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The speculated temperature has induced/reversed the
oxidation of SDS-dispersed SWCNTSs in water, in which the
oxidation triggers the reorganization of SDS structure on
SWCNTs to afford selective adsorption in gel
chromatography. Molecular dynamics simulations are
performed to elucidate how the oxidation affects the
assembly of SDS structure on a SWCNT. We found the
formation of high-density SDS coatings over oxidized
SWCNT than unoxidized SWCNT, which implies the
temperature-dependent oxidation enables the
metal/semiconductor (M/S) separation of SWCNTs.
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Carbon nanotubes have remarkable electrical, optical and
mechanical properties that make them promising in many
applications, such as energy harvest and storage,
photoswitches, and molecular electronics. '* However, as-
synthesized single-walled carbon nanotubes (SWCNTs) are
complex mixture consisting of different electronic type and
species (n,m). Noteworthy, the peculiar properties of
SWCNTs are relying on the specific subpopulations present.
Hence, the separation of SWCNTs to identical
subpopulations is critical for their basic research and
technical applications.

Several methods have ability of separating SWCNTSs by
electronic type, including DNA- wrapping, density gradient
ultracentrifugation (DGU), gel electrophoresis, polymer
extraction, and aqueous two-phase extraction.”® A
chromatography-based separation approach was devised in
2009, where the polysaccharide gel was used as a separation
medium.'*"®  Like ion-exchange chromatography, the
polysaccharide gel is used in biochemical separation widely.
Tanaka et al. and Moshammer et al. observed an intriguing
phenomenon when exposing the sodium dodecyl sulfate
(SDS) -dispersed SWCNTs to the gel matrix.!® ! The
semiconducting species (sc-SWCNTs) are trapped or
strongly attracted to the polysaccharide gel primarily,
whereas metallic species (m-SWCNTs) passed through the
gel. This straightforward chromatographic method is quick,
scalable, and outputting gel-free SWCNTs. '8 12

The selective retention of sc-SWCNTs has enables the
M/S separation, where it is proposed that difference SDS
coverage and structures are formed for m-SWCNTs and sc-
SWCNTs. 222 In 2012, Hirano et al. revealed the net
absorbability (aK) of SWCNTs onto the gel matrix, which
has a proportional linear relationship with temperature,
indicating the significant contribution of temperature factor
in scaling interaction strength between SDS-SWCNTs and
gel matrix. » Several publications incorporated temperature
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effect onto gel chromatography in enhancing the different in
interactions of various (n, m) SWCNTs with the gel matrix.
As to separate single species or improving the M/S separation
at large diameter regime.?**® This method has advantages of
simplicity, low cost, and high efficiency. While the use of
temperature has been effective in separation of SWCNTs thus
underlying mechanism is little understood.

In this context, we attempt to discuss how the temperature
affects the assembly of SDS on SWCNT. The SWCNTs are
known to easily oxidized in an acidic medium and even
neutral solution. According to Nish et al., the oxidation of
SDS-dispersed SWCNTs in water can be reversed by
heating.”® At the same time, several recent publications have
utilized the redox effect to improve the metal/semiconductor
separation.’**> We, therefore, speculate temperature could
reduce/oxidize the SWCNTs, that yields selective adsorption
of sc-SWCNTs or m-SWCNTs at different temperature.
Herein, we presented an experimental study of the selective
adsorption of SWCNTs at different temperatures. The
temperature can affect the oxidation level of a SWCNT.
Molecular dynamics simulations are performed to show the
oxidation level could induce the reorganization of SDS
arrangement, hence explaining the enrichment-temperature
relationship observed. The experiment method for selective
adsorption (M/S separation) is adapted from literature with
minor modifications. ** Specifically, the temperature range is
extended to 50°C for the selective adsorption of m-SWCNTs.
The HiPCo SWCNTs were purchased from Nanolntegris
(Canada), with a length of 0.1 to 1.0 um and a diameter 0.8
to 1.2 nm. The cross-linked allyl dextran gel filtration media
(Sephacryl® S200HR, G.E. Healthcare), sodium dodecyl
sulfate (SDS, Sigma Aldrich >99%) and sodium
deoxycholate (DOC, Alfa Aesar >98%) were used as
purchased without further purification. A 100 mg of HiPco
SWCNTSs powder was suspended in 100 ml aqueous 0.5 wt.%
SDS by tip sonication (Scientz -1ID, 120W) for 2h while
being immersed in a water bath (12°C). The dispersion was
centrifuged at 215000g (Sorvall WX100) for 0.5h to sediment
out amorphous carbon and large bundles. 80-90% of
supernatant was extracted using pipettes and used for the
separation process.

