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Abstract The insolubility of carbon nanotubes (CNTs) in
aqueous media has been a limitation for the practical applica-
tion of this unique material. Recent studies have demonstrated
that the suspend ability of CNT can be substantially improved
by employing appropriate surfactants. Although various sur-
factants have been tested, the exact mechanism by which
carbon nanotubes and the different surfactants interact is not
fully understood. To deepen the understanding of molecular
interaction between CNT and surfactants, as well as to inves-
tigate the influence of the surfactant tail length on the adsorp-
tion process, we report here the first detailed large-scale all-
atomistic molecular dynamics simulation study of the adsorp-
tion and morphology of aggregates of the cationic surfactants
containing trimethylammonium headgroups (C,,TAB and
C16sTAB) on single-walled carbon nanotube (SWNT) sur-
faces. We find that the aggregation morphology of both
C,TAB and C;,TAB on the SWNT is dependent upon the
number of the surfactants in the simulation box. As the num-
ber of the surfactants increases the random monolayer struc-
ture gradually changes to the cylinder-like monolayer struc-
ture. Moreover, we make a comparison between the C;,TAB
and C;¢TAB adsorption onto SWNTs to clarify the role of
the surfactant tail length on the adsorption process. This
comparison indicates that by increasing the number of
surfactant molecules, the larger number of the C,4,TAB
molecules tend to adsorb onto SWNTSs. Further, our results
show that a longer chain yields the higher packed aggregates
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in which the surfactant heads are extended far into the aqueous
phase, which in turn may increase the SWNTs stabilization in
aqueous suspensions.
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Introduction

Carbon nanotubes (CNTs) are structurally unique materials that
exhibit excellent mechanical, electrical, thermal, and optical
properties [1], and they offer potential promise for a number of
novel applications [2, 3]. However, their high aspect ratio and
propensity to aggregate into bundles makes disentanglement and
dispersion non-trivial processes limiting commercial applicabil-
ity [4]. In recognition of this problem, development of dispersion
technologies based on both chemical and physical approaches
has been extensively studied. Chemical functionalization was
proposed to be a promising method to improve dispersion of the
carbon nanotubes in organic solvents [5—7] as well as in aqueous
media [8—12]. However, covalent functionalization disrupts the
m-networks of CNTs, which creates possible losses in their
mechanical and electrical properties. Thus, attention has turned
toward the noncovalent modification to obtain aqueous CNT
suspensions. This approach is based on the adsorption of appro-
priate molecules on the CNT surface, usually surfactants [4, 9,
13], aromatic compounds [14], and polymers [15, 16], which
preserves their desired properties.

In the past several years, the noncovalent stabilization by
surfactants has been widely used in the preparation of aqueous
solutions of individually dispersed CNTs. Among the various
surfactants investigated, sodium dodecylbenzenesulfonate
(SDBS) [4, 17, 18], sodium dodecyl sulfate (SDS) [4, 17,
18], hexadecyltrimetylammonium bromide (C,4TAB) [4, 19],
octyl phenol ethoxylate (Triton X-100) [4, 18, 19], and sodium
cholate (SC) [17] are the most commonly used. Unfortunately,
detailed studies on dispersing nanotubes through surfactant
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adsorption sometimes give contradictory results. For exam-
ple, Islam and coworkers found minimal dispersion in wa-
ter of single-walled carbon nanotubes (SWNTs) using
dodecyltrimethylammonium bromide (C,,TAB) [4, 18], while
its longer chained relative, hexadecyl based C;4TAB imparted
substantial aqueous dispersability to both single-walled car-
bon nanotubes (SWNTSs) and multi-walled carbon nanotubes
(MWNTs) [4, 19, 20]. These results contrast the reported trend
that shorter alkyl chains enhance surfactant effectiveness in
dispersing nanotubes due to steric considerations in penetrat-
ing and exfoliating nanotube bundles. This illustrates that
nanotube diameter plays an important role in surfactant ad-
sorption. Further evidence for this is supported by surfactant
adsorption on graphite (negligible curvature nanotubes) in
which long chain is preferable [21]. Therefore, one should
study effect of the alkyl chain length and effect of the nano-
tube diameter separately, on the surfactant adsorption process.

The impact of surfactant concentration and the surfactants
molecular structure on the number of isolated nanotubes in
solution has been systematically investigated in a number of
phenomenological studies. However, since the interplay between
surfactants and CNTs is complicated and the number of potential
control parameters is large, a comprehensive understanding and
detailed insight about interaction mechanism between surfactant-
CNT and morphology of the surfactant adsorbed on the nanotube
surfaces are inevitable for successful dispersion procedure [22].
Currently, three kinds of morphology models have been pro-
posed for surfactant adsorption on the nanotube surfaces. CNTs
can be encapsulated within cylindrical micelles [23], or covered
with either hemispherical micelles [18, 24] or randomly [25]
adsorbed molecules. The binding mechanism between surfac-
tants and nanotube, however, remain a topic of debate. Different
arguments over the surfactant-nanotube may result from the
situation that these experimental studies originated from various
investigated systems, each with different carbon nanotube diam-
eters and different surfactant packing densities. This possibly
leads to an incomplete structure picture. On the other hand, in all
these studies, surfactant adsorption was not directly measured
and the adsorbed structures could not be observed. Besides, it
can be difficult to determine the actual surfactant concentration if
it is not measured directly because of surfactant adsorption on all
kinds of interfaces in the system, including CNTs, container
surfaces, and liquid—gas interfaces [22].

