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Covalent functionalization of shortened multiwalled carbon nanotubes (MWNTSs) with a natural low molecular
weight chitosan (LMCS) was accomplished by a nucleophilic substitution reaction. Amino and primary hydroxyl
groups of the LMCS contributed mainly to the formation of MWNIMCS conjugates. The LMCS content in

the MWNT—LMCS is approximately 58 wt %, and approximately four molecular chains of the LMCS are attached

to 1000 carbon atoms of the nanotube sidewalls. Most interestingly, the amorphous packing structure of the
LMCS changed dramatically when it attached to the MWNTs. The MWNTs might induce the crystalline character
of the LMCS. As a novel derivative of MWNTSs, the MWNILMCS is soluble in dimethylformamide, dimethyl
acetamide, dimethylsulfoxide, and acetic acid aqueous solution. The confirmation of the chitosan-based covalent
functionalization route might lead to further studies aiming for potential applications in catalysis and environmental

protection.

Introduction

ated derivative of chitin, the second most abundant natural
polymer on earti. As opposed to easily accessible anionic

In recent years, covalent and noncovalent functionalizations polysaccharides, chitosan is a unique cationic polysaccharide

of carbon nanotubes (CNTs) with polymers have been of
significant interest. The polymer-functionalization strategy is
not only an effective way to solubilization of CNTs but also
particularly important to the preparation of polymeric carbon
nanocomposite3By comparison, covalent methods have several
advantages: (i) a broad range of polymers are available fot use;

and thus has attracted particular attention since the late £970s.
Along with the development of chitosan science, chitosan and
its many derivatives, which combine nontoxicity, biocompat-
ibility, biodegradability, and bioactivity with attractive physical
and mechanical properties, are becoming increasingly impor-
tant? Consequently, they have broad applications in metal

(i) linkages between the nanotubes and the polymers are morechelating agents, medicine, pharmaceutics, food additives,

stable and effectivé(iii) nanotube-polymer conjugates exhibit

a higher solubility even with a relatively low degree of
functionalizatior? (iv) the versatility of polymer chemistry offers
chemists flexible and efficient routes of syntheskRurther, the
covalent technigues allow the combination of different polymers

with the CNTs to create new compound classes with unprec-

edented properties> To achieve this, it is essential to func-
tionalize the CNTs with ideal polymers.

Thus far, most of the studies focused on synthetic polymers,

and various novel nanocomposites have been devefofed.

antimicrobial agents, adhesives, textiles, ¥8tc.

Due to its metal binding ability, effective removal of toxic
pollutants is a large-scale use of chito8&hMoreover, this
chelating ability makes chitosan a potential candidate for a
catalyst suppor? Similarly, previous results have shown that
CNTs are not only an efficient adsorbent for removal of
cadmium(ll), lead(ll), etc. but also attractive supports for metal
and metal oxide catalysts, owing to the unique structure and
properties of the CNT%14 Thus, both materials share some
important properties; the opportunity to combine CNTs and

However, these polymers are generally derived from nonrenew- chitosan appears as a desirable way to develop environmentally
able and increasingly finite fossil resources, and some bear toxicfriendly nanocomposites provided with properties that are

aromatic ring$.
Chitosan, a copolymer of 2-amino-2-deofys-glucopyra-
nose and 2-acetamido-2-deg®yp-glucopyranose, is the deacetyl-
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inherent in both components.

As a basis of further studies aiming for potential applications
in catalysis and environmental protection, it is urgent to create
functional multiwalled carbon nanotubes (MWNTSs) with chi-
tosan. In this communication, we report the first successful
covalent functionalization of shortened MWNTSs with a water-
soluble low molecular weight chitosan (LMCBI,, ~ 8770 g
mol~1, as shown in Figure 1). Some results regarding the
structure and properties of the functionalized MWNTs (MWANT
LMCS) are also presented.
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Figure 1. Chemical structure of the LMCS.

