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Adsorption behaviors of dodecanethiol (C;,H,;SH) molecules are investigated on the surface of single-walled carbon nanotubes
(SWCNTs) with vibrational and X-ray photoelectron spectrometers. The active adsorption sites are proved as Stone-Wales (SW)
defects (5-7 ring defects). The SW defect-removed SWCNTs formed by reacting nanotubes with allyl acrylate molecules are
compared with pristine SWCNTs in dispersion and field emission. The former shows higher dispersion and field emission than the

latter.

1. Introduction

Carbon nanotubes (CNTs) have a lot of defects such as,
vacancies, metastable atoms, pentagons, heptagons, Stone-
Wales (SW or a pair of 5-7 rings) defects, discontinuities
of walls, and heterogeneous atoms [1-5]. According to a
scanning tunneling microscopy (STM) observation, about
10% of the samples were found to exhibit stable defect
features under extended scanning [6]. SW defects are stable
and commonly present in CNTs and are believed to play key
roles in the mechanical [7], electronic [8], and chemical [9]
properties of CNTs.

In the studies of the interaction of CNTs with organic
compounds, amines have attracted special attention [10—
14]. Among these, the most extensively explored is the
formation of amide derivatives between carboxylic groups
on oxidized CNT tips and long-chain amines. Basiuk et al.
[15] reported that infrared (IR) spectra of oxidized single-
walled CNTs (SWCNTs) treated with amines under different
conditions could not correspond to amide derivatives on
SWNCT tips, because the very low concentration of the
terminal groups relative to the whole sample mass resulted
in a negligible contribution to the IR spectra. The bands
detectable in the case of long-chain amines were thought

to correspond to amine molecules physisorbed because of
strong hydrophobic interactions of their hydrocarbon chains
with SWCNT walls. Our previous studies [16] investigated
the adsorption behaviors of alkanethiol molecules on the
surface of SWCNTs with vibrational spectrophotometer. We
reported that alkanethiol molecules adsorbed strongly on the
SWCNT surface and suggested that the active activation sites
in the nanotube surface might be SW defects. According to
the theoretical calculation by Zhou and Shi [17], it was found
that the SW defects of the tube wall could reduce cohesive
energies for some foreign atoms such as, H, C, N, O, F, and P.
In other words, the heptagon rings generated during SWCNT
synthesis can be good candidates for an adsorption of foreign
molecules. More recently, first-principle calculations were
performed to investigate the dependence of alkanethiol’s
interaction with SWCNTs on nanotube’s type, curvature, and
chirality [18]. They reported that the affinities of ethanethiol
molecules for the semiconducting and metallic SWCNTs
were rather close, about 10% stronger in the former case,
and the binding energy of alkanethiol was increased for
adsorption on large diameter CN'Ts.

In this study, we investigate the effect of SW defects for
an adsorption of dodecanethiol (DT, C;,H,5SH) molecules
onto SWCNT surface to get more advanced evidence on



active sites compared with our previous results. Moreover,
after removing (or changing) SW defects from nanotube
surface, the degree of dispersion and field emission (FE)
of SWCNTs, respectively, was measured and compared with
that of untreated pristine SWCNTs.

2. Experimental

SWCNTs and MWCNTs produced by arc-discharge process
and thermal chemical vapor deposition (CVD) technique,
respectively, were used for an adsorption of dodecanethiol
(DT). Both nanotubes were oxidized thermally to remove
carbon-containing materials, and subsequently sonificated
in HNOj;. Both CNTs were dispersed in ethanol by an
ultrasonification for 8 h, sprayed on a glass, and then dried.
The CNTs were immersed in the DT-containing ethanol
solution for 1min, and successively washed out several
times with ethanol to remove physisorbed DT molecules
from the surface of nanotubes. Adsorbed DT molecules
were characterized by infrared (IR) and X-ray photoelectron
spectrometer (XPS).

The removal (change) of 5-7 ring defects was carried
out by reacting SWCNTs with methyl acrylate or octyl
acrylate at 120°C (Diels-Alder reaction). Ultraviolet- (UV-)
visible spectrometer was chosen to measure the degree of
dispersion of SWCNTs in solvent. The field emission (FE)
properties were measured using a two-parallel plate, that
is, diode type, in a vacuum pressure of ~ 1.0 x 10~ Torr
at room temperature. Indium tin oxide (ITO) was used for
two electrodes and the distance between them was kept at
300 pm.

