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Phase transfer of multiwalled carbon nanotubes (MWNTs) from an aqueous phase into an organic phase is achieved. The
transfer uses the hydrogen-bonding interactions between the disaccharide group of a sugar-based amphiphile and
oxygenated functional groups on the surface of MWNTs. The dispersion of carbon nanotubes in a wide range of organic
solvents is enabled, which represents the first example of solubilization of carbon nanotubes in organic solvents via
hydrogen bonding interactions. © 2012 American Institute of Chemical Engineers AICAE J, 58: 2997-3002, 2012
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Introduction

Carbon nanotubes (CNTs) possess superior electrical, me-
chanical, optical, thermal, and chemical properties and have
many promising applications.'™ Dispersions of CNTs in or-
ganic solvents are the basis for medium-tech applications.(”7
Their solubility/dispersibility is important for a ready manip-
ulation and a feasible solution-phase processing of CNTs
into devices,” and for using carbon nanotubes within wide-
spread applications.®

Some functionalization methods are used to enhance dis-
persion of CNTs in organic solvents. CNTs in amide form
are dispersed in chloroform, benzene, toluene, or other or-
ganic solvents.””"" Dichlorocarbene- functionalized CNTs,"?
nanotubes derivatized with a 4-tert-butylbenzene moiety'?
and polymer functionalized CNTs*'* were found to possess
improved solubility in organic solvents.

Dispersion of CNTs in organic solvents can be achieved
through phase transfers, including the length-dependent
transfer of CNTs from the aqueous phase to the organic
phase using electrostatic interactions'> and the phase transfer
of amide functionalized CNTs.'® Phase transfer of CNTs
may have potential for applications, such as facilitating the
incorporation of CNTs into polymer matrices.'” The study of
phase transfer of CNTs can benefit the study of water/oil
interface phenomena. These include the fabrication of ultra-
thin films,'® formation of CNT-metal nanoparticle films'®
and biocatalysis using the CNT-enzyme conjugate®® at
water/oil interfaces, the fabrication of CNT capsules using
water-in-oil emulsion techniques,21 and selective removal of
CNT bundles from an aqueous dispersion via interfacial trap-
ping.?** In this work, the phase transfer of MWNTSs from
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an aqueous phase to an organic phase with a sugar-based
amphiphile N-hexadecyl-D-maltosylamine (HDMA) is inves-
tigated. The transfer is initiated by the hydrogen bonding
interactions between the acid-oxidized MWNTs and the
amphiphile.

Experiment
Materials

Multiwalled carbon nanotubes were purchased from
Shenzhen Nanotech Port Co. (Shenzhen, China). The purity
was higher than 95%, and the catalyst residue was less than
0.2%. D-maltose, hexadecylamine, Triton X-100, polyvinyl-
pyrrolidone (PVP), Tween 20, hexadecyltrimethylammonium
bromide (CTAB), and dioctyl sodium sulfosuccinate (AOT),
and petroleum ether were purchased from Sigma-Aldrich
(Shanghai, China) and were used as received. Isooctance,
hexane, carbon tetrachloride, propanol, 2-propanol, ethanol,
and n-butanol were obtained from Sinopharm Chemical Rea-
gent Co.(Beijing, China), the chemicals were of analytical
reagent grade and were used as supplied.

Synthesis of N-hexadecyl-D-maltosylamine (HDMA)

HDMA as shown in scheme S1 (see online for Additional
Supporting Information) was synthesized according to the
method as described elsewhere.”* 3.0 mmol of D-maltose
was dissolved in 6.0 mL of deionized water; 5.0 mmol of
hexadecylamine was dissolved in 10.0 mL of 2-propanol.
The two solutions were mixed and stirred at room tempera-
ture. When the solution turned turbid, it was heated to 60°C
to dissolve the precipitate; and then the solution was stirred
at room temperature. The mixture was stirred for 24 h with
periodic heating to 60°C at regular intervals as and when the
solution turned turbid. The crude residue was dried in vacuo,
and then recrystallized from ethanol and then again freeze-
dried to eliminate traces of water. The structure of synthe-
sized HDMA was characterized by 'H NMR (DMSO-d6,
600 MHz): 0.855 (t, 3H), 1.238 (m, 28H), 62.175 (br s, 1H),
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2.501 (m, 1H), 2.771 (m, 2H), 2.908-3.684 (m, 6H), 4.310-
5.429 (m, 4H).