Computer simulations do not suffer from the experimental
limitation. Using computer simulations we are able to deter-
mine directly the actual concentration, the adsorbed amount,
and the adsorbed surfactant structures on the nanotube sur-
faces. Further, it is possible to investigate how the adsorption
on CNTs of given diameter may be affected by the molecular
architecture of the surfactants. However, the high computa-
tional cost of the all-atomistic MD simulations does not allow
to simulate large enough systems to determine the adsorption
isotherm of surfactant molecules on SWNTs.
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The potential of molecular simulations in studying surfactant
adsorption on CNTs has been demonstrated by a number of
recent studies. Wallace et al. [26] used coarse-grained molecular
dynamics to investigate the dependence of adsorbed structures
on the bulk concentration and calculated the average orientation
of the surfactant molecules with respect to the nanotube axis to
characterize the structures formed. Tummala et al. [27] used
fully atomistic molecular dynamics (MD) simulations and ob-
served that the morphology of SDS surfactant aggregates strong-
ly depends on the nanotube diameter as well as on the surface
coverage. In addition, interactions between two SDS-coated
SWNTs have been studied using MD simulations, including
elucidating the contributions from electrostatic and vdW inter-
actions to the simulated potential of mean force (PMF) between
the two SWNTs [28]. Aqueous dispersions of SWNTs stabilized
using the bile salt surfactant SC have been investigated via MD
simulations by Lin et al. [29]. Their simulations demonstrated
that the cholate ions wrap around the tubes with a small tenden-
cy to orient perpendicularly to the tube axis. MD simulations
have been used by Tummala et al. [30] to describe the self-
assembly of flavin mononucleotide (FMN) adsorbed on
SWNTs. They found that the aggregation morphology of aque-
ous FMN on SWNTs depends on nanotube diameter. Recently,
Suttipong and et al. [31] used fully atomistic MD simulations to
study the adsorption of sodium dodecylbenzenesulfonate
(SDBS) surfactants on SWCNTs from aqueous solution. They
showed that the surfactant molecular structure strongly affects
the packing of surfactants on the nanotubes, therefore modulat-
ing effective nanotube-nanotube interactions.

In this paper, we use a large-scale (up to 34,000 atoms) and
all-atomistic MD simulations to study the adsorption and self-
assembly of cationic surfactants containing trimethylammonium
headgroups (C1,TAB and C,,TAB) on the SWNT surfaces. The
only difference between these two surfactants is number and
length of their hydrocarbon tails. In particular, we wished to
investigate the behavior of the two cationic surfactants under
various surfactant packing densities and SWNT diameters. Fur-
thermore, we study the adsorption and self-assembly of C;,TAB
and C;4TAB in order to clarify the influence of tail length on the
adsorption process and structure formed. In our simulations,
cationic surfactant monomers and in some cases small micelles
will coexist with adsorbed cationic surfactant present in the
C 2, TAB-SWNT or C;,TAB-SWNT assembly, which is required
for the system to attain thermodynamic equilibrium.

Methods
Computational model
The GROMACS 4.5 software package [32] was employed to

perform MD simulations on several systems containing
SWNT, cationic surfactants containing trimethylammonium
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headgroups (C,,TAB or C;,TAB), and water. Two SWNTs
[(5,7) and (10,14)] 0of 4.45 nm long and with diameters 0f 0.82
and 1.64 nm, respectively, were considered. The SWNTs were
kept rigid throughout the simulations, with all the carbon
atoms in the nanotube treated as uncharged Lennard-Jones
(LJ) spheres using the LJ non-bonded interaction parameters
which corresponded to the naphthalene OPLS-AA (all-atom
optimized molecular potential for liquid simulation) carbon
atoms [33]. Water molecules were modeled using the standard
SPC/E model [34], with bond lengths constrained using the
SETTLE algorithm [35]. Cationic surfactant molecules
(C1,TAB or C;4TAB), which were assumed to completely
dissociate into bromide ions and dodecyltrimethylammonium
or hexadecyl-trimetylammonium ions were modeled using the
OPLS-AA force field and the atomic charges were determined
by RESP fit using the RED server [36-39]. The computed
atomic charges of dodecyltrimethylammonium and hexadecyl-
trimetylammonium ions were summarized in Table SI and
S2 in the Supporting information. Bond lengths in the
dodecyltrimethylammonium or hexadecyltrimetylammonium
ion were constrained using LINCS algorithm [40]. The long-
range electrostatic interactions were handled with the particle
mesh Ewald (PME) method [41, 42]. The van der Waals
interactions (vdW) were treated with cut off at 1.2 nm. The
vdW interactions between different atoms were calculated
from the LJ potential using the standard geometric averaging
rule which is implemented in the OPLS-AA force field.

The equations of motion were integrated with a time step of
2 fs using the Verlet (Leap-Frog) algorithm [43, 44]. All the
simulations were conducted under the NPT ensemble (constant
number of atoms, constant pressure of 1.0 bar, and constant
temperature of 300 K) in order to best mimic the experimental
conditions. Constant temperature and pressure were maintained
using the velocity-rescaled Berendsen thermostat [45] and a
Parrinello-Rahman barostat [46]. Periodic boundary conditions
were applied in all three directions. The trajectories, velocities,
and forces corresponding to all the atoms in the system were
saved every 1000 steps (2 ps) to satisfy the ergodicity criterion
for data analysis [47].

Simulated systems

For all simulated systems, one finite SWNT was maintained at
the center of simulation box, with its cylindrical axis oriented
along the z-direction. The SWNT was not allowed to move
during the simulations using a force constant of 1000 kJ mol
" nm™. Note that in experiments SWNT solubilization requires
sonication, leading to a randomized configuration of surfac-
tant molecules. Therefore we generated our starting configu-
rations by randomly positioning surfactant molecules around a
SWNT. Subsequently, the simulation box was filled with
water molecules. In order to maintain electroneutrality, an
appropriate number of water molecules were replaced by

bromide counterions resulting from the added either dodecyl-
trimethylammonium or hexadecyltrimetyl-ammonium ions.
The simulated systems, including the SWNTs, the total num-
ber of surfactant and water molecules, the total number of
atoms, and the size of simulation box are presented in Table 1.
Because most of the nanotubes were opened after sonication,
it is likely that the interior of the nanotube would be accessible
to the environment, and potentially filled by the solvent, ions
or other molecules. Therefore, the length of the simulation
boxes were chosen to be longer than the nanotubes length to
allow the water molecules or bromide ions to fill the
nanotubes. Before initiating the MD simulations, an energy
minimization was performed using the steepest decent method
to relax the systems. Each system was equilibrated for 12 ns,
and only the last 5 ns of simulation were used for data
analysis. Although this time scale is too short to entirely
understand the true dynamic properties of surfactant adsorp-
tion onto SWNT, the simulations can provide dynamical
information about the surfactant structures which is represen-
tative of the processes occurring in these systems. To show the
simulated systems have reached the stable minimum, we
plotted the variation of solvent accessible surface (SAS) areas
of the dodecyltrimethylammonium and hexadecyl-
trimetylammonium ions as a function of simulation time (see
Fig. S1 in the Supporting information). SAS area was traced
out by a probe sphere of radius 0.14 nm which was rolled
around the dodecyltrimethylammonium or hexadecyl-
trimetylammonium ions to identify their solvent accessible
surface areas.

