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Abstract: We report here the modification of multiwalled carbon nanotubes (MWNTSs) with
a kind of polysaccharide, carboxymethylated chitosan (cmCs), and their potential usage as
donor-acceptor nanohybrids. The modified composites (cmCs/MWNTSs) were characterized
by high-resolution TEM, FT-IR, TGA and time-resolved spectroscopy. The time-resolved
spectroscopic experiments revealed that interfacial electron transfer readily takes place
between MWNTs and surface immobilized cmCs chains. The forward electron transfer is
fast (< 20 ns) while the backward recombination is slow. The recombination process
strongly depends on the chain length of carboxylmethylated chitosan, i.e. a shorter
recombination lifetime (~1.1 us) for the shorter-chain cmCs coated MWNTs against that of
the longer-chain cmCs coated MWNTs (~3.5 us). The results demonstrated that the
cmCs/MWNTs composite may be applied as a controllable donor-acceptor nanohybrid.

Keywords: multiwalled carbon nanotubes; carboxymethylated chitosan; charge separation;
donor-accepter nanohybrid.

1. Introduction

Carbon nanotubes (CNTs) have attracted intensive attention because of their promising application
in electronic devices, catalysis and biotechnology [1,2]. However, the weakly dispersive property of
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CNTs in common solvents draws back their application in many fields. Various strategies have been
applied to improve their dispersion properties by immobilization of soluble organic molecules to CNTs
[3-5]. Of particular interest is the modification of CNTs by photoactive molecules, such nanohybrids
are regarded as donor-acceptor models and as building blocks in optoelectronic devices [6-9].
Knowledge of the charge separation process of the CNTs-based nanohybrids is helpful in
understanding of the interactions between CNTs and surface molecules, enabling one to design nano-
devices by the use of suitable molecules for immobilization. There were a few reports on the
investigation of photoinduced interfacial electron transfer between photoactive molecules (e.g.
porphyrin [6], ferrocene[7] and pyrene[8-9]) and CNTs. Photoinduced charge separation was observed
for the modified ensembles and CNTs usually acted as electron acceptors in these systems. A kind of
controllable nanohybrids was recently reported by Herranz and co-workers using tetrathiafulvalene as
a photosensitizer [10]. They found that the charge separation could be controlled via solely changing
the length of spacer chain.

Chitosan is a natural and biocompatible polysaccharide with glucosamine as the basic unit
(chemical structure can be found in Figure S1). The amounts of amine and hydroxyl groups in their
gulcosamine units are important for some bioengineering applications [11,12]. Some researchers have
reported the modification of CNTs with chitosan [13,14] or cellulose [15] via their n-n stacking and
hydrophobic interactions. Electrochemical measurement revealed that electrons can be hoppingly
transported in chitosan coated CNTs electrode, indicating that CNTs coated with chitosan can accept
and transport electrons [16-17]. As chitosan is soluble only in weak acidic solution, carboxymethylated
chitosan (referred hereinafter as cmCs, chemical structure can be found in Figure S1), may be a better
choice because it is soluble in aqueous solution over a wide range of pH.

We report in this paper the modification of MWNTs with cmCs, and subsequently investigation of
their photoinduced electron transfer process by laser photolysis. The results indicated that
photoinduced electron transfer occurs between surface immobilized cmCs and MWNTs within 20 ns
for cmCs/MWNTs nanohybrids. It is found that the recombination process in nanohybrids is strongly
dependent on the length of surface cmCs chain. A longer-lived transient species was observed for the
longer-chain cmCs coated MWNTSs nanohybrids. This long-lived intermediate was assigned to cmCs
radicals due to their wrapping and folding on the surface of MWNTSs The results imply that the cmCs
modified MWNTs may be used as a controllable donor-acceptor nanohybrid.

2. Experimental Section
2.1. Reagents and materials

MWNTs were purchased from Shenzhen Nanotech Port Co., Ltd., synthesized by chemical vapor
deposition method (purity >95%, 20-35 nm in diameter) and used without further purification. cmCs
were purchased from Zhejiang Yuhuan Biochemical Co. Ltd.; the average molecular weights of two
samples determined by Gel Permeation Chromatography (GPC) were 17 000 (cmCsl) and
7 000 (cmCs2). Aqueous GPC was performed using a CH;CHOONa/CH;COOH (0.05M/0.05M, 0.1 M
NaNOs3) buffer solution as eluant at 35°C, using a Waters pump and a differential reflective index
detector, calibrated with pullulan standard samples. Milli-Pore water was used throughout all

experiments.
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2.2. Preparation of cmCs/MWNTSs nanohybrids

Typical modification procedures of MWNTs are illustrated as follows. 7.5 mg MWNTs was mixed
with 2.5 mg cmCs with several drops of water and mulled in agate mortar for 10 min to get exfoliative
black solid. Then the solid was thoroughly washed with water and centrifugated at 12 000 rpm/min for
20 min to remove the non-immobilized cmCs. The obtained composites were then directly dispersed in
water without drying, because previous reports [15,17,18] indicated that chitosan modified CNTs can
be rebundled after drying via m-n coupling of the immobilized molecules. In this work, cmCs1 and
cmCs2 denote cmCs samples having molecular weights of 17000 and 7000, respectively, and
cmCsl/MWNTs and cmCs2/MWNTs denote the MWNTs modified with cmCsl and cmCs2,
respectively.

