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We incorporated hydroxyl groups into the polyurethane backbone and then used the “grafting to” approach to functionalize
the multiwalled carbon nanotubes (MWNTs) via the esterification reaction between MWNTs and segmented polyurethanes
(PUs). X-ray photoelectron spectroscopy (XPS) spectra showed that the sidewalls of MWNTs had been functionalized with
acid treatment, and the amount of COOH increased with increasing acid treatment time. FTIR spectra further confirmed that
PU was covalently attached to the sidewalls of MWNTs. The functionalized acid amount and the grafted PU amount were
determined by thermogravimetric analyses (TGAs). Comparative studies based on SEM images of the PU-functionalized and
chemically defunctionalized MWNT samples also revealed the covalent coating character. Dynamic mechanical analysis (DMA) of
nanocomposite films prepared from PU and PU-functionalized MWNTs showed enhanced mechanical properties and increased
soft segment Tg . Tensile properties indicated that PU-functionalized MWNTs were effective reinforcing fillers for the polyurethane
matrix.

1. Introduction

In recent decades, polymer-carbon nanotube composite ma-
terials have attracted much attention for their potential ap-
plications in unique lightweight materials with distinctly su-
perior mechanical, thermal, and electronic properties [1–4].
This can be attributed to the fascinating electronic, thermal,
and mechanical properties of carbon nanotubes (CNTs) [5,
6]. With extremely high mechanical strength and chemical
stability, CNTs represent attractive possibilities for develop-
ing ultrastrong composite materials [7, 8]. The effective util-
ization of CNTs in nanocomposite applications depends
strongly on the ability to disperse the CNTs homogeneously
throughout a matrix without destroying the integrity of the
CNTs. The CNTs can offer a kind of nanosize reinforcement
with a light weight, a hollow-core immerse aspect ratio,
and an exceptionally high axial strength. Hence, significant

efforts have been made in the fabrication of these nano-
composites by dispersing either single-walled (SWNT) or
multiple-walled (MWNT) carbon nanotubes into various
polymer matrices.

However, the manipulation and processing of CNTs have
been limited by their insolubility in most common solvents
[9]. By functionalization or modification of nanosurfaces of
CNTs, it has unlocked a new era in the development and
applications of CNTs containing hybrid nanomaterials [10–
12]. This can be generally fulfilled by the “grafting to” [13–
16] and “grafting from” [17–20] approaches. Some experi-
mental studies on CNT-reinforced polymer composites have
been reported for various kinds of organic polymers, includ-
ing polyethylene [21, 22] polypropylene [23], poly(meth-
yl methacrylate) [24, 25], polystyrene [26], pitch [27], and
epoxy [28, 29], with enhanced mechanical and electrical pro-
perties. More recently, polyurea-functionalized CNTs have
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Scheme 1: Synthetic route for the functionalization of MWNTs with segmented polyurethanes (PUT).

also been prepared via an in situ polycondensation approach
[30]. In a similar manner, polyurethane-functionalized
SWNTs have also been prepared through a two-step reaction
[31]. However, Gao’s and Xia’s approaches could not be used
in the preparation of segmented polyurethane elastomers
functionalized carbon nanotubes, because polyurethane elas-
tomers must be prepared through a prepolymer technique.
In addition, although Kwon and Kim reported dispersion of
CNTs in a waterborne polyurethane matrix [32, 33], the dis-
persion of carbon nanotubes in the polyurethane elastomer
matrix was only through a noncovalent solution blending.

Elastomeric thermoplastic block copolymers are typically
microphase-separation materials containing two types of
segments in their molecular architecture. It was expected
CNTs functionalized with polyurethane elastomers (i.e., seg-
mented copolyurethanes or polyurethane block copolymers)
via a covalent bonding would be more compatible with
polyurethane elastomer matrices and hence could reinforce
polyurethane elastomers. Since polyurethane block copoly-
mers are a class of high-performance materials for versatile
end use, nanocomposites prepared from polyurethane elas-
tomers reinforced with CNTs may extend its application in
various fields.