Results and discussion

C,TAB adsorption and surface self-assembly on a SWNT
To study the influence of the surfactant concentration on the
adsorption and surface morphology of aggregates formed
on a nanotube surface, we randomly positioned an increas-

ing number of C;,TAB molecules (12, 19, and 26) around a
SWNT (5,7). Different numbers of C;,TAB molecules

Table 1 Simulation details for the systems studied in this work

SyStem SWNT NCIZTAB NC]()TAB Nwaler Ntotal atoms Box size

(nm’)
1 5,7 12 11002 34054 TxTxT
2 5,7 19 10893 34084 TxTxT7
3 (5,7) 26 10749 34009 TxTxT7
4 (5,7) 12 10967 34093 TxTxT
5 (5,7 26 10644 34006 TxT*xT
6 (10,14) 24 10581 33839 TxTxT
7 (10,14) 24 10473 33803 TxTxT
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added correspond to different surface packing density, with
12, 19, and 26 added C;,TAB molecules corresponding to the
original surface coverage of 1.05 (low surface coverage), 1.66
(moderate surface coverage), and 2.27 (high surface coverage)
molecule/nm?, respectively. The original surface coverage is
computed based on the SWNT diameter and length as well as
the number of surfactant molecules present at the simulation
box. All of surfactant packing densities are comparable to
those known for SDS and SDBS [27, 31]. Representative
simulation snapshots of a SWNT (5,7) covered by C,,TAB
molecules are shown in Fig. 1. As can be observed in Fig. 1,
there is a clear correlation between the C;,TAB surface cov-
erage and aggregates formed on the nanotube surfaces. At low
surface coverage, there is sufficient space on the nanotube
surface to fit the C;,TAB molecules and therefore C;,TAB
molecules prefer to lie parallel to the nanotube axis, as can be
seen in panel a Fig. 1. This conformation of C;,TAB mole-
cules exposes large areas of the hydrophobic C;,TAB tails to
the aqueous environment and positions the hydrophilic
C,TAB heads close to the nanotube surface however, the
number of surfactant tail-carbon atoms contacts increases
when the C,TAB surfactants lie flat on the nanotube surface.
Consequently, the hydrophobic interactions between surface
ofa SWNT and C,,TAB tails increase and make the C;,TAB-

Fig. 1 Representative simulation
snapshots of a (5,7) SWNT in
aqueous C,TAB solutions at
three different surface packing
densities a 1.05 molecule/nmz, b
1.66 molecule/nm?, and ¢ 2.27
molecule/nm?. The three plots on
the right are side views, and the
three plots on the left are
corresponding front views. Water
molecules are not shown for
clarity. Color code: red, nitrogen;
blue, bromide counterion; cyan,
carbon; white, hydrogen; silver,
carbon atoms in the SWNT.
Images are rendered by using
VMD visualization suite [48]. All
snapshots are at the 12 ns in the
MD simulations
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SWNT assembly stable. An important feature that can be seen
in panel a Fig. 1 is that the adsorbed C,,TAB molecules prefer
to self-assemble next to each other. Presumably this occurs so
that C;,TAB molecules are able to maximize their tail-tail
interactions. The binding or condensation of negatively
charged bromide ions contribute also in shielding some por-
tions of the electrostatic repulsion between C;,TAB heads and
keep C;,TAB molecules next to each other. As the C;,TAB
surface coverage increases the available nanotube surface area
per C;,TAB molecule reduces thereby, C;,TAB molecules
adsorb at shorter distance on the nanotube surface. Conse-
quently, both the electrical charge repulsions between
C,TAB heads and the repulsions between tail-head neighbor-
ing C,TAB molecules become stronger. At this condition,
C,TAB molecules either bend and wrap around the nanotube
surface or extend their heads toward the aqueous phase, as can
be seen in panel b in Fig. 1. For higher surface coverage, there
is little tube surface area available per C{,TAB molecule, the
repulsions just described become even stronger and as a result
the orientation of C;,TAB molecules on nanotube surface is
completely changed in comparison to low surface coverage
(see panel a and c Fig. 1). As can been observed in panel ¢
Fig. 1, most C;,TAB tails wrap around the nanotube surface
and the headgroups protrude toward the aqueous phase. In
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addition, few C;,TAB adsorbed stand up on the nanotube
surface such that fewer C;,TAB tail particles are in direct contact
with the nanotube surface. Presumably this occurs so that more
C1,TAB molecules are able to incorporate into C;;,TAB-SWNT
assembly. Moreover, this orientation of C;,TAB molecules
makes the hydrophobic surface of the SWNT and C,,TAB tails
shielded from the aqueous environment.

To investigate the C;,TAB adsorption mechanism on the
SWNT and to elucidate the orientation of aggregates formed
under different original surface coverages, we calculate the
orientation of C;,TAB molecules with respect to the SWNT
axis. The angle between C;,TAB molecules and the SWNT
axis is defined by

0 — ( Uswnr+Usur )
= arccos

[Dswnr||Vsur|

(1)

where O ¢z is the vector from the carbon atom at the end of the
dodecyl chain of C;,TAB surfactant to the nitrogen atom in the
trimethylammonium group (defined in Fig. 2) and Sgpnris the
SWNT axis vector. The 8 angle formed between the surfactant
molecule and the nanotube axis can be either wrapping angle
or contact angle, as illustrated in Fig. 2. If a surfactant molecule
is wrapped around the SWNT, the 0 angle can be described as
a wrapping angle, or alternatively, if a surfactant molecule is
rotated away from the nanotube surface, in which case, the 6
angle can be considered as a contact angle. Note that when the
angle between the C;,TAB surfactants and the SWNT axis is
0° or 180°, the correspondent vector is parallel to the nanotube
axis. When this angle is 90°, the vector is perpendicular to the
nanotube axis.