Two 5 ml columns were filled with Sephacryl S200HR as
a filtration medium. The parent suspension, 0.5 wt.% SDS
solution and the gel column were immersed in a water bath
(Scientz DC-3010). To perform the M/S separation at room
temperature, the water bath was pre-equilibrated at 25°C
(room temperature) for 20 min. The column was then
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Figure 1 Absorption spectra of SWCNTSs that underwent M/S separation (a) passed through SWCNTs and trapped SWCNTs at room temperature (b) trapped
SWCNTs at various temperatures (trapped). All the spectra were normalized to 627 nm for ease of comparison and clarity. (c) The Raman spectra of trapped
SWCNTs at different temperatures. All the spectra were normalized to G band for ease of comparison and clarity

flushed with an SDS solution using a peristaltic pump
(Longer BT100, ~10 rpm) before applying the parent
suspension. The pass-through fraction was collected.
Subsequently, the columns were flushed with SDS solution
to elute the unbound SWCNTs. The trapped fraction was
obtained by applying 2 wt.% DOC solution to the columns.

Next, the M/S separation was conducted at five different
temperatures, which include 10°C, 20°C, 30°C, 40°C, and
50°C. The parent suspension was initially loaded onto the
columns at 10°C, in which the pass-through fraction was
collected and used for the next separation trial (at each
temperature, the separation was performed by loading the
pass-through fraction from the previous stage). The trapped
fraction was collected.

Optical absorbance spectra were measured using an
ultraviolet—near-infrared spectrophotometer (LAMDA 950,
Perkin Elmer). Raman spectra for 532 nm excitation were
measured using a confocal Raman microscope (HR800,
Horiba).

The molecular dynamics (MD) simulation is adapted
from literature with minor modifications.®® The MD
simulations were performed using the Forcite module from
Material Studio, which the COMPASS 1II force field
(Condensed-phased Optimized Molecular Potential for
Atomistic Simulation Studies II) modeled the atomic
interaction.** COMPASS is an all-atom force field for
atomistic simulation of common organic molecules, which
provides a valid description for SWCNT composites. The
simulations were conducted with the NVT ensemble at a
temperature of 298K in a rectangular box with dimensions of
approximately 74 A (x-axis) and 74 A (y- and z-axis). The
electrostatics were treated by using the Ewald summation
method with an accuracy of 0.001 kcal/mol, whereas the van
der Waals interactions were treated by using the atom-based
summation method with 12.5 A cutoff distance. The
temperature was controlled by using a Nose-Hoover-
Langevin thermostat. The integration time step was set to 1
fs.

The microscopic information of an uncharged or charged
SWCNT with surfactants was investigated. A (6,6) SWCNT
(with a diameter of 0.81 nm and a length of 74 A) was
selected as a representative SWCNT. The SWCNT was kept
rigid in a water box (74A x 74A x 74A) throughout the
simulations. The system contained a SWCNT, 48 dodecyl
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sulfate ions, and approximately 2700 water molecules.
Initially, the surfactants were scattering placed inside the box.
In the uncharged SWCNT system, 48 sodium ions were
added, whereas, in the charged SWCNT, 47 sodium ions
were added. The 5ns calculations were performed for each
system, that is, uncharged or charged SWCNT/SDS system.
We assigned one positive charge per 100 carbon atoms to
study a charged SWCNT system according to literature,
which also comparable to the experimental data.** ** The
charge was distributed to each carbon atom of the SWCNT
evenly. The total charge of the SWCNT was set to +7 for the
charged SWCNTs systems.