In a previous report, we have presented a methodology to
bind as-prepared segmented polyurethanes to CNTs via the
“grafting to” approach [34]. In this work, we incorporated
hydroxyl groups into the polyurethane backbone and then
used the “grafting to” approach to functionalize the MWNTs
via the esterification reaction between MWNTs and PU. The
segmented polyurethanes with hydroxyl groups pendant on
the chain extender were synthesized by the conventional pre-
polymer technique. The functionalized CNTs and MWNT-
PU nanohybrids have been characterized to confirm the
covalent linkage. In addition, results from the fabrication
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Figure 1: High-resolution XPS spectra of crude MWNTs and acid-
treated MWNTs with different treatment times.

and characterization of the polyurethane-carbon nanotube
nanocomposite films are presented and discussed.

2. Experimental

2.1. Materials. The MWNTs used in this work were pur-
chased from Desunnano Co., Ltd.; the purity is higher than
95%. Thionyl chloride (SOCl2) was obtained from Aldrich
and used as received. 4,4′-Methylenebis(phenyl isocyanate)
(MDI, Aldrich), methyl isobutyl ketone (MIBK, Hayashi
Chemicals), N,N-dimethylformamide (DMF, Tokyo Chem-
icals), ethyl acetate (EA, Tokyo Chemicals), and dimethyl
sulfoxide (DMSO, Nacalai Tesque, Inc.) were distilled under
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reduced pressure. 1,1,1-Tris(hydroxymethyl)propane (TMP,
Fluka) and tetrahydrofuran (THF, Tokyo Chemicals) were
used as received. Poly(tetramethylene ether glycol) (PTMG,
Mn = 1000) was degassed in vacuo at 55◦C and 600 Pa
(4.5 mmHg) for 3 h to remove any absorbed water. Nitric
acid (EP grade), and sulfuric acid (EP grade) were purchased
from Nihon Shiyaku Industries, Ltd. and used as received.

2.2. Synthesis of the Segmented Polyurethane Elastomer (PUT).
The preparation method of the segmented polyurethane
elastomer carrying a pendant hydroxyl group in the chain
extender has been described in our previous article [34].
GPC (DMF): Mn = 31, 300 g/mol, Mw = 51, 000 g/mol,
and PDI = 1.63. The reaction is given in Scheme 1. For
convenience, this polymer is designated as PUT.

2.3. Acid Treatment and Acylation of MWNTs. The detail
procedures have been published previously [34]. The sam-
ples (MWNT-COOH) obtained for acid treatment of 8 and
24 h were designated as NT-COOH-8 and NT-COOH-24,
respectively. After acylation, the samples (MWNT-COCl)
were washed with purified EA three times and ready for
esterification with PUT.

2.4. Esterification of Acylated MWNTs with PUT. 0.2 g of
as-prepared MWNT-COCl was immediately reacted with
1.0 g of PUT at 100◦C for 24 h, obtaining PUT-grafted
MWNTs after repeated centrifugation at 7500 rpm, washing,
and vacuum drying. The products (MWNT-PUT) prepared
from acylation of NT-COOH-8 and NT-COOH-24 were
designated as NT-PUT-8 and NT-PUT-24, respectively.

2.5. Preparation of Nanocomposite Films. In a typical exper-
iment, the matrix PUT (4 g) was dissolved in DMF (16 mL)
to form a homogeneous solution. To the solution was add-
ed dropwise a DMF solution of PUT-functionalized carbon
nanotubes (NT-PUT-8) under constant stirring. The result-
ing solution was cast onto a glass substrate and dried at
50◦C for 48 h. In this study, three different compositions,
that is, 1 wt%, 5 wt%, and 10 wt% of NT-PUT-8 based on the
original amount of PUT (4 g) were prepared for comparison.
The composite films were designated as PUT/NT-PUT-8-1,
PUT/NT-PUT-8-5, and PUT/NT-PUT-8-10, respectively.

2.6. Characterization. Infrared spectra of samples were ob-
tained using a Bio-Rad FTS 165 Fourier transform infrared
spectrometer. The spectra were obtained over the frequency
range of 4000 to 400 cm−1 at a resolution of 4 cm−1.