-

o
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Fig. 2 a Illustration of a surfactant molecule wrapping around a SWNT
and formation of a wrapping angle © with respect to the SWNT axis. b
Ilustration of a surfactant molecule rotated away from the tube surface and
formation of a contact angle 0 between the surfactant and the nanotube

The orientation distribution for C,TAB surfactant mole-
cules at three different surface packing densities are shown in
Fig. 3. At low surface coverage, the largest peaks are close to
0° and 180°, indicating that C;,TAB molecules tend to orient
almost parallel to the SWNT axis. This result is consistent with
observations in recent MD simulations of SDS and SC self-
assembly on the nanotube surface [27, 29]. However, unlike
the SDS and C;,TAB surfactants, SC surfactant also have a
tendency to orient almost perpendicular to the nanotube axis at
low surface coverage to accommodate their slightly bent
planar chemical structures with respect to the curved nanotube
surface. The same orientation of SDS and C,,TAB molecules
to the SWNT axis suggests that the surfactant headgroup size
and the counterion radius do not play a major role at low
surface coverage in morphology of aggregates formed on the
SWNT surfaces (both SDS and C,,TAB have the same
tailgroup). Upon increasing the surface coverage, the proba-
bility of parallel orientation of C;,TAB decline. Instead,
C,TAB molecules prefer to wrap around the SWNT and form
various wrapping angle with respect to the nanotube axis.
Note that for the case of high surface coverage, C;,TAB
molecules have a small tendency to orient almost perpendic-
ular with respect to the SWNT axis, in which case, they form
the contact angle with the nanotube surface. These results
further confirm that arrangement of the C;,TAB adsorbed
depends on the surface coverage. Our simulations demon-
strate that at low surface coverage the entire C;,TAB tails
and heads are in direct contact with the nanotube surface and
they form the angles close to the 0° or 180° with respect to the
SWNT axis which is more consistent with the random adsorp-
tion model. However, it seems that upon increasing the sur-
face coverage, the C,TAB adsorption mechanism gradually
changes such that at high surface coverage C;,TAB molecules
either wrap around the nanotube or stand up in a “tails on”
configuration [23]. For this reason, our results suggest that a
cylindrical model may be preferred for surfactant high pack-
ing density, although additional simulations at higher surface
coverage are necessary to further corroborate this suggestion.

To clarify the C;,TAB adsorption mechanism on nanotube,
we plot the radial distribution function (RDF) of tail and head
segments with respect to the axis of the tube at three different
surface coverages. As can be observed in Fig. 4, a common
feature shared by three tail segment RDF curves is that all
display one strong peak at ~ 0.8 nm, confirming the C;,TAB
tails adsorb on the nanotube surfaces and form an adsorption
monolayer as well. Similar results have been reported for the
case of SDS and SDBS adsorption onto SWNT at low surface
density [27, 31]. However, our results demonstrate the forma-
tion of monolayer structure even at high surface density,
whereas a second shell of tail segments has been formed for
SDS adsorption onto SWNT at high surface density [27]. The
tail segment RDF profiles in Fig. 4 further indicate that the
thickness of an adsorption monolayer increases from ~ 0.3 to
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Fig. 3 Simulated distribution 4.0%
profiles of the angle formed
between the vector of the 35%
dodecyltrimethylammonium
ions and the SWNT axis. Results 3.0% -
are obtained for the systems
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0.5 nm and the peak intensity decreases upon increasing the
surface coverage. This suggests that C;,TAB tails are rotated
away from the SWNT surface such that fewer C{,TAB tail
particles are located adjacent to the nanotube surface. This
orientation of C;,TAB tails causes a smaller amount of water
molecules can be found near the nanotube surface (see Fig. S2
in the supporting information for more details). The head
segment RDF curves for all surface densities demonstrate
one obvious peak at ~ 0.9 nm in which overlap with the tail
segment curves. In the case of low surface coverage, the
profile clearly shows that most C;,TAB heads are located
near the nanotube surfaces and almost the same position of
C1,TAB tails and only a small fraction of the C;,TAB heads
are positioned further and extended to the aqueous phase, as
can be noticed from the shoulder found at ~ 1.2 nm in panel a
Fig. 4. This result confirms that the random adsorption can be
appropriately used to model C;,TAB adsorption at low sur-
face density. As the surface density increases, the shoulder
becomes stronger and broader, indicating that more C;,TAB
heads are located further from the nanotube surface and point-
ed outward to the water. This observation along with the
thickness increase of the adsorption monolayer at high surface
density may propose that there is a transition in interaction
mechanism upon increasing the surface coverage from ran-
dom adsorption to cylindrical adsorption. Our MD simulation
results at low and high surface coverage have been experi-
mentally reported for the self-assembly structure of the CTAB
and SDS surfactant adsorbed on the SWNT [23, 49].

As mentioned earlier, counterion-condensation phenomena
contribute in shielding some portions of the electrostatic re-
pulsion between C;,TAB heads. This feature can be seen in
Fig. 5, where we plot the RDF profile of bromide ions respect
to the axis of the tube at three different surface densities. As
can be observed in Fig. 5, bromide ions accumulate near the
C,TAB heads and neutralize some parts of head charges. As
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the distance r increases the counterion RDF profiles decay
slowly. These results confirm that SWNT-C;,TAB complexes
can be thought of as polyanions, in which counterion conden-
sation does not manage to neutralize the entire complex
charge, as has been reported by Manning [50-52]. Similar
simulation results have been observed in the case of SDS and
SC adsorption onto SWNTs [27, 29].

Tail length effect: C;sTAB adsorption on a SWNT

To examine the influence of the tail length on nanotube
adsorption we perform self-assembly simulations of C;sTAB
surfactant molecules around the SWNT (5,7) at conditions
comparable to those considered above. For this purpose, we
randomly position either 12, or 26 C;,TAB molecules around
the nanotube in which 12, and 26 added C,;sTAB molecules
corresponding to the original surface coverage of 1.05 (low
surface coverage), and 2.27 (high surface coverage) molecule/
nm?, respectively. Representative simulation snapshots of
C16TAB adsorbed on a (5,7) SWNT at low and high surface
coverages are shown in Fig. 6. Visual inspection of simulation
snapshots at low surface coverage indicate that C;4TAB mol-
ecules align parallel respect to the nanotube axis, consistent
with the C,TAB study. Undoubtedly this orientation of
C16TAB molecules must be attributed to the hydrophobic
interactions between surfactant tail-carbon SWNT. Compared
to the C,,TAB surfactant, the number and length of hydrocar-
bon tails in C;4TAB have been increased. Thus, there is a
stronger repulsion between tail-head neighboring C,sTAB
molecules with antiparallel orientation. This repulsion along
with an electrostatic repulsion between heads make the
C16TAB heads protrude pronouncedly toward the aqueous
phase, as can be seen in panel a Fig. 6 (see also panel a
Fig. 1). As mentioned earlier for the C|,TAB study, upon
increasing the original surface coverage, surfactant molecule