Experimental Section

Materials. MWNTs manufactured by CVD were purchased from
Shenzhen Nanotech Port Co. (China). Prepared LMCS was obtained
from Jinan Haidebei Marine Bioengineering Co. (China). The degree
of deacetylation for the LMCS sample was determined to be 84.7%.
Its My, was determined to be 8770 g mbby gel permeation chroma-
tography (GPC). Hydrofluoric acid (40 wt %), LiCl (anhydrous, 95%),
tetrahydrofuran (THF, 99%), dimethylformamide (DMF, 99%), SOCI
(99%), and pyridine (99%) were purchased from Shanghai Reagents

4000 3500 3000 2500 2000 1500 1000 500

Co. (China). Deuterated water, acetic acid, and dimethylsulfoxide Wavenumbers (cm)

(DMSO) for 'H NMR measurements were obtained from Aldrich. Figure 2. FTIR spectra of (a) the LMCS and (b) the MWNT—LMCS.
Preparation for Shortened MWNTs. MWNTSs (4 g) were short-

ened using a planetary ball milling apparatus. The average length of Results and Discussion

the short nanotubes was measured by a LB-550 laser particle size

analyzer to be 141 nm (Figure S1, Supporting Information). It should be noted that pristine MWNTs were first modified

Purification of the MWNTSs. The shortened nanotubes were first  with the LMCS in our study to test the reaction between the
sqnicated and steepgd in 24 Wt % HF aqueous solution to eliminate MWNT —COCI and the chitosan. Although the reaction condi-
SiO, a.nd further purified by using HNgand a surfactant OP-10. tions were the same as that of the shortened MWNTs modified

Oxidation of the MWNTSs. The purified MWNTSs (3.420 g) were  with the LMCS later, it was difficult to obtain enough products
ref_luxed in a mlxtur(_a (_)f concentrated sulfuric acid (1_00 mL)_, nitric  with improved solubility for further studies (less than 10 mg in
acid (40 mL), and distilled water (300 mL) for 24 h (final weight of  agch reaction). The cause may originate in the poor reactivity
MWNT—COOH, 2.516 g). » and dispersibility of the MWNTSs. Pristine MWNTSs are ranging

Preparation for MWNT —COCI. The oxidized MWNTS (2.516  from micrometers to millimeters, highly tangled, and insoluble
g) in SOCL (280 mL) together with DMF (3 mL) were refluxed for 5y solvent; the tips of the nanotubes are usually closed. But
52 h to convert the nanotube-bound carboxylic acids into acyl chlorides the most reactive sites of the nanotubes are their open tips

. . _ 5 ’
(f'nil weight (I)'f M_WNTf Cr?cll\’/l\f\}si'l 9)- b Mes, | al defects, and curve$.By the cutting approach, the long and
unctionalization of the s wit - In a typica highly tangled nanotubes may be converted into short lengths
experiment, carefully dried LMCS (3.587 g) and LICl (2.457 g) were of open tubes, fullerene pipes, so that they can be suspended
dispersed in DMF (260 mL), heated to 180, and stirred under dried sorted. and m,anipulated as in,dividual macromolectieBor '
nitrogen for 2 h. After being cooled, MWNFCOCI (0.302 g) was ’ . .
example, shortened MWNTS can be dispersed in polar solvents

added followed by 20 mL of pyridine. The mixture was sonicated for ) . .
1 h, then stirred, and refluxed under nitrogen for 48 h. Upon being more easily than crude MWNT$2 So cutting may facilitate

cooled, the resultant mixture was filtered through a Que2pore size chemical reactions of the nanotubes. More importantly, short-
nylon membrane. A puce-colored filtrate was collected and taken to ened MWNTSs are better candidates for adsorbent or graphite-

dryness on a rotary evaporator. Followed by a complete removal of like catalyst support than pristine MWNT&Thus, the MWNTs
solvent, the resulting black solid was stirred in distilled water (500 mL) Were cut by ball milling and then functionalized with the LMCS.
for 6 h; by filtration again, a black residue was collected on the Q32 After the reaction of the shortened MWNTSs with the LMCS
pore size nylon filter, accompanied with a red-brown aqueous solution. and separations, a black residue that was soluble in DMF but
The residue was sonicated in water (500 mL) for 1 h, filtered, washed water insoluble and a red-brown aqueous solution were col-
with another 2500 mL of water, and then repeatedly extracted with |ected. By TEM imaging, both contained MWNTs. Although
water in a Soxhlet apparatus for 72 h. The final product was dried at different dialysis membranes and ultrafiltering tubes were
80°C under vacuum for 24 h (weight of the MWNTMCS, 0.296 g). employed, it was very difficult to obtain the target product with
Measurements. Fourier transform infrared (FTIR) spectra were perfect purity from the brown solution due to the physically
recorded on a Bruker VERTEX 70 spectrometer from KBr pelféds. adsorbed LMCS. Contrarily, the residue was conveniently
NMR experiments were carried out on a Bruker DRX-400 spectrometer separated from the LMCS by sonication and repeated extraction
with resonance frequencies of 400 MHz. Solid-sté cross-polari- with water. Consequently, the purified single resultant, which
zation magic-angle-spinning NMR experiments were performed at 9.4 was considered as the LMCS-functionalized MWNTSs via the
Tona Varian Infinity Plus 400 spectrometer operating #Cal.armor nucleophilic substitution reaction, was worthy of detailed
frequency of 100.4 MHZ3C chemical shifts were referenced to hexa- investigation. However Confirmatié)n of the covalent bonding
methyl benzene. X-ray photoelectron spectroscopy (XPS). was Col p etween the .attached L,MCS and the MWNTs was complicated
ducted on a Kratos XSAM 800 spectrometer with a magnesium anode by (i) approximately 15% of the glucopyranose rings originally