XPS surface analysis was carried out using a VG Instru-
ments X-ray photoelectron spectrometer. Mg-Kα radiation
was used as the X-ray source and the photoelectron peaks (in
the wide-scan spectra) from the samples were numerically
fitted using Lorentzian curves with an integral background
subtraction and analyzed at an angle of 45◦ to the surface.
The adventitious C(1s) signal at 284.6 eV was used to cali-
brate the charge-shifted energy scale.

Thermogravimetric analysis (TGA) experiments were
carried out on samples placed in a platinum sample pan
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Figure 2: FTIR spectra of PUT, NT-PUT-8, and NT-PUT-24.
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Figure 3: TGA weight loss curves of crude MWNTs, acid-treated
MWNTs, and PUT-functionalized MWNTs under a nitrogen at-
mosphere.

using a TA Instruments SDT-2960 analyzer. Products ranging
from 4 to 5 mg were loaded into the platinum pan and sealed
in the sample chamber. The samples were heated from 50◦C
to 900◦C under a nitrogen atmosphere at a heating rate of
10◦C/min.

Scanning electron microscopy (SEM) images were re-
corded using a Hitachi S-4800 field-emission microscope,
and the samples were precoated with a homogeneous gold
layer by sputtering technology.

Dynamic mechanical analysis (DMA) was performed on
a Perkin Elmer DMA7e unit with an operating temperature
range of −100∼50◦C. The heating rate was set at 5◦C/min.
The sample size was approximately 5.5 × 1.5 × 0.5 mm3.

Stress-strain data of nanocomposite films were obtained
using a Universal Testing Machine (Shimadzu AGS-500A
Series) with a 10 kg load cell and film grips. The crosshead
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Figure 4: SEM micrographs of PUT-functionalized and chemically defunctionalized MWNT samples. (a) NT-PUT-8. (b) NT-PUT-8 def-
unctionalized at 900◦C for 2 h. (c) NT-PUT-24. (d) NT-PUT-24 defunctionalized at 900◦C for 2 h.
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Figure 5: TGA weight loss curves of PUT and PUT/NT-PUT-8 na-
nocomposites under a nitrogen atmosphere.

speed was 20 mm/min. Measurements were made at room
temperature using a 1.2 × 0.4 cm2 dumbbell sample.

3. Results and Discussion

3.1. X-Ray Photoelectron Spectroscopy (XPS) Analysis of Acid-
Treated MWNTs. In our previous article, Raman spectro-
scopy has showed that the suitable time of acid treatment was
ca. 8 h [34]. Therefore, our polymeric carbon nanocompos-
ites discussed here and after were all prepared from NT-PUT-
8 in view of processing and application.

In the present study, electron spectroscopy for chemical
analysis (i.e., XPS) was further used to provide qualitative
and quantitative information about the elemental composi-
tion of acid-treated MWNTs [35, 36]. In the high-resolution
spectra of C(1s), as shown in Figure 1, it is evident that
the C(1s) core level spectra of acid-treated MWNTs consist
of three well-resolved peaks after curve-fitting. The major
peak, referenced to 284.6 eV (C–C or C=C), is ascribed as
unsubstituted aromatic carbon in carbon nanotubes. The
peak shifted approximately 0.7 eV (i.e., at 285.3 eV) toward
the higher binding energy side of the main peak corresponds
to the carbon singly bound to oxygen (C–O). This is probably
due to the residual oxygen after the purification step of
pristine MWNTs or ether-type oxygen (–C–O–) of COOH.
The small peak, present at 288.8 eV, can be attributed to the
carbon double-bonded (C=O) to oxygen in the carboxylic
acid groups. The quantitative results of XPS are listed in
Table 1. The higher surface oxygen content for the carboxylic
acid functionalized MWNTs, NT-COOH-8, and NT-COOH-
24, in comparison with that of the pristine materials, is
evidence of COOH groups on the MWNT surface.

3.2. Synthesis and Characterization of MWNT-Polyurethane
Nanohybrids. Through the “grafting to” approach, the
MWNTs were functionalized by grafting polyurethane to the

Table 1: (1) XPS peak position (in eV) and (2) percentage (in atom-
%) from high-resolution C(1s) spectra of crude MWNTs and acid-
treated MWNTs.