J Mol Model (2013) 19:4319-4335

4325
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adsorb at shorter distance on the nanotube surface so both the
head-head and tail-head repulsions increase and make the
C,TAB molecule either wrap around the tube or C|,TAB
heads protrude toward the aqueous phase. For the C;;,TAB
surfactant at high surface coverage (2.3 molecule/nm?), the
nanotube surface area available per C;sTAB tail particle has

been reduced in comparison to the C;,TAB study. Note that
the tube surface area available per C;,TAB molecule is the
same as the C;,TAB molecule. However, C;,TAB has a
longer hydrocarbon tail which leads to the reduction of the
tube surface area available per C,sTAB tail particle. There-
fore, packing of the C;,TAB molecule on the SWNT surface is

@ Springer



4326

J Mol Model (2013) 19:4319-4335

Fig. 5 Simulated radial
distribution functions (RDFs) of
bromide counterions around the
CNT as a function of the distance
from the axis of the tube at three
different surface packing densities
which correspond to the systems
shown in Fig. 1

RDF

— Low Surface Coverage
----- Moderate Surface Coverage
High Surface Coverage -

S hise

more difficult than C;,TAB molecule. Consequently, the dif-
ficulty of packing of longer molecule along with the head-
head and tail-head repulsions make the C;4TAB heads pro-
trude more pronouncedly toward the aqueous phase and fewer
tail particles (even compared to C,TAB study) being in
contact with the tube as well, as can be observed in panel b
Fig. 6. Presumably this transition in adsorption mechanism
occurs so that more C;sTAB molecules are able to incorporate
into the C;,TAB-SWNT assembly, thereby minimizing expo-
sure of the hydrophobic SWNT and the CsTAB tails to the
aqueous environment. In addition, we point out that C;sTAB
molecules do not wrap around the SWNT at high surface

Fig. 6 Representative simulation
snapshots of a (5,7) SWNT in
aqueous C;4TAB solutions at two
different surface packing densities
a 1.05 molecule/nm’and b 2.27
molecule/nm?. The two plots on
the right are side views, and the
two plots on the left are
corresponding front views. Water
molecules are not shown for
clarity. The color code is the same
as that used in Fig. 1. Images are
rendered by using VMD
visualization suite. All snapshots
are at the 12 ns in the MD
simulations
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coverage, inconsistent with the C,,TAB study. This may be
attributed to the C;4TAB longer tail which increases the
energetic cost for wrapping the molecule around the nanotube
circumference.

In order to elucidate the C;sTAB adsorption mechanism
under low and high surface coverages and to reach a better
understanding of the influence of the tail length on the SWNT
adsorption, we calculate the angle between the vector identi-
fied by the axis of the C;4TAB molecule (defined in Fig. 7)
and the axis of the nanotube according to Eq. 1. The orien-
tation distribution for C;cTAB surfactants at two different
surface coverages are shown in Fig. 7. As shown in Fig. 7,
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there is a clear correlation between the surface coverage and
the C;¢sTAB orientation. At low surface coverage, there are
two obvious peaks~10° and 170°, indicating that C;,TAB
molecules tend to orient nearly parallel with respect to the
nanotube axis. Compared to the C;,TAB and SDS molecules,
the angles formed between C;sTAB axis and the SWNT axis
are larger which can be attributed to the fact that C,(TAB
heads protrude pronouncedly toward the water. For high sur-
face coverage, Fig. 7 displays four broad peaks at around
10°,60°,120°, and 170° in which the positions of two peaks
are the same as those observed at low surface coverage. This
indicates that at high surface coverage, some C;sTAB orient
nearly parallel to the SWNT axis and only their heads point
toward the aqueous phase. However, two peaks at around 60°
and 120° demonstrate that upon increasing the surface cover-
age, the orientation of some C;4TAB molecules change such
that not only their heads protrude toward the water but also
their tail particles stand up and rotate away from the SWNT
surface. Figure 7 also shows that upon increasing the surface
coverage, the C;cTAB tendency to form various contact an-
gles with respect to the nanotube axis increases. Compared to
the C;,TAB study, the C;cTAB tendency for being perpen-
dicular with respect to the SWNT axis has been increased.
Therefore, our results at high surface coverage seem to be in
line with the hypothesis that surfactant form cylindrical mi-
celles on the SWNT surface. However, for low surface cover-
age a random adsorption model is thought to be more consis-
tent with our simulations. The C4TAB adsorption mecha-
nisms for both low and high surface coverages are in agree-
ment with our C;,TAB study and the experimental results of
CTAB adsorption on nanotube [49].

In order to attempt to clarify the role of surfactant tail length
on the surface isolation of carbon nanotube from the environ-
ment, we compare the radial distribution function (RDF) of
water molecules with respect to the axis of the tube for the

systems contain either C;,TAB or C,sTAB surfactants at dif-
ferent original surface coverages. Figure 8 shows that at low
original surface coverage, the position and intensity of peaks for
both C;,TAB and C,,TAB surfactants are the same, indicating
that there is no difference between the amounts of water mol-
ecules near the nanotube surface for both systems. However, as
will be described in more detail in the next section, the amount
of C;sTAB adsorbed onto (5,7) SWNT at low surface coverage
is smaller than that for C;,TAB (see Table 2). This fact indicates
that C;cTAB surfactant are more effective at shielding the
nanotube surface from being in contact with water molecules.
Note that the high intensity peaks around 0.1 nm are due to the
water molecules in the interior of the SWNTSs. For high surface
coverage, the peak intensity around 0.75 nm as well as the
shoulder intensity found around 1 nm decreases for the system
that contains C,,TAB molecules, implying that C;,TAB can
effectively decrease the interaction between water molecules
and the SWNT surface. Therefore, our simulations prove that
the C;sTAB surfactant can more strongly isolate the SWNT
surface from the environment (in this case water molecules)
even when the C;,TAB coverage is denser on the SWNT
surface than in C;¢TAB. One of possible reasons for the better
isolation of nanotube surface in C;4TAB can be attributed to the
morphology of aggregates formed at these systems. It is worth
pointing out that at low surface coverage and particularly at
high surface coverage C;sTAB heads protrude pronouncedly
toward the aqueous environment in comparison to the C;,TAB
study. Since previous calculations for the potential of mean
force between nanotubes in the presence of aqueous surfactants
have demonstrated that the surfactant heads ability to orient
perpendicularly to the nanotube axis promote long-ranged re-
pulsive forces between the nanotubes and lead to the effective
stabilization of aqueous dispersions [30], therefore it is reason-
able to conclude that C;sTAB ability to stabilize SWNTs in
aqueous suspensions is better than C;,TAB.