Oxidation of MWNT's

MWNTs were purified and oxidized as reported else-
where.”> As-received MWNTSs were purified by refluxing in
an aqueous HNO; of 2.6 M at 70°C for 45 h. The nanotube
suspension was diluted and washed with double-distilled
water by filtering through a 0.8 um polycarbonate mem-
brane. The samples were dried at 80°C in vacuo. The puri-
fied MWNTs were oxidized in the mixture of HNOjz and
H,SO, (3:1) for 3, 6, 8, 10, and 12 h. The suspensions of
oxidized MWNTs (O-MWNTs) were diluted and washed
with double-distilled water by filtering through a 0.45 pum
polycarbonate membrane. The samples were dried at 80°C in
vacuo.

Infrared spectra for O-MWNTs were collected using a
Fourier transform infrared (FTIR) spectrometer (Bruker
TENSOR 27) equipped with a horizontal, temperature-con-
trolled attenuated total reflectance (ATR) with ZnSe Crystal
(Pike Technology). Infrared spectra were collected using a
liquid-nitrogen-cooled mercury- cadmium- telluride detector
that collected 128 scans per spectrum at a resolution of 2
cm™ ' All spectra were corrected by a background subtrac-
tion of the ATR element spectrum. Ultrapure nitrogen gas
was introduced at a controlled flow rate to purge water
vapor.

The distributions of oxygen-containing carboxyl, carbonyl
and hydroxyl groups on O-MWNTs were determined using
X-ray photoelectron spectroscopy (XPS). XPS spectra were
acquired using a Thermo VG ESCALAB250 X-ray photo-
electron spectrometer, which was operated at the pressure of
2 x 1077 Pa using Mg Ka X-ray as the excitation source.
Analysis of the data was carried out with Thermo Avantage
XPS software.”® All XPS spectra were referenced to the
main C 1s hydrocarbon peak at 284.9 eV binding energy. A
Shirley background®’ was used in all curve-fitting.”®

Phase transfer of O-MWNTs

A solution was prepared by dissolving HDMA (12 mmol/
mL) in an organic solvent, which consisted of isooctane and
n-propanol in a volume ratio of 4:1. O-MWNTs were dis-
solved in water (1.0 mg/mL) and placed in a vial. Then, the
organic solution was added to the vial at a 4:1 volume ratio
resulting in a liquid-liquid phase system. The vial is shaken
vigorously by vortex-mixing for 30 s or by hand for 1 min
to assist transfer across the interface. Similarly, carbon tetra-
chloride and mixtures of hexane/isopropyl alcohol and petro-
leum ether/n-butanol were used as organic phases for phase
transfer of O-MWNTs.

Characterization of the organic phase

The dispersibility of O-MWNTs in the organic phase was
monitored by measuring ultraviolet-visible (UV-vis) spectra,
which were recorded on a Shimadzu UV2550-PC spectro-
photometer.

The organic phase after the phase transfer of O-MWNTs
was dried at 55°C in vacuo to remove isooctane and n-pro-
panol. The dried sample was used to measure X-ray diffrac-
tion (XRD) pattern. XRD patterns were obtained with a dif-
fractometer of X’ Pert PRO MPD using a Gu anode at 40
kV, wavelength 0.154 nm. The diffractograms were operated
at a scan rate of 1°/min from 28 = 5° to 26 = 90°.
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The dried sample of an upper organic phase was obtained
similarly as above and used for thermogravimetric analysis,
which was performed on a PerkinElmer Diamond thermal
analysis system. Samples were analyzed at a heating rate of
10°C/min to 800°C in an atmosphere of air.