Sample C–C/C=C C–O C(=O)–OH

MWNT
(1) 284.6 eV 285.4 eV 288.6 eV

(2) 76.65% 16.55% 6.80%

NT-
COOH-8

(1) 284.6 eV 285.3 eV 289.1 eV

(2) 42.57% 33.44% 23.99%

NT-
COOH-24

(1) 284.6 eV 285.3 eV 288.7 eV

(2) 39.74% 34.05% 26.21%

sidewalls of MWNTs (Scheme 1). The chemical structure
of the resulting MWNT-polyurethane nanohybrids is also
illustrated in Scheme 1. It is noteworthy that the adsorbed
polyurethane can be efficiently removed from the products
by filtration and washing as mentioned in Section 2. From IR
measurements for the upper layer of DMF solution, collected
by centrifuging (1 h at a rate of 7500 rpm) of MWNT-PUT
samples from the solution it is shown that no polyurethane
signals appeared in the spectrum. This indicates that the
adsorbed polymer quantity is negligible. Therefore, the
“grafting to” approach presented here promised the grafting
of polyurethanes onto CNT surfaces with some extent of
control.

The molecular composition of the resulting MWNT-pol-
yurethane nanohybrids was confirmed by FTIR measure-
ments. The IR spectra of NT-PUT-8 and NT-PUT-24 are
shown in Figure 2. For both samples, the characteristic ab-
sorption peaks of polyurethane such as –CH2–, NHCOO–,
and C–O–C, and clearly appear at 2930/2853, 1730,
1100 cm−1, respectively. The benzene-ring C=C absorption
peak from MDI is at ca. 1600 cm−1, while the peaks at
1530 cm−1 and 1220 cm−1 correspond to C–N of urethane
groups. This spectrum clearly shows that PUT has been graft-
ed to MWNTs successfully.

In general, polymer-functionalized CNTs would show
much higher solubility or better dispersibility as compared
with pristine nanotubes. Herein, as polyurethane is polar,
our resulting samples of MWNT-polyurethane are readily
dispersed in polar organic solvents such as DMSO, DMF,
1-methyl-2-pyrrolidinone (NMP), and N,N-dimethyl aceta-
mide (DMAc). The clear, gray solutions from the soluble
samples are stable, without any precipitations over time.

3.3. Thermal Analysis of the Resulting MWNT-Polyurethane
Nanohybrids. In order to obtain the grafted amount of poly-
urethane on MWNTs, thermal analyses of MWNT-PUT pre-
pared from MWNTs with different times of acid treatment
(8 h and 24 h) were carried out. The thermal stability for
crude MWNTs and functionalized MWNTs in nitrogen is
illustrated in Figure 3. As seen in the figure, the TGA
curves display a two-step degradation mechanism for PUT,
NT-PUT-8, and NT-PUT-24, which is quite different with
the one-step degradation mechanism of MWNT and acid-
treated MWNTs (MWNT-COOH, i.e., NT-COOH-8 and
NT-COOH-24). It is obvious that PUT has been grafted
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Figure 6: Temperature dependence of (a) storage modulus (E′); (b) loss tangent (tan δ) for PUT and PUT/NT-PUT-8 composite films.

onto the sidewalls of MWNTs. In the MWNT-COOH case,
there is a continuous but not very obvious decrease in
weight, which is typical for acid functionalized MWNTs. In
comparison with the curves of MWNTs and acid-treated
MWNTs, the rapid degradation stage in NT-PUT-8 and
NT-PUT-24 may arise due to the decomposition of grafted
PUT. As compared to crude MWNTs, the functionalized
acid amount could be calculated by the subtraction of char
yields of acid-treated MWNTs from pristine MWNT. Thus,
the functionalized acid amounts for NT-COOH-8 and NT-
COOH-24 are 10.0 and 12.2%, respectively. It is evident that
the increased acid amount after acid treatment for 8 h is not
much, demonstrating that longer acid-treated time may be
not necessary. Therefore, to save the processing time for the
application, our nanocomposites were only prepared from
NT-PUT-8 nanohybrid. In addition, the grafted amounts of
PUT were also obtained. According to the TGA traces, the
PUT contents in the NT-PUT-8 and NT-PUT-24 samples
are approximately 35.6% and 42.2%, respectively. It was
found that the longer acid treatment time results in a higher
grafted amount of PUT. This further confirms the successful
functionalization of MWNTs.