Initially, the M/S separation experiment is performed at
room temperature. The optical absorption spectra (Figure
1(a)) show the SWCNTs underwent M/S enrichment when
SDS -dispersed SWCNTs were loaded into the gel matrix at
room temperature. The S,, represents the Ey optical
transition of sc-SWCNTs, while M,; represents the E;,
optical transition of m-SWCNTs. The sc-SWCNT were
trapped to the gel primarily, whereas m-SWCNTs passed
through the gel matrix. The semiconducting enrichment is
evidenced by the intensified of S,, peaks and attenuation of
M peaks, whereas attenuation of Sy, peaks evidencing the
metallic enrichment. By performing optical absorption
spectroscopy evaluation, the purities of sc-SWCNTSs and m-
SWCNTs are estimated to be about 83% and 25%,
respectively.*

In subsequent, the M/S separation experiment was
conducted at five different temperatures. Based on the
optical spectra of trapped SWCNTs at different
temperatures (Figure 1(b)), sc-SWCNTs were separated
at 10°C and 20°C, as evidenced by the sharp S»,and S;; peaks,
as well as strong suppression of M;; peaks. While the
separation temperature increased from 30°C to 40°C, m-
SWCNTs are selectively enriched according to the sharp
M, peaks and diminished S;, peaks. Based on these
curves, the purities of sc-SWCNTSs are estimated to be
about 77% (10°C) and 92% (20°C), while purities of m-
SWCNTs are about 85% (30°C) and 80% (40°C). Although
the obtained purities are below par in comparison to recent
publications, it revealed the temperature effect enhanced the
M/S separation in gel chromatography.

We further compare the Raman spectra of trapped
SWCNTs at different temperatures (Figure 1(c)). Due to
the quantum confinement effect, the tangential G mode in
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SWCNTs (between 1500-1600 cm™) splits into G~ and G*
submodes, which G for atomic displacements along the tube
axis and G~ for modes with atomic displacement along the
circumferential direction.’” The broadening of G is typically
assigned to the presence of m-SWCNTs because of the

availability of a large number of free electrons in m-SWCNTs.

In Figure 1(c), the G is attenuated, which suggests the
separation of sc-SWCNTs from m-SWCNTs. The
broadening of G° becomes prominent as the temperature
increased, implying the enrichment of m-SWCNTs. The
Raman spectra are consistent with the optical absorption
analysis.

The van der Waals, steric and electrostatic interactions
are responsible for the adsorption of nanotubes onto gel
matrix. Hence, any difference in the surfactant structure will
therefore exert influence on these interactions. It generally
accepted that the SDS molecules are lying flat around the sc-
SWCNTs.?® In contrast, SDS molecules form ordered
cylindrical micelles around m-SWCNTs, in which nanotube
behaves like the core with the SDS extended radially from the
center. Niyogi et al. further evidenced a higher packing
density of SDS on m-SWCNTs than sc-SWCNTs. * These
are implying the formation of different SDS structure around
m-/sc-SWCNT to enable the M/S separation.

Boualem Hammouda found that micelle aggregation
number of SDS decreases with increasing temperature via
small-angle neutron scattering (SANS) technique.”’ Liu et al.
have speculated that lowering temperature reduces the
solubility of the SDS surfactant, inducing additional SDS
molecules to aggregate on the nanotube surfaces, forming
high-density SDS coatings.?*

Analogously, in our case, smaller SDS micelle structures
formed around the sc-SWCNTs at lower temperatures (10-
20°C), making them physisorbed on the gel surface. The m-
SWCNTs are less susceptible to being physisorbed onto the
gel surface because the high packing density and ordered
cylindrical micelles have overcome the van der Waals
interaction.” This may explain why most m-SWCNTs are
flow-through the gel matrix at low temperature. Inversely,
the SDS micelles shrank in size and got loosely packed as
temperature increased, promoting the physisorption of
SWCNTs onto the gel matrix.
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Figure 2 The graphical illustration of how the temperature affects
(induces/reverses) the oxidation of SWCNTs that enables the M/S
separation.

