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ABSTRACT: A new soluble multiwalled carbon nanotubes

(MWNTs) covalently functionalized with conjugated polymer

PCBF, in which the wt % of MWNTs is approximately calcu-

lated as 7.3%, and the average thickness of PCBF covalently

grafted onto MWNTs is 10.4 nm, was synthesized by an amida-

tion reaction. In contrast to the starting polymer PCBF-NH2,

grafting of PCBF onto MWNTs led to a 0.3 eV red-shift of the

N1s XPS peak at 399.7 eV assigning to N in the unreacted NH2

moieties in the resulting copolymer structure and an appear-

ance of new peak at 402 eV corresponding to N bound to the

carbonyl C (i.e., NHAC¼¼O). Unlike PCBF-NH2, which only dis-

played a weak optical limiting response at 532 nm, Z-scan for

MWNT-PCBF exhibited a much broader reduction in transmis-

sion and a scattering accompanying on the focus of the lens at

both 532 and 1064 nm, indicating a prominent broadband opti-

cal limiting response. The thermally induced nonlinear scatter-

ing is responsible for the optical limiting. VC 2010 Wiley

Periodicals, Inc. J Polym Sci Part A: Polym Chem 49: 101–109,

2011

KEYWORDS: conjugated polymer; covalent functionalization;

multiwalled carbon nanotubes; NLO; optical limiting; Z-scan

INTRODUCTION The chemistry of one-dimensional carbon
nanotubes (CNTs) has been at the center of a significant
research effort due to its outstanding optical, mechanical,
electronic, and thermal properties.1 The covalent attachment
of appropriate chemical functional groups onto the p-conju-
gated skeleton of CNTs is anticipated to facilitate applications
development by improving solubility and easy of dispersion
and providing for chemical attachment to surfaces and poly-
mer matrices.2 Polymer grafting to CNTs, which has mainly
been achieved on acid-treated nanotubes,3 produces continu-
ous advances and novel functional materials with interesting
applications because of the great promise of polymers in
photonics and optoelectronics. Our current interest in this
area mainly involves the design and synthesis of soluble
CNTs covalently functionalized with conjugtated polymers,
which can be used to protect against laser radiation expo-
sure.4 Optical limiting is an important application of nonlin-
ear optics, useful for the protection of human eyes, optical
elements, and optical sensors from intense laser pulses.
Some solube polymer-modified CNTs [including single-walled
CNTs and multiwalled CNTs (MWNTs)] for optical limiting
have been reported.5 In these materials, besides nonlinear
scattering, other mechanisms such as nonlinear absorption
and electronic absorption may contribute to the optical limit-
ing efficiency.4(a)

Here, we first synthesized a new conjugated polymer PCBF
with pendent amino groups in the polymer sidechains by the
Suzuki coupling reaction, as shown in Scheme 1, and then,
this polymer was used to react with MWNTs with surface-
bonded acryl chloride moieties to give a soluble donor–
acceptor type MWNT-PCBF hybrid material in which PCBF
was chosen as electron donor, whereas the MWNT itself may
serve as the electron acceptor. Compared with the PCBF
polymer, MWNT-PCBF exhibited excellent broadband optical
limiting performance at both 532 and 1064 nm.

EXPERIMENTAL

All chemicals were purchased from Aldrich and used without
further purification. To ensure the commercially available
highly purified nitrogen is very dry and oxygen free, before
use, it was further purified by in turn passage through three
glass columns filled with anhydrous silica gel, dry 4A-zeolite,
and active silver molecular sieve, respectively, to remove a
trace of moisture and the possible remained oxygen in nitro-
gen gas.

Organic solvents used in this study were purified, dried, and
distilled under dry nitrogen. The MWNTs, with a diameter of
10–20 nm, a length of 5–15 lm, and a >95% purity as well,
were purchased from Tsinghua Nano-Powder Engineering
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Centre (Beijing, China). The operations for synthesis before
the termination reaction were carried out under purified dry
nitrogen.