at 400 W, 15 kV, and 27 mA (Mg & 1253.6 eV, type 10-360 spherical beari id i th f both pri d
capacitor analyzer). Transmission electron microscopy (TEM) images earing amide groups, (ii) the presence of both primary an

were obtained from a JEOL JEM-2010 operating at 200 kV. Thermo- Secondary_ hydroxyl QrOUF’S: and (,iii) thg difficulty of satisfying
gravimetric analysis (TGA) experiments were carried out on a Perkin- S'UCture interpretation of functionalized CN¥s.Thus, a

Elmer Pyris | TGA system with a typical heating rate of D min~? comprehensive characterization was necessary.
in a N, atmosphere. Powder X-ray diffraction (XRD) patterns were In the FTIR spectrum of the MWNFLMCS (Figure 2), two
recorded over arange of 5-90° by a PANalytical B. V.x'Pert Pro characteristic bands of the glucopyranose rings appear at

using Cu ka as an X-ray source and operating at 40 kV and 40 mA. approximately 893 and 1150 cry respectively, implying th%DV
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Figure 3. (a) Schematic representation for the glucopyranose rings attaching to the backbone of the MWNTs and *H NMR spectra of (b) the
LMCS (CDsCOOD/D,0, 1:1 (v/v)), (c) the MWNT—LMCS (CDsCOOD/D,0, 1:1 (v/v)), and (d) the MWNT—LMCS (DMSO-d).

attachment of the LMC%?2PMoreover, a much stronger band whereas the signals of G{B) are shifted upfield, especially
occurs at 1628 cmt (amide 1), and the 1602 cm band, which for C(2) and C(6).

was assigned to NH bending in the amino and amide groups  The chemical reactivity for the functional groups in chitosan
of the LMCS, was replaced by a new band at 1575 ®amide generally follows the order: amino at C(2)primary hydroxyl

II), suggesting that some amino groups were converted into at C(6)> secondary hydroxyl at C(3%° As for chloroacetyl-
amide groupd™!® In addition, the new bands at 1247 and ation of chitosan, both C(3) and C(6) are possible sites for
1190 cm* (C—0) as well as the very weak band at 1032€m  esterification, whereas it was concluded that C(6) was the major
suggest that the primary hydroxyl groups participated partly in substitution sit@22The fact that the signals shift further upfield
the reactiort?>d Furthermore, the broad €H and N-H indicates that C(2) and C(6) are even closer to the tubes and
absorption band of the LMCS at approximately 3414 ¢m  thus exposed to a stronger shielding caused by the surrounding
shifted to 3328 cm! and became sharp, not only supporting z-system?!cAll of these results suggest that the reaction mainly
the discussions above but also implying that hydrogen bonds|ed to a covalent linkage between the LMCS and the MWNTs
have formed on the functionalized surface of the MWNs. through amide and ester bonds, as depicted in Figure 3a.

To verify the findings from the FTIR spectra, XPS analysis  More information on the structure of the MWNTLMCS is
was employed. For the MWNTLMCS, the XPS survey illustrated in theH NMR spectra (Figures 3bd). In comparison
spectrum presents all expected elements with the contents ofwith the proton signals of the LMCS (Figure 3B}, the
81.6 at. % (carbon), 11.0 at. % (oxygen), and 7.4 at. % corresponding resonances of the MWNIMCS are shifted
(nitrogen). In comparison with MWNFCOCI, the increase of  ypfield considerably (Figure 3c), and the signals next to the
oxygen content arose from the attached LMCS. solvent peak of CBCOOD are divided into two groups (I and