2.3. Characterization of functionalized-MWNTSs

UV-visible absorption spectra were obtained from Hitachi-3010 spectrophotometer. FT-IR spectra
were recorded on Nicolet Avater-360 spectrometer using KBr pellets. Thermogravimetric Analysis
(TGA) measurement was performed with a Perkin-Elmer Pyris-1 series thermal analysis system, at a
scan rate of 10°C/min in air. High-resolution TEM was observed with a JEOL JEM-2011 at an
accelerating voltage of 200 kV. The samples for TEM observations were prepared by dropping the
modified-MWNTs suspension onto a carbon-coated copper grid for 30 s and then blotting off.
Fluorescence measurement was performed with a Hitachi-4500 spectrofluorometer.

Details of the laser photolysis system can be found elsewhere [19]. Briefly, a Nd:YAG laser with a
wavelength of 266 nm (fourth harmonic, output ~10 mJ/pulse, pulse width 3-6 ns) was used as the
excitation source. A 300 W high-pressure Xenon-mercury lamp provided a continuous light for
monitoring of the transient absorption spectra. The angle between pump laser and probe light was 90°.
The light transmitted from the sample was monochromated and collected by a photomultiplier tube and
then transferred into an oscilloscopic trace, and finally recorded by a computer.

3. Results and Discussion
3.1. Preparation and characterization of cmCs/MWNTs nanohybrids

Unlike the pristine MWNTs, cmCs/MWNTs can easily disperse in water to form a black solution
(Figure S2). These solutions can be stably stored at ambient temperature for several months. The
presence of cmCs on the surface of MWNTSs was characterized by means of UV-vis and FT-IR spectra.
Figure 1A shows the UV-vis absorption spectra of the modified MWNTs and also the spectrum of
cmCs alone. The absorption spectra of cmCsl/MWNTs and cmCs2/MWNTs show broad signals
monotonically decreasing from 200 to 800 nm as previously reported for MWNTs [6], indicating the
presence of MWNTs in this solution. An additional featureless peak at 250-380 nm was observed for
the modified-MWNTs, corresponding to the characteristic absorption of glucosamine unit of ¢cmCs.
FT-IR spectra (Figure 1B) of cmCs/MWNTs clearly show typical N-H scissoring vibrations of
glucosamine at 1650 cm™ (amide 1) and symmetric stretch of C-O-C at 1020-1075 cm™[20,21].
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Strong peaks due to O-H vibrations at 3300 cm™ were also clearly observed for the modified MWNTSs.
These results confirm the noncovalent immobilization of cmCs chains onto MWNTs.
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Figure 1. A: UV-Vis spectra of (a) cmCsl, (b) ecmCs2, (¢) ecmCsl/MWNTs and (d)
cmCs2/MWNTs, respectively; and B: FT-IR spectra of (a)pristine MWNTs, (b)
cmCs1/MWNTs, (¢) cmCs2/MWNTs, and (d) cmCs, respectively.

Further evidence indicating the presence of cmCs at the MWNT surface was obtained by HRTEM.
As shown in Figure 2, a uniform amorphous coated cmCs layer is clearly identified. Moreover,
thickness of the polymer layer on the MWNT surface varies with the molecular weight of cmCs.
Higher molecular weight leads to a thicker surface layer, i.e. 3 nm for cnCs1/MWNTs and 1-2 nm for
cmCs2/MWNTs. This difference in thickness is due to the wrapping and folding of longer
polysaccharide chains via n-n stacking on the MWNT surface [13,21].

10 nm

Figure 2. HRTEM observations of cmCs1/MWNTs (Left) and cmCs2/MWNTs (Right).