3. Results and Discussion

Figure 1 shows the vibrational spectra of pristine SWC-
NTs, methyl acrylate-treated defect-removed SWCNTs, and
MWCNTs after an adsorption of DT molecules. In case of
pristine SWCNTS5, the spectrum contains strong two bands
at 2856 and 2927 cm~! which is assigned to symmetric and
asymmetric stretching of -CH,— of adsorbed DT molecules,
respectively. The shoulder around 2960 cm™! is assigned to
the asymmetrical stretching of CH3 [19-21]. Our adsorption
experiments were performed in liquid phase and through a
consecutive washing condition. Therefore, our case would
allow only the strong adsorption between DTs and SWCNT5,
probably chemisorption.

The MWCNTs show no vibrational peaks of DTs,
indicating that DTs are hardly adsorbed on the surface
of MWCNTs. To understand the interactions between DT
molecules and nanotube surface, we observed XPS spectra in
the sulfur (2p) region of DT molecules. Figures 2(a) and 2(b)
show an Mg Ka-induced XPS spectrum of sulfur (2p) core
levels of DT molecules on SWCNT and MWCNT surface,
respectively. In general, the S (2p) spectra are composed
of 2ps;, and 2pyn peaks with an intensity of 2:1, as
theoretically determined from the spin-orbit splitting effect
[22-26]. Figure 2(a) shows two peaks at 162.8eV (S2ps/2)
and 164.4eV (S2pi12). Deconvolution of the sulfur (2p)
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FIGURE 1: IR spectra after an adsorption of alkanethiol (DT)
molecules for (a) pristine SWCNTs, (b) methyl acrylate-treated
(defect-removed) SWCNTs, and (¢) MWCNTs.
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Figure 2: S2p XPS spectra of (a) DT-adsorbed SWCNTs and (b)
DT-adsorbed MWCNTs.
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emission line shape reveals the characteristic intensity ratio
2:1 with the peak separation of 1.2 eV. The binding energy
of this state suggests the presence of a C-S bond, consistent
with chemisorbed thiolate [23, 24, 26]. On the other hand,
we cannot see S2ps/; and S2py/, peaks on MWCNT surface
(Figure 2(b)), which strongly suggests that there is no
formation of thiolate species. In other words, DT molecules
are not adsorbed on the MWCNT surface. The broad peak
around 168.4 eV is believed due to sulfonate (or sulfoxide)
species.

For the methyl acrylate-treated SWCNTs (Figure 1(b)),
the two peaks at 2856 and 2927 cm~! reduce drastically
or almost disappear, which is the same result in our
previous report [16]. We suggested that the active adsorption
sites in SWCNTs might be SW defects for an adsorption
of alkanethiols, thus DTs could not be adsorbed on the
surface of SWCNTs after removal of SW defects artificially
by reacting methyl acrylate (CH=CH-C=0O(OCH3)) with
SWCNTs via Diels-Alder reaction in Scheme 1.

When we treated with methyl acrylate to remove SW
defects, the reaction products were not evident since any
characteristic vibrational peaks of the products were not
found in the IR spectrum. It would be attributed by the small
amount of the product sample.

We used octyl acrylate (CH=CH-C=0O(OCgH,7))
instead of methyl acrylate to treat SWCNT surface. Octyl
acrylate molecule has longer chain length and more carbon
atoms inside than methyl acrylate, thus it is expected that
vibrational spectrum due to long chain carbon atoms would
be shown if octyl acrylate reacts with SWCNT surface
through chemical reaction. Figure 3 represents the IR
spectrum of octyl acrylate-treated SWCNTs. Inset shows IR
spectrum of neat liquid sample of octyl acrylate molecules
for comparison. We can see clearly the peaks at 2856, 2927,
and 1725 cm™! corresponding to symmetric and asymmetric
stretching of —CH,—, and conjugate C=O stretching of
octyl acrylate, respectively. The intensity of conjugated
C=C stretching mode at 1639 and 1618 cm™! is reduced
largely compared with the neat sample in inset. IR spectrum
results strongly suggest that the 5-7 defects on SWCNTs
react with octyl acrylate molecules via Diels-Alder reaction
in Scheme 1. SWCNT tips are not considered here since
terminated carboxyl (—~COOH) or hydroxyl (—OH) groups
hardly react with methyl acrylate.