Fig. 7 Simulated distribution T

profiles of the angle formed
between the vector of the
hexadecyltrimetylammonium
ions and the SWNT axis. 3.0% 1
Results are obtained for the
systems shown in Fig. 6. In the
hexadecyltrimetylammonium
structure shown, the dotted line
connecting the nitrogen atom

in the trimethylammonium group
with the carbon atom at the
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Fig. 8 Simulated radial 4
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To deepen our understanding of interaction mechanism
between C;sTAB-SWNT and morphology of the C;(TAB
adsorbed on the nanotube surfaces and to compare the
C6sTAB and C,,TAB adsorption, we plot the radial distribu-
tion function (RDF) of C;cTAB tail and head segments with
respect to the axis of the tube at two different original surface
coverages. As shown in Fig. 9, both tail segment RDF curves
at low and high surface coverages display one strong
peak~0.8 nm, indicating that C;sTAB tails have been adsorbed
as a monolayer on the nanotube surface, consistent with the
C,TAB study. For low surface coverage, panel a Fig. 9 illus-
trates that a majority of C;4TAB heads are positioned adjacent
to the nanotube surface and C;4TAB tails, as can be identified
from the obvious peak at around 0.9 nm which overlaps with
the tail segments profile. A small portion of C;sTAB heads
tend to be exposed to water, as can be noticed from the
shoulder found at around 1.1 nm in panel a Fig. 9. However,
at high surface coverage, we observe two noticeable peaks

Table 2 Population analysis results for C;;TAB and C;,TAB on SWNTs

found at~0.9 and 1.2 nm, in which the first one indicates that
some of the C;4TAB heads are located near the nanotube
surface and the C4,TAB tails as well and the latter confirms
that some of the C;sTAB heads prefer to position further from
the nanotube surface and extend to water (see panel b Fig. 9).
Compared to the C,,TAB adsorption, a greater number of
C,cTAB heads have been extended to the water. Hence, our
results demonstrate that there is a transition in adsorption
mechanism upon increasing the surface coverage. At low
surface coverage, C;¢TAB heads and tails are located at the
same position, suggesting the random structure, while for high
surface coverage a cylindrical structure may be preferable. It is
worth pointing out that the structure of C;,TAB and C;,TAB
aggregates formed at high surface coverage on the SWNT
considered here are different compared to those obtained on
flat graphite surfaces. As previously shown in the literature,
molecular dynamics simulations [53], in agreement with ex-
perimental atomic force microscopy (AFM) measurements

system Original surface Average number of Average number of Average number Effective surface Excess surface
coverage (Sor) C,TAB adsorbed C,¢TAB adsorbed of non-adsorbed coverage (Ser) coverage (Sex=Sor~ Sef)
molecule/nm? surfactant molecule/nm® molecule/nm

1 1.05 991 2.09 0.86 0.19

2 1.66 12.72 6.28 1.11 0.55

3 227 15.79 10.21 1.38 0.89

4 1.05 8.00 4.00 0.70 0.35

5 227 17.98 8.02 1.57 0.70

6 1.05 20.27 3.73 0.88 0.17

7 1.05 22.00 2.00 0.96 0.09
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[54, 55] of cationic surfactants containing trimethylammonium
headgroups (C;,TAB and C;4TAB), adsorbed on graphite at
high surfactant density yield hemicylindrical type of aggre-
gates. One of the possible causes of the difference observed in
surfactant aggregates morphology can be attributed to the high
curvature nanotube surface.

SWNT diameter effect

Lastly, we investigate whether or not the SWNT diameter has
an effect on the C12TAB and C16TAB adsorption and the
morphology of aggregates formed under low surface coverage.
We study the morphology of the surfactant aggregates at low
surface coverage because such aggregates provide a template
to those formed at higher surface coverage. To perform simu-
lations, we randomly position either 24 C;,TAB or 24 C,;,TAB

molecules around a SWNT (10,14), corresponding to the
original surface coverage of 1.05 (low surface coverage)
molecule/nm®. Figure 10 shows the views of the representative
simulation snapshots of the C;,TAB and C;4TAB adsorbed on
a (10,14) SWNT at low surface coverage. Visual inspection of
simulation snapshots for C,,TAB surfactant indicate that some
of the C|,TAB tails align with the nanotube axis, whereas
some of the C;,TAB tails prefer to wrap around the nanotube,
as can be seen in panel a Fig. 10. It is clear that the hydrophobic
interaction between the nanotube surface and surfactant tails is
responsible for these kinds of orientations. However, we did
not observe C,TAB tails wrapped around the narrow (5,7)
SWNT at low surface coverage. Presumably, this is because the
energetic cost for C;,TAB molecules to wrap around a narrow
tube is higher. Hence, upon increasing the SWNT diameter, it
becomes easier for C;,TAB molecule to wrap around the
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Fig. 10 Representative
simulation snapshots of a (10,14)
SWNT in aqueous solutions of a
C,TAB and b C,4TAB at surface
packing density of 1.05 molecule/
nm?. The two plots on the right
are side views, and the two plots
on the left are corresponding front
views. Water molecules are not
shown for clarity. The color code
is the same as that used in Fig. 1.
Images are rendered by using
VMD visualization suite. All
snapshots are at the 12 ns in the
MD simulations

nanotube. Similar to the C;,TAB adsorption on a (5,7) SWNT,
most of C;,TAB heads are located near the (10,14) SWNT
surface and C;,TAB tails. Obviously, the binding of negatively
charged bromide ions contribute in shielding some portions of
the electrostatic repulsion between C1,TAB heads and give rise
to the C;,TAB adsorb next to each other.