Figure 3 shows TGA curves of the modified-MWNTs, pristine MWNTs, and cmCs. The weight loss
of pristine MWNTs starts at 400 °C and a significant loss is observed at 600-800°C, indicating the
decomposition of MWNTs at high temperature. It is noted that about 20% weight of the pristine
MWNTs is remained even at >800°C. This is probably due to the presence of transition metals
introduced in the synthesis, in accordance with the literature report [17]. The TGA curves of
cmCs1/MWNTs and cmCs2/MWNTs both exhibit two weight loss regions at <100°C and 250-350°C,
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while the major weight loss is at 400-800°C. The weight loss at 400-800°C can be ascribed to the
decomposition of MWNTs, while the weight loss below 400°C is due to the decomposition of the
cmCs layers immobilized on the MWNTs. The weight loss at <100 °C is assigned to the detachment of
water contained in the cmCs chains, since water molecules can be trapped in the cmCs crystal via
hydrogen bonding [17]. The weight loss at 250-350°C is due to the thermal decomposition of backbone
chains of cmCs [17,24,25]. The percentages of cmCs coated on the MWNTs determined from the TGA
measurement were 17.6 wt% and 114 wt% for cmCsl/MWNTs and cmCs2/MWNTs,

respectively( see the ESI for details of calculation). This result is in agreement with the observed
different thicknesses of polymer layers by HRTEM.
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Figure 3. TGA curves of (a) pristine MWNTs, (b) cmCsl/MWNTs, (¢) cmCs2/MWNTs,
(d) cmCsl and (d) cmCs?2 in air.

3.2. Photoinduced charge separation of cmCs/MWNTs nanobybrids

As shown in Figure 4, an intensive emission peak centered at 430 nm is observed for cmCs aqueous
solution upon excitation at 320 nm. To the contrary, no discernible emission peak is observed when
cmCs is attached to the surface of MWNTs. The emission quenching implies a strong interaction
between the surface immobilized cmCs and MWNTs. This emission quenching results from either
electron transfer or energy transfer between surface bound cmCs and MWNTs. Similar emission
quenching was also observed using excitation wavelength of 350 nm, indicating the occurrence of
electron transfer between cmCs and MWNTs. Moreover, addition of cmCs into this solution caused

gradually an increase of the emission intensity, ruling out the intermolecular interaction between free
c¢cmCs molecules and MWNTs.
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Figure 4. Fluorescence spectra of (a) cmCs1/MWNTs, (b) cmCs2/MWNTs, (¢) cmCsl1 and
(d) emCs2 after 320 nm excitation. All samples were adjusted to have the same absorption

at 320 nm.

Direct evidence of photoinduced charge separation between surface immobilized cmCs and
MWNTs is observed by laser photolysis. Figure 5 shows transient absorption spectra of
cmCs1l/MWNTs and cmCs2/MWNTs after 266 nm laser excitation as well as the transient absorption
spectra for the corresponding cmCs aqueous solution. The transient absorption spectra of cmCs is
mainly contributed to cmCs radicals (cmCs " 4q, Amax: 320 nm) and hydrated electrons (€aq’, Amax: 720 nm)
due to their photoionization by UV laser excitation. This result is in agreement with similar previous

reports [22-23].
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Figure 5. Transient absorption spectra recorded at 100 ns after 266 nm laser excitation for
(A) emCs1™, (0) and cmCs1"/MWNTs (m) and (B) cmCs2™, (0) and cmCs2 /MWNTSs
(m). All samples were adjusted to have the same absorption at 266 nm. The solid lines are
computer fitting curves.
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The transient absorption spectra of cmCsl/MWNTs and cmCs2/MWNTs, are quite different from
that of free cmCs. The absorption band due to hydrated electron almost disappears while a featureless
broad band is observed at 500-650 nm. The disappearance of absorption band of hydrated electron
indicates the efficient scavenging of electrons by the presence of MWNTs. Therefore, the featureless
absorption band at 500-650 nm may be assigned to the formation of reduced MWNT species via
interfacial electron transfer from surface attached cmCs [8-9]. Another intensive transient absorption
band is observed in the UV regions in Fig.5, both for cmCsl/MWNTs and cmCs2/MWNTs. This
transient species is assigned to the radical of chitosan at the surface of MWNTSs (cmCs ' /MWNTs), in
accordance with the previous reports [22-23]. The formation of cmCs radical and the reduced MWNTs
species in the nanohybrids is an evidence indicating the interfacial electron transfer between
immobilized cmCs and MWNTs.

The recombination of cmCs radicals and the shuttle electrons in the modified nanohybrids
(cmCs " /MWNTSs") can be monitored by the decay profile of the cmCs radicals. Figure 6 shows the
decay profiles of ¢cmCs radicals at 320 nm for cmCs"/MWNTs and ¢cmCs™,,, respectively. As
previously reported [22,23], the decay of free radical in solution is predominantly via the
recombination of hydrated electron and radical pairs, which is a diffusion-controlled reaction. In this
study, the decay profiles of cmCs radicals (cmCs ™ ,q) exhibit first-order kinetics with lifetimes of 12.0
us for cmCsl'+aq and 5.8 us for cmCs2'+aq.