HRTEM images were obtained by using a JEOL JEM-3010
F transmission electron microscope operating at 300 kV.

Results and Discussion

The phase transfers are shown in Figure 1. In vials A, B,
C, D, and E, the carbon nanotubes with different oxidation
time of 3 h, 6 h, 8 h, 10 h, and 12 h, respectively, were used
for phase transfer. Figure la shows that there is no transfer
of nanotubes in vial A; not all nanotubes are transferred into
the organic phase in vial B, as some nanotubes (ca. 15%)
are retained in the aqueous phase; and in vials C, D, and E,
the amount of O-MWNTSs remaining in the aqueous phase
can be negligible, indicating that all nanotubes are trans-
ferred into the organic phase. The dispersibility of O-
MWNTs in the organic phase was investigated by measuring
UV—vis spectra. A higher UV—vis absorbance means a
larger dispersibility of the O-MWNTs. Figurelb shows that
the absorbance intensity of ultraviolet-visible (UV-vis) spec-
tra increases from vial B to vial E, indicating an increased
concentration of O-MWNTs in the organic phase with oxida-
tion time. For vials C, D, and E, the intensity difference is
due to some nanotubes settling at the interface between the
immiscible fluids. In addition, pristine and purified MWNTs
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Figure 1. (a) The effect of oxidation time on the trans-
fer of O-MWNTs into an organic phase, and
(b) UV-vis spectra for the upper organic
phase.
Oxidation time for carbon nanotubes: (A) 3 h; (B) 6 h; (C)

8 h; (D) 10 h; (E) 12 h. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. FTIR spectra for oxidized MWNTs with differ-
ent oxidation time.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

could not be transferred into the organic phase with HDMA
(Figures not shown). It is expected that the phase transfer is
initiated by the hydrogen bonding interactions between the
disaccharide head of HDMA and the functional groups on
oxidized MWNTs (O-MWNTs), including carboxyl, carbonyl
and hydroxyl, which are generated by the oxidation in the
mixture of HNO; and H,SO,.”° With a longer oxidation
time, more oxygen groups can be produced on carbon nano-
tubes as illustrated by Figures 2 and 3. However, more
sugar-based amphiphile molecules can interact with O-
MWNTs. As a result, more O-MWNTs can be dispersed in
the organic phase (Figure 1b).

The FTIR spectra of O-MWNTs clearly show the presence
of oxygen-containing groups resulting from the oxidation
(Figure 2). A band at 1,703 cm™! is attributed to C=0
stretching vibrations in carboxyl and carbonyl groups; a
band around 1,185 cm~! is associated with C—O stretching
vibrations.>® The C1 s XPS spectra of the oxidized MWNTSs
(Figure 3) suggest that oxygen atoms are bound to surface
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Figure 3. C1 s XPS spectra of oxidized MWNTs.

MWNT oxidation time

Oxidation time: (a) 3 h; (b) 6 h; (c¢) 8 h; (d) 10 h; (e) 12 h. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4. Schematic presentation of hydrogen bonding
interactions between the disaccharide group
of HDMA and the oxygen groups of the O-
MWNT.
The oxygen groups are indicated by the colored circles.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

carbon mainly through C—OH (285.4 eV), C=0 (286.4 eV)
and O—C=0 (288.8 eV) bonds. This inference is consistent
with literature reports.31 The number of oxygen groups is
affected by oxidation time. As indicated by Figure 3f, with
increasing oxidation time, the amount of hydroxyl and car-
bonyl groups is found to increase; the amount of carboxyl
groups is found to increase to a greater extent than the
hydroxyl and carbonyl groups.

With the oxygen-containing carboxyl, carbonyl and
hydroxyl groups, the O-MWNT tubes are good hydrogen
bond donors/acceptors. The disaccharide head of HDMA
behaves as a hydrogen bond acceptor/donor for the func-
tional groups. When in contact with O-MWNT, HDMA mol-
ecules can have a hydrogen bonding interaction with the O-
MWNT. A longer oxidation time results in more functional
groups being generated on the MWNTs (Figure 3f). This
facilitates the formation of more hydrogen bonds between O-
MWNT and HDMA. As a result, more O-MWNTSs can be
suspended in the upper organic phase (Figure 1b).