In the C 1s spectrum of the MWNICOCI, the higher ). Taking into account that a portion of the glucopyranose rings
binding energy of 291.2 eV can be assigned to acyl chloride are attaching directly to the backbone of the MWNTs and
groups?%2 After functionalization, two signals with binding  consequently the neighboring rings are “dragged” to the surface
energies higher than 288.0 eV are present in the C 1s spectrumof the nanotubes, protons of these rings are even shielded.
The broad signal at 289.2 eV can be attributed to the ester Therefore, signal group Il that might be assigned to +H§?
carbor?®indicating the formation of ester bonds. Although the appears even upfield (1.811.31 ppm). On the contrary, group
C 1s peak at 288.5 eV is due to emission from the amide | consists of three broad signals ranging from 1.52 to 1.82 ppm,
carbor?% it is not sufficient for proving the formation of new  presumably corresponding to the H(6,3), H(4,5), and H(2) of
amide bonds just by the C 1s XPS and FTIR spectra. This is the glucopyranose rings, respectively, which are relatively far
further illuminated in the N 1s spectra. For the LMCS, two main from the nanotubes. Similarly, resonances of the MWNT
N 1s peaks at 399.3 and 401.6 eV representthiH,!! and LMCS in DMSO+s (Figure 3d) also comprise two signal groups
—NH3" contributions?® respectively. However, the N 1s (Il and IV). The integrated area of group Il is approximately
spectrum of the MWNTFLMCS shows one predominant peak equal to that of group 1V, and the same is true of groups | and
at 399.9 eV with a full width at half-maximum of 2.9 eV. N 1s I, implying that approximately one-half of the total glucopy-
binding energies for amides and amines are expected betweemanose rings are very close to the nanotubes. Additionally,
399.5 and 400.5 e¥°¢ and Liao et al. assigned the peak at disappearance of the double peaks at 5.56 and 5.74 ppm in
399.8 eV to the amide nitrogeéf? Thus, both the energy and  Figure 3d with the addition of fD is attributed to the secondary
the comparatively broad line width support the conversion of a hydroxyl groups in the MWNFLMCS 19
part of amino into an amide. The LMCS-functionalized MWNTSs are also verified by TEM

NMR has been a useful tool to provide valuable information imaging. It depicts representative features showing the shortened
on the covalently functionalized CNTt&21And there are many = MWNTs coated with an amorphous polymeric material, as
precedents for complicated shifting of resonance signals in solid- marked by the arrows (Figure 4c). As the MWNIMCS was
state'3C NMR and especially in solution-statel NMR spectra extracted with water for 72 h, any physically absorbed substance
of functionalized nanotubé&$:21 The shifting of the resonances like LMCS should be removed previously, and the material
is consistent with experimental and theoretical works indicating surrounding the nanotubes is deduced to be the attached LMCS
a large diamagnetic susceptibility resulting from delocalized moieties.
electrons (ar-electron ring current) in nanotub@s. By TGA analysis, the LMCS content in the MWNTMCS

As compared with the LMCS, th&C NMR spectrum of is approximately 58 wt %. Furthermore, the XPS data yield a
the MWNT—LMCS shows a characteristié3C nanotube nitrogen-to-carbon ratio of 0.091, which enables us to give an
resonance at 128 pgii and a new signal at 157 ppm, which  estimate of the average degree of functionalization in the
further confirms the formation of ester bor&d Other identi- MWNT —LMCS sample. On the basis of the chemical formula
fied resonances arising from the LMCS can be also obséted, andM,, of the LMCS, it is calculated that approximately fo&bv
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Figure 5. XRD plots for the LMCS and MWNT—-LMCS.

molecular chains of the LMCS are attached to 1000 carbon
atoms of the nanotube sidewalls.

Powder XRD spectra of the LMCS and the MWNIMCS
are shown in Figure 5. The LMCS exhibits only one broad and
weak peak around 24 Most interestingly, 12 crystalline
reflections can be observed in thé ange of 5-40° for the
functionalized MWNTSs. As it is known, CNTs exhibit only one
characteristic peak around 26etween 3and 40.2% And studies
have shown that, as for nanotubes modified with polymers and
nanotubes in composites, the peak aroundl @écreased in
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Figure 4. TEM images of (a) raw MWNTSs, (b) cut and purified MWNTSs, and (c) the MWNT—LMCS. Arrows indicate the typical features of the

Table 1. Solubility of the LMCS and MWNT—LMCS in a Variety of
Solvents?

solvents LMCS MWNT-LMCS

distilled water
hydrochloric acid ?
acetic acid °©
dimethylsulfoxide
N,N'-dimethylformamide
N,N -dimethyl acetamide

I+ + +

+ 4+

2 Solubility: +, soluble; —, not soluble. ? Hydrochloric acid: 1—35 wt
% aqueous solution. ¢ Acetic acid: 10—95 wt % aqueous solution.