One clear difference between the C,TAB and C,4TAB
adsorption on a (10,14) SWNT is that a large number of
Ci6TAB tails prefer to align with the nanotube axis and do
not wrap around the SWNT surface (see panel b Fig. 10). As
pointed out earlier, this is probably because C;sTAB has a
longer tail which increases the energetic cost for wrapping the
molecule around the nanotube circumference. Another differ-
ence between these two systems is that C;,TAB heads protrude
pronouncedly toward the aqueous phase.

In order to quantify the effective surface coverage of both
C1,TAB and C4TAB for all our systems studied as well as to
clarify the role of tail length on the adsorption process, we
compute the time-averaged number of either C;,TAB or
C6TAB adsorbed on the SWNT. A surfactant molecule is
assumed to be adsorbed on the nanotube surface if the distance
between the surfactant center of mass and center of mass of
the SWNT (5,7) and SWNT (10,14) is up to 1.9 and 2.3 nm,
respectively, and the surfactant molecules that are beyond the
cutoff distance are considered as dispersed in the aqueous phase
which can be found as monomers and, in some cases (at high
surface coverage systems), as small aggregates. The average
number of non-adsorbed surfactants is calculated as the

@ Springer

difference between the total number of surfactant molecules
present in the simulation box and the average number of
surfactant molecules adsorbed on the nanotube surface. Subse-
quently, the surfactant effective surface coverage is computed
based on the SWNT diameter and length as well as the number
of surfactant molecules adsorbed on the SWNT surface. In
addition, estimating the excess surface coverage is quite
straightforward. Specifically, the excess surface coverage is
equal to the difference between the original surface coverage
and the effective surface coverage. Detailed results of popula-
tion analysis for both C;,TAB and C;,TAB molecules at low
and high surface coverages have been reported in Table 2.

As can be seen in Table 2, for C;,TAB adsorption on a (5,7)
SWNT at low, moderate, and high surface coverages, corre-
sponding to the systems 1 to 3, both the number of C;,TAB
surfactant adsorbed on the nanotube surface and the number
of non-adsorbed C;,TAB molecules in the aqueous phase
away from the nanotube increase upon increasing the original
surface coverage. Consequently, the effective C;,TAB surface
coverage increases from 0.86 to 1.38 molecule/nm? and the
excess C;,TAB surface coverage increases from 0.19 to 0.89
molecule/nm® as well. Note that the increase of the excess
surface coverage upon increasing the original surface cover-
age is sharper than the increase of the effective surface cover-
age. This fact indicates that upon increasing the original
surface coverage, the number of non-adsorbed surfactant mol-
ecules would be larger than the number of the C|,TAB
adsorbed on the nanotube surface. For the C;,TAB adsorption
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at low surface coverage on a (10,14) SWNT, corresponding to
system 6, the values of both the effective and excess C;,TAB
surface coverages are almost the same as those obtained for
the case of low C;,TAB surface coverage on a (5,7) SWNT
(system1). Therefore, our results demonstrate that effect of the
SWNT diameter on the effective surface coverage of the
C,TAB molecule is weak. Similar results have been reported
in the case of SDBS adsorption onto SWNT [31].

For the C,4,TAB adsorption on a (5,7) SWNT, correspond-
ing to the systems 4 and 5, both the effective C;cTAB surface
coverage and the excess C,4TAB surface coverage have been
increased, consistent with the C;,TAB surfactant. However,
the increase of the excess surface coverage upon increasing
the original surface coverage is weaker than the increase of the
effective surface coverage. It means that with increasing the
original surface coverage, the number of C;¢TAB adsorbed on
the nanotube surface increases more than the number of the
non-adsorbed surfactant molecules. This result contrasts with
the C;,TAB case, where the number of adsorbed C,,TAB
molecules is smaller. This different behavior may be due to
the fact that the C;4TAB has a longer chain which increases
the hydrophobic interactions between surfactant tail particles
and makes favorable the adsorption of C;,TAB molecules by
increasing the original surface coverage. Thus, our results
suggest that the effective surface coverage is influenced not
only by the hydrophobic interactions between surfactant tails
and the SWNT but also the hydrophobic interactions between
surfactant tails. Note that upon increasing the number of sur-
factant molecules present in the simulation box, the effect of the
surfactant tails interactions on the effective surface coverage
become stronger. For this reason the value of effective C;,TAB
surface coverage obtained for the adsorption of C;cTAB on a
(10,14) SWNT (system 7) has been substantially increased in
comparison to the C;sTAB adsorption on a (5,7) SWNT.

For CsTAB adsorption on a (5,7) SWNT at low surface
coverage (system 4), the value of the effective surface coverage
is smaller than that obtained for the case of C{,TAB. This is
because only 12 surfactants are present at the simulation box at
these systems. Presumably, the influence of the hydrophobic
interactions between surfactant tails on the effective surface
coverage is weak. Hence, at these systems the hydrophobic
interactions between surfactant tails and the SWNT surface is
dominant and since for the C;¢TAB case, the larger fraction of
tail particles have protruded toward the aqueous phase (see
Fig. 7), thereby the number of contacts between surfactant tails
and nanotube surface decrease, leading to a weaker hydropho-
bic interactions between the SWNT and C4TAB tails.

It is worthwhile to note that the number of C;sTAB
adsorbed on the (5,7) SWNT at high surface coverage as
well as on the (10,14) SWNT are bigger than those for
C,,TAB molecules and therefore the effective surface charge
of C,cTAB-coated nanotubes appears to be higher than
C,TAB-coated nanotubes. According to the Derjaguin—

Landau—Verwey—Overbeek (DLVO) theory, the stability of a
colloidal system is determined by the sum of electrostatic
repulsive forces, associated with the double layer surrounding
the colloid particle, and attractive van der Waals forces which
exist between adjacent colloid particles [56, 57]. This theory
suggests that a potential barrier resulting from the repulsive
force prevents two particles approaching one another and
adhering together. Therefore if the particles have a sufficiently
high repulsion, the dispersion will resist coagulation and the
colloidal system will be stable. The higher surface charge
of C;,TAB-coated nanotubes produces a higher repulsive
force between adjacent nanotubes which increases the potential
barrier for aggregation of the nanotubes. It is this higher poten-
tial barrier that makes the C,sTAB-coated nanotubes more
stable than C;,TAB-coated nanotubes against aggregation.