Figure 4 schematically illustrates the hydrogen bonding
interactions between the disaccharide group of HDMA and
the functional groups of the O-MWNT. The formation of
intermolecular hydrogen bonds takes advantage of the struc-
ture of the HDMA molecule. It has seven hydroxyl groups,
two ether oxygens, one glycosidic oxygen and one N-H.
These groups and oxygen atoms can form extensive hydro-
gen bonds with the functional groups on O-MWNTs. On the
other hand, the disaccharide head of HDMA, a maltose
structure, presents a sharp bend at the glycosidic bond. This
configuration may make the two D-glucopyranose units adapt
to the surface of CNTs and favor the formation of hydrogen
bonds with the functional groups on the surface of CNTs.

For comparison, nonionic surfactants including Triton X-
100, polyvinylpyrrolidone (PVP) and Tween 20 have been
used for the phase transfer. They can have hydrogen bonding
interactions with substances such as nifedipine,32 poly(a-
crylic acid),®® and parachlorometaxylenol,*® respectively.
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PVP and Triton X-100 can only act as hydrogen bond
acceptors via the carbonyl oxygen and the ether oxygens.
When interacting with Triton X-100 and PVP, the hydroxyl
groups and carboxylic acid groups on O-MWNTSs can act as
hydrogen bond donors. However, some carboxylic acid
groups of the O-MWNTs dissociate into H+ cations and
COO- anions in the aqueous solution leading to the presence
of a net negative charge on the surface of O-MWNTs.*> As
a result, the amount of hydrogen bonds between the surfac-
tants and O-MWNTs is limited. Consequently, Triton X-100
and PVP cannot transfer O-MWNTs into the organic phase
(Figure 5). In the case of Tween 20, there are 22 ether oxy-
gens and one carbonyl oxygen, which can act hydrogen
bond acceptors. In addition, there are three free terminal
hydroxyl groups, which can act both as hydrogen bond
acceptors and as donors. Hence, this surfactant can form
more hydrogen bonds with O-MWNTs. However, as Tween
20 has much more H-bond acceptors than donors, it cannot
form extensive hydrogen bonds with O-MWNTs. As a result,
Tween 20 can transfer only a limited number of nanotubes
into the organic phase (Figure 5). In the case of ionic surfac-
tants, the cationic surfactant CTAB can transfer some nano-
tubes into the organic phase, whereas the anionic surfactant
AQT cannot (Figure 5). This supports the existence of COO-
anions which are attributed to partial dissociation of O-
MWNT carboxylic acid groups.®

The thermogravimetric analysis (Figure S1) suggests the
existence of HDMA molecules in the organic phase. In addi-
tion to the HDMA molecules which are hydrogen-bonded to
O-MWNTs, some HDMA molecules are self-assembled
around O-MWNT. This self-assembly is driven by the chain-
chain and hydrogen bonding interactions between HDMA
molecules. The dried sample of an upper organic phase was
characterized with the X-ray diffraction pattern (Figure S2).
As can be seen, the XRD pattern of HDMA (blue) shows
two prominent peaks at 19.1° and 23.8°. When interacted
with the CNTs, the HDMA shows a prominent peak at 21.3°
(olive). It indicates that the symmetry of the crystal structure
of HDMA increases after it’s self-assembly around O-
MWNT. This is probably due to the interactions between the
HDMA molecules and O-MWNT, which induced the confor-
mational change of HDMA upon the self-assembly around
the MWNTs. As HDMA can dissolve in the organic phase,
the self-assembly of HDMA around O-MWNT contributes to

seee
bwall

Figure 5. Phase transfer of O-MWNTs with surfactants.

Left to right: Tween 20, Triton X-100, PVP, AOT,
CTAB. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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the transfer of O-MWNTSs from the aqueous phase to the or-
ganic phase.