The ultraviolet/visible (UV/vis) absorption spectral measure-
ments were carried out with a Shimadzu UV-2450 spectro-
photometer. Thermal properties of the samples were meas-
ured using a Perkin-Elmer Pyris 1 thermogravimetric
analyzer (TGA) in flowing (100 mL min�1) N2. Transmission
electron microscopy (TEM) images were recorded on a JEM-
2100S TEM system operated at 100 kV. Molecular weights
[number-average (Mn) and weight-average (Mw)] were deter-

mined with a Waters 2690 gel permeation chromatography
(GPC) using linear polystyrene standards eluting with tetra-
hydrofuran (THF). Steady-state fluorescence spectra were
measured on a HORIBA JOBIN YVON Fluoromax-4 spectro-
fluorometer. The sample for the fluorescence measurement
was dissolved in the dry THF, filtered, transferred to a long
quartz cell, and then capped and bubbled with high pure
argon (without O2 and moisture) for at least 15 min before
measurement. The absolute photoluminescence quantum
yields were measured by integrating sphere method.6 X-ray
photoelectron spectroscopy (XPS) measurements were

SCHEME 1 Synthesis of MWNT-PCBF

hybrid material. [Color figure can be

viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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carried on Thermo ESCALAB 250 spectrometer with a mono-
chromatized Al KR X-ray source (1486.6 eV photons) at a
constant dwell time of 100 ms and a pass energy of 20 eV.
Raman spectra were taken at room temperature with a
MicroRaman System RM3000 spectrometer and an argon ion
laser operating at a wavelength of 514.5 nm as the excitation
source.

The Z-scan technique is a well-known method to character-
ize the nonlinear optical (NLO) properties of materials,
including nonlinear absorption, scattering, or refraction. A
standard open aperture Z-scan setup was used to measure
the NLO coefficients of MWNT-PCBF dispersions. This meas-
ures the total transmittance through the sample as a func-
tion of incident laser intensity while the sample is gradually
moved through the focus point of a lens (along the z-axis).
All experiments described in this article were performed
with 6 ns pulses from a Q-switched Nd:YAG laser. The beam
was spatially filtered to remove higher order modes and
tightly focused using a 9-cm focal length lens. The laser was
operated at the fundamental 1064 nm and its second har-
monic, 532 nm, with a pulse repetition rate of 10 Hz. All
samples were prepared by dissolving the materials in or-
ganic solvent with a concentration of 1.0 g/L, followed by
gentle agitation for �30 min in a low-power (60 W) sonic
bath to ensure complete and uniform dispersal. The final
dispersions were introduced into 1.0 mm quartz cells for
Z-scan measurements. Linear extinction coefficients, a0, as
defined by T ¼ exp(�a0L) were measured for the samples,
where T defines the ratio of transmitted to incident laser
light, and L ¼ 1.0 mm is the sample thickness. The a0 values
of the 1.0 g/L dispersions are 4.10 cm�1 at 532 nm and
6.61 cm�1 at 1064 nm, which corresponds to a linear trans-
mission T of 66.4 and 51.6%, respectively.

Synthesis of 9-(4-Nitrophenyl)-9H-Carbazole (1)
A stirred DMF solution of 1-bromo-4- nitrobenzene (14.47 g,
72 mmol), carbazole (10.02 g, 60 mmol), K2CO3 (8.29 g, 60
mmol), 1,10-phenanthridine (2.16 g,12 mmol), and CuI (2.27
g,12 mmol) was heated at 155�C for 24 h. After cooling
down to room temperature, 500 mL of ice-water was poured
into the reaction mixture. The collected yellow soild was
washed with distilled water and anhydrous methanol for
several times, respectively, and dried at 50�C for 6 h under
reduced pressure. Yield: 15 g (88%). 1H NMR (CDCl3, 500
MHz): d/ppm ¼ 8.46 (m, 2H), 8.14 (d, 2H, J ¼ 8 Hz), 7.78
(m, 2H), 7.49 (d, 2H, J ¼ 8 Hz), 7.44 (m, 2H), 7.34 (m, 2H);
EI-MS: m/z 288.1[Mþ].