Vibrational intensities of DT molecules are negligible
on the surface of MWCNTs as shown in Figure 1(c). As
elucidated in XPS results (Figure 2), DT molecules cannot
adsorb on MWCNT surface chemically. This implies that
the MWCNT surface has a relatively small number of 5-
7 ring defects. According to theoretical examination [17],
the energy barrier for bond rotation to form 5-7 defects
from hexagonal rings is smaller in the tubes than in planar
graphene because of the additional tubular strain. The above
statements imply that an SWCNT has an advantage over an
MWCNT to form 5-7 ring defects since the energy barrier for
bond rotation in the SWCNT is smaller than in the MWCNT
due to higher tubular strain. Consequently, the SWCNT has
more chance to make 5-7 defects during synthesis than the
MWCNT.
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FIGURE 3: IR spectrum of octyl acrylate-treated SWCNTs. Inset
represents vibrational spectrum of neat octyl acrylate.
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FIGURE 4: UV spectra of pristine SWCNTs (a), methyl acrylate-
treated SWCNTTs reacted for 3 hrs (b) and for 24 hrs (¢).

Figure 4 shows UV-visible absorption spectra of pristine
SWCNTs, methyl acrylate-treated SWCNTs (defect-removed
SWCNTs) reacted for 3hrs and 24 hrs in ethanol, respec-
tively. More intense absorption from the spectra implies
more stable homogeneous dispersion of SWCNTs in solvent
[12, 14, 27]. Therefore, it can be said that the methyl acrylate-
treated SWCNTs are dispersed more well rather than the
pristine SWCN'Ts.

SWCNTs always form aggregates because of very strong
van der Waals interaction between them. Keeping stable
dispersion of SWCNT5 in solvent is significant, and also a
perquisite for application as additives for reinforcement of
composite materials. SWCNTSs were solubilized in water with
the aid of surfactant, purified and length-selected [28-30],
but removing the surfactant afterwords was problematic.
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SWCNTs were also solubilized by functionalizing the end-
caps with long aliphatic amines. The above approaches
apparently work well, but have the disadvantage that the
most convenient chemical handles further modification, and
the acid-treated end-caps are tied-up by the solubilization
functionality. Our method to remove ring defects is useful
since it works well as shown in Figure 4. The interaction
between SWCNTs is thought as a hydrophobic force. More
stable homogeneous dispersion would be the results that
the protruded acrylate molecules attached on the SWCNT
surface can make SWCNTs to be exfoliated from the ropes.

We measured field emission (FE) current density of pris-
tine SWCNTs, methyl acrylate-treated SWCNTSs for 3 hrs and
24 hrs, respectively. Figure 5(a) shows that methyl acrylate-
treated SWCNTs have higher FE current density than pristine
SWCNT;, and also FE current behavior of methyl acrylate-
treated SWCNTs is similar for both 3- and 24-hour-reacted
sample in solvent. The turn-on field of each sample, V1.0,
which is defined as the macroscopic field to produce a
current density of 10 uA/cm?, was obtained from the loga-
rithmic plot of Figure 5(a). The turn-on field decreased from
3.57 V/um (pristine SWCNTs) to 2.8 and 2.73 V/um for 3
hrs and 24 hrs, respectively. The maximum emission current
density gradually increased and reached 0.50 mA/cm? for the
24-hour-reacted defect-removed SWCNTs, about ten times
higher than pristine SWCNTs (0.05 mA/cm?) at an electric
field of 4.7 V/um. The same explanations can be adopted for
the enhanced FE current density, that is, the protruded acry-
late molecules on the SWCNT surface can make SWCNTs
exfoliate from the ropes as shown in Figure 5(b). The well
separated SWCNTs reduce the screening effect [31], which
leads to an emission decrease caused by neighboring tips
when the distance between tips is too small.

4. Conclusion

In summary, Thiol-containing DT molecules can be
adsorbed on the surface of SWCNTs, not MWCNTs, and
the active adsorption sites are proved as 5-7 ring defects
of the nanotube surface which can be removed (changed)
by reacting with allyl acrylate molecules via Diels-Alder
reaction. The defect-removed SWNCTs show higher degree
of dispersion in solvent and enhanced FE currents compared
with pristine SWCNTs.
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