The self-assembled HDMA showed the ability to “trap”
water molecules.”* Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy has been used to
monitor the presence of water in an organic phase after
phase transfer. Figure 6 shows the ATR-FTIR spectra of the
two upper organic phases, into which O-MWNTs were trans-
ferred from H,O and D,O phases. In the spectrum (blue),
the peak at 3,200 cm ! is due to the O-H bond stretching of
H,O. In the spectrum (red), the peak at 2,476 em ™! s
assigned to the O—D bond stretching of D,0. These FTIR
spectra indicate that H,O/D,O molecules exist in the upper
organic phases OP1/OP2 after the phase transfers of CNTs.
The presence of water molecules may facilitate the interac-
tions of salt ions with HDMA and O-MWNTs in the organic
phase. Solutions of sodium chloride with varying concentra-
tions were added to the organic phase. At a low concentra-
tion of 0.05 mol/L, the MWNTs stayed in the organic phase
(Figure 7); at a moderate concentration (0.2 mol/L), some
O-MWNTs settled at the interface; while at a high concen-
tration (1.0 mol/L), all O-MWNTSs were reverted back to the
aqueous phase. Sodium ions have shown their interactions
with sugars,®® carbohydrates,®” and carbonyl groups.®® The
resulting phenomena (Figure 7) may be due to the sodium
ion interactions with both HDMA and O-MWNTs. At the
low concentration of NaCl (0.05 mol/L), the sodium ions
might interact with some sugar head groups of HDMA, but
they might not interact with functional groups of O-MWNTs
and the sugar head groups in contact with the MWNTs. As a
result, the hydrogen bonds formed between the HDMA and
O-MWNTs are reserved. While at the high concentration of
sodium chloride (1.0 mol/L), sodium ions might have a
higher chance of interacting with the functional groups and
the sugar head groups in contact with the O-MWNTs. The
hydrogen bonding interactions between the sugar groups and
the functional groups might, thus, be greatly reduced. This
results in the MWNTs falling back to the aqueous phase.
Therefore, aqueous solutions of sodium chloride can be used
to regulate the phase transfer of CNTs.

According to the principle of the hydrogen bonding inter-
actions between the disaccharide group of HDMA and the
functional groups of O-MWNTs, HDMA was used to trans-
fer the carbon nanotubes, which were functionalized with
amino-cyclodextrin, as schematically presented in Figure S3.
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Figure 6. FTIR spectra of the upper organic phases.

OP1 (blue): the aqueous phase is H;O. OP2 (Red): the
aqueous phase is D,0O. The insert showing O-MWNTs in
OP1 and OP2. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Effect of NaCl solution on the phase transfer.

Left to right (NaCl concentration, mol/L): 0.05, 0.2, 1.0.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

For the synthesis of the amino-cyclodextrin and the function-
alization of MWNTs (refer to our previous work).39 As seen
in Figure S4, the functionalized MWNTs (f-MWNTs) can be
transferred from the aqueous phase to the organic phase.
This transfer uses the hydrogen bonding interactions between
the disaccharide group of HDMA and the cyclodextrin motif
on f-MWNTs. The HRTEM (Figure S4b) shows that HDMA
molecules are assembled on the MWNT. In addition, for
phase transfers of O-MWNTs and f-MWNTs, carbon tetra-
chloride and mixtures of hexane/isopropyl alcohol and petro-
leum ether/n-butanol can be used as organic solvents/phases.

Conclusions

We have demonstrated that oxidized MWNTs can be
transferred from the aqueous phase to the organic phases
with HDMA. The phase transfer uses the hydrogen bonds
formed between the head groups of HDMA and the oxygen
groups on O-MWNTs. This principle has been extended to
the phase transfer of amino-cyclodextrin functionalized
MWNTs. With the methodology, the dissolutions of O-
MWNTs and f-MWNTs in a wide range of organic solvents
are enabled, including isooctane/n-propanol, carbon tetra-
chloride, hexane/isopropyl alcohol, and petroleum ether/n-
butanol.
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