3.4. Morphology of the MWNT-Polyurethane Nanohybrids.
The fine nanostructures of the as-prepared MWNT-poly-
urethane nanohybrides were investigated by SEM. As shown
in Figures 4(a) and 4(c), MWNTs were coated by a layer
of polymer chains. From the SEM images of the PUT-
grafted MWNT samples, we can clearly discern that the
higher the quantity of the grafted polymer, the thicker the
polymer shells. The calculated diameters for NT-PUT-8 and
NT-PUT-24 are ca. 79.7 and 85.5 nm, respectively. After
heat treatment of NT-PUT-8 and NT-PUT-24 at 900◦C for
2 h, the defunctionalized tube surfaces are relatively smooth
and clean (Figures 4(b) and 4(d)), obviously different from
those of the polyurethane-functionalized MWNTs. The tube

diameters are ca. 58.1 and 61.3 nm, respectively, being close
to the diameter of pristine MWNTs.

3.5. Preparation and Thermal Analysis of Polyurethane Nano-
composites. In this research, MWNTs were functionlalized
with PUT in order to be more compatible with the poly-
mer matrix, PUT, of the nanocomposites. Due to the ure-
thane groups of PUT, there are strong intermolecular inter-
actions arising from the hydrogen bondings between PUT
and MWNT-PUT nanohybrids, resulting in high compatibi-
lity between both components. The common solubility of
the PUT-functionalized carbon nanotubes and the matrix
PUT also makes the solution casting easier. The compat-
ibility of the PUT-functionalized carbon nanotubes with
polyurethane and the dispersion of the nanotubes in poly-
urethane matrix were evaluated via the fabrication of na-
nocomposite thin films. The PUT-functionalized carbon na-
notubes used in this study are NT-PUT-8 as mentioned
previously. In a typical experiment, a calculated amount of
NT-PUT-8 (w/w) based on PUT matrix was dissolved in
DMF and added to a PUT solution. For comparison, 1, 5,
and 10 wt% of NT-PUT-8 based on 100 wt% of PUT were
used as the reinforcing fillers. The nanocomposites prepared
from PUT reinforced with the aforementioned amounts of
NT-PUT-8 were designated as PUT/NT-PUT-8-1, PUT/NT-
PUT-8-5, and PUT/NT-PUT-8-10, respectively. The result-
ing composite solution was allowed to settle overnight and
then centrifuged to remove any residual insoluble species,
followed by being concentrated to attain the desired viscosity.
The viscous but transparent solution was used for the
casting of a thin film. The polyurethane-MWNT composite
thin film thus obtained is transparent with a high optical
quality. The successful fabrication of optically high-quality
nanocomposite thin films reflects the excellent compati-
bility of the PUT-functionalized carbon nanotubes with po-
lyurethane. It also serves as initial evidence for the notion
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Table 2: Composition and physical properties of PUT and PUT/NT-PUT-8 composite films.

Specimens
Composition

(wt%)
PUT/NT-PUT-8

Tg (◦C)
(soft segment)

Storage modulus
at −40◦C (GPa)

Tensile strength
(KPa)

Elongation at
break (%)

PUT 100/0 −26 0.918 180 195

PUT/NT-PUT-8-1 100/1 −24 1.14 286 192

PUT/NT-PUT-8-5 100/5 −19 1.22 344 173

PUT/NT-PUT-8-10 100/10 −17 1.47 675 116

that functionalized carbon nanotubes can be dispersed ho-
mogeneously into polymeric matrices. According to TGA
results shown in Figure 5, it is obvious that the thermal sta-
bility of nanocomposites increases with increasing amounts
of PUT-functionalized carbon nanotubes. As a result, the
degradation temperature (ca. 335◦C) of 10% weight loss for
PUT/NT-PUT-8-10 composite is ca. 16◦C higher than that
of neat PUT. In addition, compared to the char yield (ca.
3.5%) of neat PUT, the higher char yield (ca. 16.9%) for this
composite demonstrates that the effect of enhanced thermal
stability due to the PUT-functionalized MWNTs may occur.