It is generally accepted that temperature affects the

oxidation level of SWCNTs, in which the oxidation is

reversible at elevated temperature due to O?, H/H,O couple
oxidizing strength is reported to vary with temperature.”
Importantly, oxidation leads to change in composition and/or
spatial arrangement of the surfactant around the SWCNTs
due to the presence of positive charges from oxidized
SWCNTs.?% 32 33,35, 41 Begides, the reduction potential of
SWCNT is reported to increase with increasing bandgap or
bandgap-dependent, implying m-SWCNTs with vanishingly
bandgap are prone to oxidation than sc-SWCNTs.?:3% 42

From literature, the selective oxidation through HCI and
CO»-bubbling successfully reduce the adsorbability of the m-
SWCNTs onto the gel matrix.***' In contrast, Yang et al.
have proposed that the prevention of the oxidation of
SWCNTs through the addition of NaOH, that neutralizing the
H" ions in aqueous solution.*! Importantly, Nish et al.
revealed the oxidation of SDS-dispersed SWCNTs in water
could be reversed by heating.”” We, therefore, reasoning the
temperature has induces/reverses the oxidation of SWCNTs
that enhances the M/S separation (Figure 2).

At lower temperatures (10-20°C), the O, combines with
H" in the water, which removed an electron from SWCNT
and subsequently triggered the reorganization of the SDS
layer”® We postulated the m-SWCNTs, were they covered
with more SDS molecules in comparison to sc-SWCNTs, as
they are more susceptible to the oxidation in the presence of
H" and O, because of smaller reduction potential. The high-
density SDS coating on m-SWCNTs is making them less
likely to be physisorbed on the gel surface than sc-SWCNTs,
that allows the metal/semiconductor separation. However,
the dissolved gases in aqueous solution (e.g., O, and CO,)
decrease at elevated temperature, which diminishing the
oxidizing strength of O,, H/H,O couple.”’ It then again
triggered the reorganization of the SDS layer on m-SWCNTs,
making them covered with fewer SDS molecules and

physisorbed on the gel surface.
SWCNT

DS ion

front-view

Figure 3 The assembly of SDS surfactants around (a) an uncharged
SWCNT (b) positively charged SWCNT at Sns. The water molecules are
hidden for clarity.

Table 1. The number of SDS in the vicinity of the uncharged
and positively charged SWCNT. They are estimated according to
the number of S atoms of DS existing at the distance of 8-20A
from the SWCNT's axial center.
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Uncharged Positively charged
SWCNT SWCNT
Number of surfactant 21 30
ions
Average ion surface 1.11 1.59

coverage (ion/nm?)

To evaluate the oxidation triggers the reorganization of
SDS, we then simulated the assembly of SDS on
oxidized/unoxidized SWCNT. The positively charged
SWCNT exemplifies the oxidization of SWCNT under low
temperature, whereas uncharged SWCNT represents the
suppression of oxidization under elevated temperature. For
the uncharged system, the SDS migrated towards the
SWCNT surface. In the equilibrium state at Sns (Figure 3(a)),
the SDS wrapped around the SWCNT and formed a
cylindrical micelle structure on the nanotube's surface, where
the SDS aligned in perpendicular to the nanotube axial.** The
SDS surfactant constitutes a hydrophilic head group and a
hydrophobic tail. The hydrophilic head was leaned toward the
water molecules, whereas the hydrophobic tail was attracted
to the SWCNT surface due to van der Waals attraction. This
behavior may create a distribution of negative charges that
prevent their aggregation and induced stable suspensions in
water.