Synthesis of 3,6-Dibromo-9-(4-nitrophenyl)-
9H-Carbazole (2)
9-(4-nitrophenyl)-9H-carbazole (8.67 g, 30 mmol) and N-bro-
mosuccinimide (NBS, 11.74 g, 66 mmol) was stirred in anhy-
drous dimethylformamide (50 mL) at 0 �C for 48 h, and then
to the above system was added 500 mL of ice-water. The
collected yellow precipitate was washed with water and
methanol for several times, respectively, and dried at 50 �C
for 6 h under reduced pressure. Yield: 10 g (75%). 1H NMR
(CDCl3, 500 MHz): d/ppm ¼ 8.51–8.49 (m, 2H), 8.21 (d, 2H),

7.76–7.73 (m, 2H), 7.57–7.54 (m, 2H), 7.34–7.32 (d, 2H). EI-
MS: m/z 445.9 [Mþ].

PCBF with Pendent NO2 Groups (3)
To a mixture of 3,6-dibromo-9-(4-nitrophenyl)-9H-carbazole
(624 mg, 1.4 mmol), 9,9-dihexylfluorene-2,7-bis(4,4,5,5-tetra-
methyl-1,3,2-dioxa-borolane) (815 mg, 1.4 mmol), Pd(PPh3)4
(32 mg), and K2CO3 (1100 mg) was added a mixture of tolu-
ene and water (v/v 2:1). After vigorously stirring at 90 �C
for 48 h, the reaction mixture was allowed to cool to room
temperature and then poured into a stirred MeOH/H2O solu-
tion (v/v 10:1) and filtered to give a yellow solid, which was
subsequently washed with MeOH and water, followed by
MeOH again. The collected crude product was extracted with
acetone (200 mL) for 2 days in a Soxhlet apparatus to
remove oligomers and catalyst residues. The residual solid in
the thimble was dried to give 690 mg of yellow solid. 1H
NMR (CDCl3): d/ppm ¼ 8.54 (m, 2H, Ar), 7.71 (m, 12H, Ar),
6.99 (m, 2H, Ar), 2.12 (m, 4H, CCH2), 1.11 (m, 12H, 6CH2),
0.78 (m, 10H, 2CH2CH3).

Synthesis of PCBF-NH2 (4)
To a solution of polymer 3 (500 mg) in 50 mL of THF was
added quickly 96 wt % SnCl2-2H2O (910 mg) and then
heated under reflux for 24 h. After removal of most of the
THF under reduced pressure, to the reaction mixture was
added saturated aq. NaOH solution dropwisely with stirring
until the liquid became alkaline. The product was extracted
with chloroform. The combined organic layers was dried
over anhydrous MgSO4, and filtered. After evaporation of the
solvent, the product was redissolved in THF and then repre-
cipitated from MeOH to give 360 mg of yellow polymer. 1H
NMR (CDCl3, 500 MHz): d/ppm ¼ 8.39 (m, 2H, Ar), 7.49 (m,
12H, Ar), 6.94 (m, 2H, Ar), 3.83 (s, 2H, NH2), 2.02 (m, 4H,
CCH2), 1.04 (m, 12H, 6CH2), 0.70 (m, 10H, 2CH2CH3). GPC:
Mn ¼ 3.6 � 103, Pd ¼ 1.14. Its optimized three-dimensional
structure was shown in Figure 1.

Synthesis of MWNT-COCl
A total of 5.0 g of crude MWNTs were marinated in 38% HCl
for 1 day, filtered, and washed with deionization water until
neutral. A mixture of MWNTs, HNO3 (30 mL, 60%), and
H2SO4 (90 mL, 98%) was first sonicated at 40 �C for 30 min
and then was refluxed 2 h. After termination of reaction, it
was allowed to cool down to room temperature. The mixture
was diluted with a large amount of deionized water, followed
by a vacuum-filtering through a Nylon film (/0.45 lm). The
obtained solid, in which polar carboxyl groups were intro-
duced into the convex surface of MWNTs, was washed with
water until the aqueous layer reached neutral and then was
vacuum-dried at 60 �C for 3 h. The COOH-containing MWNTs
(3.7 g) were reacted with a large excess of SOCl2 containing
a catalytic amount of N,N-dimethylformamide under reflux
for 24 h. After centrifugation, the remaining solid was
washed with anhydrous THF to remove the residual thionyl
chloride. The obtained MWNT-COCl was kept in dry nitrogen.