To study the influence of the SWNT diameter on the
adsorption mechanism of C;,TAB and C;sTAB, we calculate
the precise orientation of C;,TAB and C;sTAB molecules
with respect to the SWNT axis according to Eq. 1. The
orientation distribution for C;,TAB and C;cTAB surfactants
with respect to the (5,7) and (10,14) SWNTs at low surface
coverage are shown in Fig. 11. As can be observed in panel a
Fig. 11, C;,TAB molecules prefer to orient almost parallel
with respect to the axis of both SWNTs. The difference
between C,,TAB adsorption on the (5,7) and (10,14) SWNTs
is that due to a lower energetic cost for wrapping around a
(10,14) nanotube, few C;,TAB molecules tend to wrap around
the nanotube and form the wrapping angles which are signif-
icantly different from 0° or 180°. Thus, it seems that the
SWNT diameter has no major effect on the orientation of the
C1,TAB molecules and hence the random adsorption model
can be reasonably used to describe the C{,TAB adsorption on
a (10,14) SWNT. Consistent with the C;,TAB case, a careful
inspection of the simulation snapshots along with the angle
distribution profile of C;sTAB molecules demonstrates that
the orientation of C;sTAB molecules is not influenced by the
SWNT diameter. As shown in panel b Fig. 11, the angle
distribution of C;sTAB molecules to the (10,14) SWNT
shows two broad peaks at the same positions of those ob-
served for the orientation of C;sTAB molecules to the (5,7)
SWNT, indicating that some of the C¢TAB tails align with
the nanotube axis and only their heads protrude toward the
aqueous phase which form the angles close to 10° or 170°. On
the other hand, due to a higher energetic cost for wrapping the
C16TAB molecules around the (10,14) SWNT, they do not
have a tendency to warp around the nanotube. Instead, some
of the C;4TAB molecules tend to form the contact angles
which deviate considerably from 10° or 170°, identifying that
not only the C;4TAB heads protrude toward the aqueous
phase but also their tail particles stand up and rotate away
from the (10,14) SWNT surface. It is likely that further in-
crease of the SWNT diameter lead to some of the C;,TAB
molecules to prefer to wrap around the SWNT. This
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Fig. 11 Simulated distribution
profiles of the angle formed (a)
between the vector of the
surfactant and the SWNT
axis at low surface coverage:
a C12TAB, and b C](,TAB
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possibility should be examined in future work. It is worth
pointing out that due to the larger number of the C;;,TAB
molecules present at the simulation box which make the
hydrophobic interaction between C;sTAB tails stronger, the
effective surface coverage for the C;¢TAB adsorption on the
(10,14) SWNT is larger than that observed for C;4TAB ad-
sorption on the (5,7) SWNT, leading to the reduction in
(10,14) SWNT surface area available per C;sTAB molecule.
Thus, the orientation of C;4TAB molecules on a (10,14)
SWNT is similar to that observed for the orientation of
C16TAB molecules on a (5,7) SWNT at high surface coverage
and hence a cylindrical structure may be preferred for such a
system.

In order to clarify the role of the SWNT diameter on the
adsorption mechanism of C;,TAB and C;4TAB, we plot the
radial distribution function (RDF) of both C;,TAB and
C16TAB tail and head segments with respect to the axis of
the tube at low surface coverage. As shown in panel a Fig. 12,
the tail segments RDF curve of C;,TAB surfactant display one
strong peak which overlaps with the head segments RDF
curve, indicating that the C;,TAB tails and heads are almost
adsorbed at the same position on the SWNT surface. Only a
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small fraction of the C;,TAB heads are positioned farther
away from the SWNT surface and extended toward the water,
as can be seen from the shoulder found at around 1.6 nm.
Therefore, this result also confirms that the random adsorption
model can be acceptable for this system. For the C;sTAB
adsorption, the RDF profile of tail segments shows an obvious
peak which overlaps with the RDF of head segments, consis-
tent with C;,TAB case. However, the peak intensity of the
head segments RDF curve has been decreased. Instead, the
shoulder intensity has been increased, confirming that the
larger number of C;cTAB heads are extended far into the
aqueous phase. Consequently, the C,,TAB aggregates
adsorbed tend to form the cylindrical structure on the nano-
tube surface.

Conclusions

We have performed the large-scale all-atomistic MD simula-
tion to probe the adsorption mechanism and morphology of
aggregates of the cationic surfactants containing trimethyl-
ammonium headgroups (C;,TAB and C;sTAB), on the
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(5,7), and (10,14) SWNTs in aqueous solution. The effect of
the surface coverage, length of the alkyl chain, and SWNT
diameter has been investigated. The results have been quanti-
fied using representative simulation snapshots, radial distribu-
tion function profiles around the axis of the SWNT, and the
distribution of the angles formed between the SWNT axis and
the surfactant axis.

‘We have shown that at low surface coverage, both C;,TAB
and C;¢TAB tails prefer to align with the nanotube axis while
their heads tend to position close to the SWNT surface. Of the
commonly used models for surfactant adsorption onto SWNT,
the random adsorption model most accurately describes this
process. Upon increasing the C1,TAB surface coverage, the
C,,TAB tails form a variety of wrapping angles to the SWNT
axis and have a small tendency to orient perpendicular to the
axis of the SWNT. For the C;,TAB surfactant at high surface

coverage, the C;4TAB tails have rotated away from the nano-
tube surface, form various contact angles to the SWNT axis.
Our results confirm that the cylinder-like structure can be
preferable under high surface coverage for both surfactants.
In addition, we have found that the hydrophobic interactions
between surfactant tails contribute to the orientation of surfac-
tant molecules on the SWNT surface, as well as the number of
surfactant molecules adsorbed. Because of these interactions,
the larger number of the C;4TAB molecules have been
adsorbed onto both (5,7) and (10,14) SWNTs. Furthermore,
based on the calculations for the effective potential of mean
force between carbon nanotubes in aqueous surfactant sys-
tems available in the literature, it appears that the C,,TAB
surfactant is able to stabilize SWNT suspensions more effec-
tively than the C,,TAB surfactant. Our findings reported in
this study, shed some light on the adsorption mechanism of
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cationic surfactants on the SWNT surface as well as the role of
the tail length on the adsorption process which may guild
future research on the enhancement of the dispersion stability
of individual SWNTs in aqueous solution.
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