As the most reactive sites of the nanotubes are their open
tips, defects, and curves, the MWNTs were cut and highly
oxidized before functionalization, which have been proved by
the TEM imaging and oxygen content of the MWNTOCI
(6.2 at. %), respectively. With the increase of the reaction sites,
it is possible that some reactive regions might form in the
nanotube sidewalls. Consequently, molecular chains of the
LMCS may tend to attach to these reactive regions, which might
be conducive to the formation of intramolecular hydrogen bonds.
Furthermore, as Wang et al. demonstrated, chitosan possesses
a large number of amino and hydroxy! groups, and the oxidized
MWNTSs contain carboxylic groups; thus strong hydrogen
bonding may be formed between the glucopyranose rings and
the functional nanotubée¢ This might contribute to a relatively

intensity or even disappeared, whereas the precise reasonsrdered arrangement of the attached molecular chains along the

remain unknowrf? Although the MWNT-LMCS does not
show a distinct peak around 26it ensures that the new
diffraction spots cannot be attributed to the MWNTSs. Alter-
nately, comparisons of the XRD data of the MWNIMCS

with that of chitosan indicate that the new reflections are relevant
to chitosaré*@25aThat is, the amorphous packing structure of
the LMCS changed dramatically when it attached to the
MWNTSs.

It should be mentioned that the crystallinity and polymor-
phism of chitosan are affected by chitosan origin, molecular
weight, water molecules, inorganic or organic acids, and
annealing, eté? The lower crystallinity of the LMCS could be
ascribed to its low molecular weight. In addition, chemical
modification can also affect the crystallinity of chitosan. A case
in point is the increased crystallinity &fphthaloyl-chitosaR®?
Then, what caused the crystallinity of the attached LMCS, which
possesses approximately 58 wt % of the MWNIMCS?
Additional experiments showed that the crystallinity of the
LMCS was little affected by recrystallization, and the crystal-
linity of the MWNT—LMCS was irrelevant to the water of
hydration (Supporting Information).

rigid tube sidewalls.

Since 2002, studies on polymer crystallization induced by
CNTs have been reported, including polypropylétiepoly-
(vinyl alcohol) 28 R-BAPB-type thermoplastic polyimick¢and
poly(ethylene 2,6-naphthalat®f etc. Most recently, Haggen-
mueller et al. demonstrated that SWNT bundles templated
polyethylene (PE) crystallization with the PE chains parallel to
the single-walled carbon nanotube a%iOn the basis of the
discussions above, it is possible that covalent and noncovalent
interactions caused the crystallization of attached LMCS chains
on the rigid template offered by MWNTSs. With respect to the
amorphous LMCS, in other words, the MWNTSs might induce
the crystalline character of the attached LMCS.

Unlike the LMCS, the MWNTFLMCS is insoluble in pure
water due to the increase in crystallinity, whereas it is easily
soluble in DMSO, DMF, and dimethyl acetamide (DMACc)
(Table 1). Also, it is soluble in acetic acid aqueous solution,
which makes it possible to mix the MWNILMCS together
with different chitosan matrixes in homogeneous systems in the
next application step. cDV
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Conclusion

In summary, an efficient covalent functionalization of the
MWNTs with the LMCS, an attractive green and natural
polymer, via a nucleophilic substitution reaction, has been
demonstrated. Amino and primary hydroxyl groups of the
LMCS contributed mainly to the formation of MWNILMCS
conjugates. The LMCS content in the MWNLMCS is
approximately 58 wt %, and approximately four molecular

chains of the LMCS are attached to 1000 carbon atoms of the
nanotube sidewalls. Furthermore, the MWNTs might induce the

crystalline character of the attached LMCS. As a novel
derivative of MWNTSs, the MWNTLMCS is soluble in DMSO,
DMF, DMACc, and acetic acid aqueous solution. The confirma-

tion of the chitosan-based covalent functionalization route might

lead to further studies aiming for potential applications in
catalysis and environmental protection.
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