Synthesis of MWNT-PCBF
To a suspension of MWNT-COCl (150 mg) in anhydrous THF
(40 mL) was added PCBF-NH2 (300 mg) and Et3N (5 mL)
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under purified argon. The reaction mixture was sonicated
30 min at 40 �C first and then refluxed at 65 �C for 3 days.
After cooling to room temperature and removing the solvent
under reduced pressure, the solid product was washed with
a large amount of water to remove the triethylammonium
salts formed during the reaction and then redispersed in
100 mL of THF. The obtained solution was vacuum-filtered
through a single layer polytetrafluor ethylene film (/0.45
lm) until the filtration being colorless to remove the
unreacted polymer. The black solid on the film was collected
and then was well-dispersed in THF under the ultrasonic
irradiation (40 KHz), followed by filtering through a three-
layer-filter paper until the filtration being colorless to

remove the posisble unreacted MWNTs. The polymer col-
lected after evaporation of the solvent was washed twice
with methanol and dried at 60 �C in vacuum for 10 h. Yield:
215 mg.

RESULTS AND DISCUSSION

Covalent graftings of PCBF onto the MWNTs surface consid-
erably improved the solubility of MWNTs, as shown in Figure
2. The solubility of the MWNT-PCBF in organic solvents is
mainly dependent on the percentage of polymer grafted onto
MWNTs. As contrast, it is very difficult to well-disperse
MWNTs into any organic solvent, even if under ultrasonic
irradiation. From Figure 3, it can be clearly seen that the
average diameter of MWNT-COOH is about 14.3 nm, whereas
that of MWNT-PCBF increases to 35 nm. This result implies
that the average thickness of PCBF covalently grafted onto
MWNTs is 10.4 nm.

The UV/vis absorption of PCBF-NH2 in THF (Fig. 4) dis-
played a strong peak at 340 nm and a shoulder peak at
318 nm. There is no obvious linear absorption at wavelength
range longer than 400 nm. In contrast to PCBF-NH2, the
absorption spectrum of MWNT-PCBF was slightly shifted to
the blue relative to the former due to the possible intermo-
lecular and intramolecular charge transfer in the system and
exhibited an absorbance decreased gradually in the range of
400–550 nm, which is typical electronic absorption charac-
teristics of solubilized CNT.7 Upon excitation of 375 nm laser,
the photoluminescence intensity of MWNT-PCBF significantly
decreased when compared with that of PCBF-NH2, suggesting
that the quenching process is probably due to the electron-
transfer process from polymer to 1MWNTs*.

The XPS provides essential and useful information for the
covalent attachment of the polymer onto the surface of
MWNTs (Fig. 5). The N1s XPS spectrum of PCBF-NH2 clearly
indicated that the peak of nitrogen functionality appeared at

FIGURE 1 Optimized structure of PCBF-NH2 (red: carbon atoms

in main chain; yellow: carbon atoms in side chain; blue: nitro-

gen atoms; white: hydrogen atoms). The two hexyl side chains

at the C-9 position of the fluorene unit are located on both

sides of the plane of the polymer backbone.

FIGURE 2 Comparison of solubility of the samples in THF: (a)

MWNTs, (b) MWNT-COOH, and (c) MWNT-PCBF. The black

dispersion shown in (c) is stable for at least 1 month. The

concentration for each sample is 5 mg/mL.
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FIGURE 3 TEM images of (a) MWNT-COOH and (b) MWNT-PCBF.

FIGURE 4 (a) UV/vis absorption and (b) photoluminescence

(kex ¼ 375 nm) spectra of the samples in dilute THF solution.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 5 The N1s XPS spectra of (a) PCBF-NH2 and (b)

MWNT-PCBF. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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399.7 (the N in ANH2). In contrast to the polymer reference,
covalent grafting of PCBF onto MWNTs led to a 0.3 eV red-
shift of the peak assigning to N in the unreacted NH2

moieties in the resulting polymer structure, and an appear-
ance of new peak at 402 eV corresponding to N bound to
the carbonyl C (i.e., NHAC¼¼O). The formation of an amido
bond between MWNT and polymer was also confirmed by
FTIR spectroscopy. The characteristic vibration for the
carboxylic acid groups attached onto the surface of MWNTs
was observed at 1724 cm�1 in the IR spectrum of MWNT-
COOH, as shown in Figure 6. The spectrum of PCBF-NH2

shows NH2 bending mode at 1594 cm�1 and the CAN stretch-
ing mode at 1257 cm�1. After polymer grafting onto MWNTs,
the stretching mode of an amido bond at 1658 cm�1

(mNHAC¼¼O) was detected in the IR spectrum of MWNT-PCBF.