3.6. Mechanical Properties of Polyurethane Nanocomposites.
Dynamic mechanical analysis (DMA) is most useful for
studying the viscoelastic behavior of polymers. The mechan-
ical properties and stiffness of the polyurethane nanocom-
posites were then analyzed with DMA. In the polyurethane
composite, PUT-functionalized MWNTs serve as the rein-
forcement and segmented PUT acts as the matrix. Increasing
the amount of NT-PUT-8 in the composite increased the
storage modulus due to stronger intermolecular interactions
between MWNT-PUT nanohybrid and PUT. The soft seg-
ment Tgs of the three composite films were also obtained
from loss tangent of DMA. As shown in Figure 6, the
dynamic storage modulus (E′) and loss tangent (tan δ) of
the PUT/NT-PUT-8 nanocomposite films show enhanced
mechanical properties and increased soft segment Tg . The
results of soft segment Tg of the three composites are
listed in Table 2. The enhanced E′s of PUT/NT-PUT-8
nanocomposites are induced from the stiffening effect of
the CNTs. E′ of the PUT/NT-PUT-8 nanocomposite films
prepared in this study increases with increasing NT-PUT-8
content, which is due to the stiffening effect of the NT-PUT-
8. In comparison with the E′ values of PUT, the E′s of the
three nanocomposites are significantly improved, indicating
a strong adhesion between the reinforcement and the matrix.
For the convenience of comparison, data of E′ at –40◦C are
also shown in Table 2. Moreover, with increasing NT-PUT-8
content, the glass-transition temperature of the soft segments
of the PUD/NT-PUT-8 nanocomposite films shifts from –26
to –17◦C. The increase of soft segment Tg is attributed to the
constraint of polyurethane chains by carbon nanotubes. This
means that NT-PUT-8 nanohybrids are compatible with the
amorphous regions of the soft segments in PUT matrix.

Figure 7 shows the stress-strain curves of the PUT film
and PUT/NT-PUT-8 nanocomposite films. The results of
tensile strength and elongation at break of the PUD/NT-
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posite films.

PUT-8 nanocomposite films are also summarized in Table 2.
The tensile strengths of the nanocomposite films are en-
hanced with 1 wt% to 10 wt% loading of NT-PUT-8 com-
pared to the corresponding value of the original PUT film.
As the NT-PUT-8 content increased from 1 wt% to 10 wt%,
the tensile strength of the PUT/NT-PUT-8 nanocomposite
films increases from 286 to 675 KPa, corresponding to an
increasing ratio of 59 to 275%; however, the elongation at
break (% of strain) decreased from 192 to 116%. The increase
of tensile strength in the PUT/NT-PUT-8 nanocomposites is
due to the reinforcing effect of NT-PUT-8 in the PUT matrix.

4. Conclusions

MWNTs were covalently functionalized with segmented pol-
yurethanes using the “grafting to” technique. The segmented
polyurethane (PUT) with hydroxyl groups pendant on the
polymer backbone was synthesized by the conventional pre-
polymer technique. The functionalized MWNT-COCl was
then reacted with polyurethane to prepare the MWNT-
polyurethane nanohybrids. By XPS analysis, the presence of
C(=O) (1s) for acid-treated MWNTs indicated the successful
oxidization of MWNTs. From the characteristic peaks of
PUT shown in IR spectra, PUT has been grafted to the
surfaces of MWNTs successfully. TGA results indicated that
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acid treatment time for 8 h might be enough. SEM inves-
tigations gave direct evidence of the nanostructures of the
MWNT-PUT hybrids. The MWNT-PUT nanohybrids were
well dispersed in the same solvents for neat PU, thus allowing
the intimate mixing of the functionalized nanotubes with
the matrix polymer for the preparation of nanocomposites.
Dynamic mechanical analysis showed the storage modulus
and the soft segment Tg of the nanocomposites increased
with increasing NT-PUT-8 content. The tensile strengths of
the nanocomposite films with different weight ratio loading
of NT-PUT-8 were enhanced by about 59 to 275%, compared
to the corresponding value of the original PUT film.
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