From Figure 3(b), the positively charge SWCNT has a
higher density of SDS surfactants in comparison to the
uncharged SWCNT ((1.59 ion/nm? vs. 1.11 ion/nm?). There
were 30 SDS surfactants in the vicinity of the positively
charged SWCNT, but only 21 SDS surfactants were
assembled around the uncharged SWCNT, as summarized in
Table 1. The oxidation is favoring the formation of a compact
cylindrical micelle structure on the nanotube's surface.

(a) (uncharged swent) C1a-ENT

sitivety charge swenty C122CN

RDF, g(r)
w

0 10 20 30
Distance (angstrom)

—C; (uncharged SWCNT)
—— C,, (positively charged SWCNT,

0 500 1000
Time (ps)

Figure 4 (a) RDF of CNTs to C), (tail of SDS) and S (head of SDS) in
SWCNT/water/surfactant systems, for charged and uncharged SWCNT.
(b) MSD of Cy; (tail of SDS) in SWCNT/water/surfactant systems in the
period 4-5ns.

The mean-squared displacement (MSD) and radial
distribution function (RDF) are used to describe the structural
transformation of molecules in SWCNT/water/SDS during

4

the equilibration. RDF is the probability of finding an atom
at a distance (r) from the given reference atom.** From Figure
4 (a), the first peaks for carbon atoms of the surfactant tail
end (Ci» for SDS) and sulfur atom of the head (S for SDS) are
observed at approximately 5 A and 7 A, respectively. At the
short distances (less than atomic diameter), RDF is zero due
to the strong repulsive forces, and within SWCNTs, there are
no surfactant molecules. The RDF of positively charged
SWCNT has more substantial value for CNT-C;, and CNT-S
than uncharged SWCNT, indicate a higher amount of SDS
assembled around the SWCNT, which consistent with the
observation (Table 1). For the positively charged SWCNTs,
the profiles of Ci» and S are found to have a prominent
secondary peak at 12 A and 10-17 A, respectively, which
imply the presence of double layers on the SWCNT surface
or higher packing of SDS. The prominent first and the second
peak with increasing distance indicate a more efficient
packing of surfactant molecules around SWCNT even at a
larger distance. The RDF then fell and passed through a
minimum value, implying unfavorable locations of having an
association between surfactant molecules and CNTs.

MSD is determines based on the position of the particle
over time. We analyzed the MSD of C, (tail of SDS) for
positively charged SWCNT and uncharged SWCNTs in
SWCNT/water/surfactant systems at the period 4-5ns, which
we considered the system had reached equilibrium (Figure
4(b)). The low displacement of C,» for positively charged
SWCNT implies most SDS were assembled and entangled
around the rigid SWCNT. In sharp contrast, the high
displacement of C;, for uncharged SWCNT revealed large
numbers of SDS were fleeing and having free movement in
the water. It should be noted that the displacement of
molecules is related to particle mobility and a significant
displacement increment reveals a more energetic activity. It
is logical to correlate the weak activity infers the higher
numbers of SDS molecules being assembled around the
SWCNT. The strong electrostatic attraction and van der
Waals have restricted the fleeing and free movement of SDS
in water, thus explains the low MSD value.

In summary, we demonstrate the temperature effect
enhanced the M/S separation of SWCNTs in gel
chromatography. It is proposed, which in agreement with the
literature, the temperature has induced/reversed the oxidation
of SDS-dispersed SWCNTs in water, in which the oxidation
triggers the reorganization of the SDS structure on SWCNTs
to afford selective adsorption.”” MD simulations are carried
out to illustrate the temperature-dependent oxidation exerts
influence over the assembly of SDS on a SWCNT. The
positively charge SWCNT, as a model for oxidized SWCNT
under low temperature, has a high-density SDS coating (1.59
ion/nm? vs. 1.11 ion/nm?) in comparison to the uncharged
SWCNT (model for unoxidized SWCNT under elevated
temperature). The RDF and MSD analysis supported the
formation of high-density SDS coating on oxidized SWCNT,
implying the temperature-dependent oxidation enhances the
metal/semiconductor separation of SWCNTs.
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