Basically, the actual amount of C60 incorporated in the poly-
mer can be determined by thermogravimetric analysis
(TGA).8 Followed this idea, we determined the amount of
MWNTs in MWNT-PCBF by using similar method. As shown
in Figure 7, MWNTs are stable over a wide temperature
range. At 700 �C only 1.4% weight loss was observed due to
the possible organic and inorganic impurities trapped in
MWNTs. In contrast, the acid-functionalized MWNTs (i.e.,
MWNT-COOH) are less thermally stable perhaps due to the
defects on the nanotube surface caused by the acid etching.
The TGA curve of MWNT-COOH exhibited a rapid mass loss
of 13.5% between 100 and 400 �C, followed by a very slow

weight loss of 5.9% up to 700 �C at which the amount of
the MWNT residue is about 80.7%. By comparing the
amount of the residues that these two samples left at 700
�C, the wt % of oxygen-containing groups at MWNT defect
sites was estimated roughly to be about 17.9%. The thermal
stability of MWNT-PCBF is apparently higher than that of
PCBF-NH2. The amounts of the MWNT-PCBF and the PCBF
residues at 700 �C are 43.1 and 35.8%, respectively. By
assuming that the PCBF residues remaining in the MWNT-

FIGURE 6 FTIR spectra of (a) MWNT-COOH, (b) PCBF-NH2, and

(c) MWNT-PCBF.

FIGURE 7 TGA curves of (a) MWNTs, (b) MWNT-COOH, (c)

MWNT-PCBF, and (d) PCBF-NH2 in flowing (100 mL min�1) N2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 8 Raman spectra of (a) MWNT-PCBF, (b) MWNT-

COOH, and (c) MWNTs. kex ¼ 514.5 nm.
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PCBF hybrid material at 700 �C have the same wt % as that
of PCBF-NH2, the wt % of MWNTs in the MWNT-PCBF struc-
ture may be approximately calculated as 7.3%.

With excitation of 514.5 nm laser, the Raman spectrum of
MWNTs (Fig. 8) exhibited two prominent bands at about
1341 (D-band) and 1579 (G-band) cm�1.2(a),9 The former
indicates, as usual for CNT structures, the density of defects
and has been used to monitor the process of covalent func-

tionalization, which transforms sp2 to sp3 sites, whereas the
latter could be utilized to estimate the level and distribution
of modification. After acid treatment, the observed D- and G-
bands appeared at 1350 and 1579 cm�1, respectively, being
attributed to the defects and disorder-induced modes and in-
plane E2g zone-center mode.10 In contrast to MWNT-COOH,
the D- and G-bands of MWNT-PCBF are shifted to the high
wavenumbers by Dk ¼ 12 and 8 cm�1, respectively. The D-
to G-band intensity ratios (ID/IG) for MWNT-COOH and
MWNT-PCBF are about 0.96 and 0.99, respectively.

TABLE 1 Linear and NLO Coefficients of MWNT-PCBF and PCBF-NH2 in DMF at a

Concentration of 1.0 g/L

Sample

k
(nm)

T

(%)

a0
(cm�1)

beff
(cm GW�1)

Im {v(3)}
(� 10�12, esu)

MWNT-PCBF 532 66.4 4.10 20.29 6 0.92 6.99 6 0.32

1064 51.6 6.61 29.08 6 0.89 20.04 6 0.61

PCBF-NH2 532 95.7 0.44 0.47 6 0.00 0.16 6 0.00

1064 94.6 0.56 N.A. N.A.

a0: linear extinction coefficient; beff: nonlinear extinction coefficient; Im {v(3)}:the imaginary third-order

susceptibility.

