

W 2 � 175:17� M2NCO
� 100%; (2)

where [–NCO] is the content of –NCO (mol/g), M–NCO

is moles of –NCO on the MWNT–NCO, and 175.17 is
the molecular weight of organic attachment in
MWNT–NCO. The data reported here are the average
of three successful tests, and the error is ca. 73%.
3. Results and discussion

3.1. FTIR

The structure in Scheme 1 is confirmed by FTIR
spectra of MWNT–COOH and MWNT–NCO as shown
in Fig. 1. The peaks at 1646 and 1580 cm�1 are assigned
to CQC stretching, which originate from inherent
structure of carbon nanotubes. In curve A, the peaks at
1714 and 1223 cm�1 are in correspondence to CQO,
C–O stretching, respectively, indicated the existence of
carboxyl groups in MWNT–COOH. For MWNT–NCO
(curve B), there is a peak at 2264 cm�1, which is
characteristic for asymmetric stretching of isocyanate
groups. The peaks at 1675 and 1223 cm�1 are ascribed to
CQO, C–N stretching of amide groups, respectively.
Peaks at 2900 and 2825 cm�1 are related to C–H
stretching of methyl groups.
3.2. XPS

MWNT–COOH and MWNT–NCO have also been
characterized by XPS (Fig. 2). There is a large quantity
of oxygen in MWNT–COOH, which belongs to
carboxyl groups. In the spectrum of MWNT–NCO,
the peak of N 1s appears at 400 eV, and its high-
resolution spectrum reveals two peaks at 399.4 and
400.2 eV, which are ascribed to –CONH– and –NCO,
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Fig. 1. FTIR spectra of (A) MWNT–COOH and (B) MWNT–NCO.

Fig. 2. XPS spectra of (A) MWNT–COOH, (B) MWNT–NCO and

(C) N 1 s high-resolution for MWNT–NCO.

Fig. 3. Dispersibility behavior of MWNT–COOH (left) and

MWNT–NCO (right) in anhydrous toluene after stored for 24 h.

Fig. 4. Field emission scanning electron micrograph of MWNT–NCO.
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respectively. The [–NCO]/[–CONH–] is 1:1 measured
through their area ratio.

3.3. Dispersibility

The dispersibility of MWNT–COOH is remarkably
changed after the modification. MWNT–COOH are
hydrophilic and well dispersed in water. However, some
bubbles are released when MWNT–NCO contact water,
indicating MWNT–NCO are highly reactive and have
reacted with water. In anhydrous toluene,
MWNT–COOH agglomerate and sediment at the
bottom (Fig. 3, left), but MWNT–NCO are well
dispersed (Fig. 3, right).
3.4. SEM

The tubular structure of carbon nanotubes is well
retained after functionalization. This is confirmed by the
morphology observation of MWNT–NCO under SEM
(Fig. 4).

3.5. Chemical titration

The functional groups attached to MWNT are
quantitatively determined by titration. [–COOH] in
MWNT–COOH is 2.5� 10�3mol/g (values calculated
by the weight of pure MWNT). In MWNT–NCO,
[–NCO] is 2.6� 10�3mol/g, which almost equals to the
value of carboxyl groups in MWNT–COOH. This
shows that carboxyl groups in MWNT–COOH have
1:1 stoichiometrically reacted with toluene 2,4-diisocya-
nate as shown in Scheme 1. The carboxylation of carbon
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Fig. 5. TGA curves of (A) the pristine MWNT, (B) MWNT–COOH

and (C) MWNT–NCO in N2 atmosphere.
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nanotubes is facile and the content of carboxyl groups
attached can be easily controlled by the kind of acids,
acid concentration, and the duration of acid treatment.
This is to say, the present approach for preparing
functionalized carbon nanotubes containing isocyanate
groups is facile and controllable. From the content of
isocyanate groups, the organic attachment content in
MWNT–NCO has been calculated, which is 31.5wt%
(based on the total weight of MWNT–NCO).

One of the isocyanate group in toluene 2,4-diisocya-
nate have 1:1 stoichiometrically reacted with the
carboxyl group of MWNT–COOH, and another re-
served, indicating MWNT–NCO were successfully pre-
pared. Due to the steric effect of methyl group, the
reactivity of the p-isocyanate group in toluene 2,4-
diisocyanate is higher than that of the o-isocyanate
group. So for the most of MWNT–NCO, it should be
the p-isocyanate group reacted with carboxyl group to
form chemical bonding and the o-isocyanate group
reserved (just as Scheme 1). However, there is also a
small part of MWNT–NCO in which the o-isocyanate
group reacted but the p-isocyanate group reserved.
3.6. TGA

Thermal behavior of the nanotubes is measured by
TGA (Fig. 5). Onset temperatures of MWNT–COOH
(460 1C) and MWNT–NCO (239 1C) become dramati-
cally lower due to the organic attachment compared
with that of the pristine MWNT (615 1C). The attached
organic content is estimated according to the residual
weight of the functionalized MWNT at 600 1C. The
estimated organic attachment content of MWNT–NCO
is 31wt%, consistent with the titration result.
4. Conclusions

In conclusion, functionalized carbon nanotubes con-
taining isocyanate groups were prepared by reaction
between toluene 2,4-diisocyanate and carboxylated
carbon naotubes. This method is facile, and organic
attachment content is controllable. Functionalized
carbon nanotubes containing isocyanate groups can
extend nanotube chemistry, and may be promising in
applications such as polymer/carbon nanotube compo-
sites, coatings, as well as many others.
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