Also shown in Figure 6 are the decay profiles of cmCs radicals at the surface of MWNTs
(cmCs1 " /MWNTs and cmCs2 /MWNTSs), both of them exhibit different decay behavior from the free
radicals in solution. The decay of cmCs2™" on the surface of MWNTs is fast, with a lifetime less than
20 ns. Since this time scale is approximate to the time resolution of our apparatus, the actual process
may be faster. This fast decay accounts for ~95% of the observed transient absorption, it is suggested
to be the recombination of surface immobilized radicals and the shuttle electrons in MWNTs.
Comparing to the lifetime of cmCs2 ™",y the decay of cmCs2™ on the surface of MWNTSs is much faster.
In cmCs/MWNTs composites, the cmCs radicals are bound at the surface of MWNTs, the
recombination of radical and shuttle electron on MWNTs is equivalent to intramolecular reaction and
thus causes much faster decay of the cmCs radicals. Therefore, a fast decay process of surface
immobilized radicals and localized electron in MWNTs were observed. The remained minor decay
component (5%) is contributed by a relative longer-lived species with lifetime of 1.1 ps. It may be
ascribed to the hopping transfer of electron in MWNTs [26], leading to the delocalization of electron
and retarding the recombination of radicals and shuttle electrons. Similar long-lived charge separated
state is also observed in porphrin-peptide oligmers/nanotube composites [14].

In the case of cmCs1/MWNTs, the fast decay component (20 ns) immediately after pulsed laser is
also clearly observed, which is assigned to a rapid recombination of radicals and shuttle electrons as
formerly discussed. This absorption accounts for 80% of total observed transient absorption, as shown
in Figure 6A. On the other hand, about 20% of the transient species with a lifetime of 3.5 us is
recorded in cmCs1/MWNTSs. This lifetime is significantly shorter than that of free radicals in solution
(12.0 us for cmCs1™,q) but starkly longer than the rapid recombination process, and their kinetics are
independent of the laser intensity on the variant of 10, 15, 20 mJ/pulse (data not be shown). This
implies that this species is a new state of radicals in the nanohybrids. Due to their long molecular chain
of cmCsl, therefore, the long-lived intermediates may be assigned to cmCs radicals that presented in
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the long chain at the surface of MWNTs. Their lifetimes are significantly increased because of the
wrapping and folding of long chains of cmCs1 on the surface of MWNTs [11]. The folded chitosan
chain may significantly retard the reaction of electron-radical pairs. As reported previously [23], the
reaction between chitosan and hydroxyl radical is significantly retarded when chitosan chain is coiled
at lower pH solution. Therefore, the chain length-dependent recombination process implies that the
backward electron transfer process can be controlled by changing the chain length of the surface-
immobilized polymer, which may find use in many applications.
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Figure 6. Decay profiles at 320 nm for (A) cmCs1 ™, (0) and cmCs1'/MWNTs (m) and
(B) cmCs2 ™, (0) and cmCs2 " /MWNTSs (m). All samples were adjusted to have the same
absorption at 266 nm.

4. Conclusion

Noncovalently modification of MWNTSs was achieved by mulling MWNTs with carboxymethylated
chitosan in mortar. Laser photolysis experiment on the cmCs/MWNTs aqueous dispersion revealed
that electron transfer is accessible between the surface coated cmCs molecules and MWNTs; and the
charge separation process can be mediated by varying the chain length of surface coated cmCs. These
cmCs modified MWNTs nanohybrids exhibit excellent controllable charge separation process, which
may be useful in some special applications, such as nano-device, light conversion device and solar
cells.
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Appendix

OH

NHCOCH; H o |n
CH,OR

Chitosan: R=H
Carboxymethylated chitosan: R=CH,COONa

Figure S1. Chemical structures of chitosan and carboxymethyllated chitosan

Figure S2. Photograph of aqueous solution of cmCSI/MWNTs (left) and
cmCs2/MWNTSs (right). The solutions were obtained by direct dispersion of the obtained

cmMCs1/MWNTSs and cmCs2/MWNTS in water with vigorous shaking and then stored for

a week.
Calculation of the percentages in cmCs/MWNTSs composites:

Due to the weight loss step of surface wrapped chitosan chain in TGA is overlap with the loss of
carbon nanotubes, we used the first step of the loss of complexed water in the chitosan crystal to
calculate the percentages of wrapped chitosan in the composites. As to do this, a first premise is that
the chitosan chains have identified affinity to water molecules either in the absence or the presence of
carbon nanotube. Therefore, one can deduce the percentages of chitosan of the cmCs/MWNTs
composites by following equation: P=L¢Ly. Where P is the percentages of the chitosan in
cmCs/MWNTs composites; L is the first loss percent < 120 °C in TGA curves of cmCs/MWNTs
composites; Ly is the first loss percent < 120 °C in TGA curves of cmCs alone.
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