FIGURE 10 Plots of normalized transmission and scattering

response against incident pulse energy density for PCBF-NH2

and MWNT-PCBF with the concentration of 1.0 mg/mL in DMF.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

FIGURE 9 Typical open-aperture Z-scan curves for PCBF-NH2

and MWNT-PCBF with the concentration of 1.0 mg/mL in DMF.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 9 shows the typical open-aperture Z-scan results for
the PCBF-NH2 and the MWNT-PCBF, respectively. Unlike
PCBF-NH2, which only displayed weak optical limiting
responses at 532 nm, Z-scan for MWNT-PCBF exhibited a
much broader reduction in transmission at both 532 and
1064 nm, indicating a prominent broadband optical limiting
response. The depth of reduction usually changes along with
the variations of the on-focus intensity. At the same on-focus
intensity, a covalent bonding between MWNTs and PCBF
resulted in the further decrease of the minimal normalized
transmittance from 85.3% for PCBF-NH2 to 49.7% for
MWNT-PCBF at 532 nm. Table 1 summarizes the linear and
NLO coefficients of the samples. The NLO extinction coeffi-
cient of MWNT-PCBF is 43 times that of PCBF-NH2 at
532 nm. This value must contain the effects from light
scattering, nonlinear absorption, and saturated absorption.
However, we currently do not have suitable experimental
setup to quantitatively analyze the contributions of the scat-
tering and nonlinear absorption to optical limiting.

Figure 10, in which the normalized transmission and the
corresponding scattering were plotted as functions of input
energy density (J cm�2), presents the optical limiting behav-
ior of MWNT-PCBF and PCBF-NH2. It can be clearly seen that
MWNT-PCBF presents much better optical limiting perform-
ance than PCBF-NH2. The MWNT-PCBF manifests the remark-
able broadband optical limiting with the comparable limiting
performance for both 532 and 1064 nm pulses. A lot of
theoretical and experimental results have demonstrated that
the optical limiting responses of CNT suspensions are shown
to be dominated by nonlinear scattering as a result of
thermally induced solvent-bubble formation and sublimation
of the nanotubes, whereas the solubilized CNTs optically
limit through nonlinear absorption mechanism and exhibit
significant solution-concentration-dependent optical limiting
responses.4(a) Therefore, we believed that the thermally
induced nonlinear scattering dominated the optical limiting
for ns pulses at 532 and 1064 nm. As shown in Figure 10,
the big difference for the scattered intensity at 532 and
1064 nm is mainly due to the wavelength dependent
response of the Si photodiode that we used to measure the
scattered light. The response of the Si photodiode at 532 nm
is much larger than that at 1064 nm. Although the nonlinear
scattering dominates the optical limiting observed from the
MWNT-PCBF dispersions, we could not rule out the possible
minor contributions from nonlinear absorption or electronic
absorption.

CONCLUSIONS

Polymer grafting to CNTs produces continuous advances and
novel functional materials with interesting applications due
to their great promise in photonics and optoelectronics. We
designed and synthesized a new soluble conjugated polymer
covalently grafted MWNTs hybrid material, MWNT-PCBF, by
reaction of the surface-bound acryl chloride groups in
MWNT-COCl with PCBF-NH2. The wt % of MWNTs in the
resulting polymer is approximately calculated as 7.3%. Upon

excitation of 375 nm laser, compared with PCBF-NH2, the
photoluminescence of MWNT-PCBF was significantly
quenched probably due to the electron-transfer process from
polymer to 1MWNTs*. Covalent attachment of PCBF onto
MWNTs led to a 0.3 eV red-shift of the N1s XPS peak at
399.7 eV assigning to N in the unreacted NH2 moieties in the
resulting copolymer structure, and an appearance of
new peak at 402 eV corresponding to N bound to the
carbonyl C (i.e., NHAC¼¼O). In contrast to MWNT-COOH, the
D- and G-bands of MWNT-PCBF are shifted to the high wave-
numbers by Dk ¼ 12 and 8 cm�1, respectively. MWNT-PCBF
presents much better optical limiting performance than
PCBF-NH2 at both 532 and 1064 nm. Microplasmas- and/or
microbubbles-induced nonlinear scattering is considered as
the main mechanism for optical limiting.
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