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S
ingle-walled carbon nanotubes
(SWNTs) have attracted vast research
attention in the last two decades be-

cause of seemingly unlimited intrinsic

properties.1�4 Several methods are now

available for producing this material,5�8 and

the last barrier that prevents the wide-

spread application of carbon nanotubes

consists in the difficulty of separating them

into samples monodispersed in diameter,

chirality, and length. Significant advances

have been accomplished in the recent

years. O’Connell et al.9 managed to sus-

pend SWNTs in aqueous solutions and to re-

move carbon nanotube bundles using so-

dium dodecyl sulfate (SDS) surfactants by

implementing ultracentrifugation proce-

dures. The technique has been improved

by Arnold et al.,10 who, using bile salts such

as sodium cholate in addition to SDS surfac-

tants, demonstrated that it is possible to

separate SWNTs on the basis of their diam-

eter and electronic structure. Nair et al.11

demonstrated that the number of surfac-

tant molecules adsorbed on each SWNT

causes the effective nanotube�surfactant

complex density to change, and that this

density change causes the separation of

nanotubes during ultracentrifugation. Fur-

ther, recent data by Niyogi et al.12 show that

adding electrolytes to SWNTs-SDS systems

improves the fractionation of SWNTs using

density-gradient ultracentrifugation meth-

ods. On the basis of these recent advances,

it is clear that understanding how surfac-

tants adsorb on SWNTs of various diameters

will lead to further advancements in this

field.

Unfortunately, however, it is still not

clear how surfactants self-assemble on car-

bon nanotubes. It was postulated that the

carbon nanotube�surfactant complexes re-

semble micelles in which the carbon nano-
tube forms the core and the surfactants ex-
tend radially from the core.13�15 Another
proposed morphology was one in which
surfactant hemimicellar aggregates cover
the carbon nanotubes.16,17 The latter possi-
bility has been challenged by energetic ar-
guments discussed by Matarredona et al.,18

and it seems unlikely to occur. To the best of
our knowledge, the only experimental as-
sessment on the morphology of surfactant
aggregates adsorbed on carbon nanotubes
is that reported by Yurekli et al.,19 who used
neutron scattering to characterize SWNTs
dispersed in aqueous solutions with the aid
of SDS surfactants at three concentrations.
The experimental data do not support any
ordered surfactant aggregate structure on
the SWNTs, but rather suggest the forma-
tion of disordered aggregates. Because
these results are at odds with the
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ABSTRACT Although carbon nanotubes have attracted enormous research interest, their practical application

is still hindered, primarily, by the difficulty of separating them into samples monodispersed in diameter, chirality,

and length. Recent advances show that ultracentrifugating carbon nanotube dispersions stabilized by surfactants

is a promising route for achieving the desired separation. For further perfectioning this procedure it is necessary

to know how surfactants adsorb on nanotubes of different diameters, which determines the nanotube�surfactant

aggregate effective density and the nanotube�nanotube potential of mean force. Because only limited

experimental data are available to elucidate these phenomena, we report here an extensive all-atom molecular

dynamics study on the morphology of sodium dodecyl sulfate (SDS) surfactant aggregates adsorbed on (6,6),

(12,12), and (20,20) single walled carbon nanotubes at room conditions. Our calculations reveal that the nanotube

diameter is the primary factor that determines the morphology of the aggregates because of a competition

between the entropic and energetic advantage encountered by the surfactants when they wrap one nanotube,

and the enthalpic penalty faced during this process due to bending of the surfactant molecule. The data are in

qualitative agreement with the neutron scattering results reported by Yurekli et al. [J. Am. Chem. Soc. 2004, 126,

9902], and for the first time provide an atomic-level description helpful in designing better separation, as well as

stabilization techniques for aqueous carbon nanotube dispersions.
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information available for the morphology of SDS aggre-
gates on graphite,20�23 they clearly indicate that the
curvature of the solid support affects the morphology
of adsorbed SDS aggregates. If this is the case, then the
morphology of surfactant aggregates formed on SWNTs
depends not only on surfactant concentration, temper-
ature, and ionic strength, but also on nanotube diam-
eter and chirality, possibly allowing for a precise separa-
tion of SWNTs dispersions into monodispersed samples.
Further, it is likely that the molecular architecture of
the surfactants (i.e., linear alkyl chain vs branched chain
containing benzene rings) determines how individual
surfactants adsorb on SWNTs of given diameter, which
is the principle employed, for example, to design cyclic
peptides to selectively stabilize SWNTs in aqueous sus-
pensions.24

A detailed understanding of the equilibrium struc-
ture of surfactant aggregates adsorbed on SWNTs of
various diameters is necessary for improving separa-
tion techniques. Such understanding will not only im-
prove the ultracentrifugation technique of Arnold et
al.,10 but is also necessary for correctly predicting the ef-
fective potential of mean force between carbon nano-
tubes in aqueous surfactant solutions. For the purposes
of predicting the nanotube�nanotube potential of
mean force, Patel and Egorov25 proposed a disordered,

yet uniform along the nanotube axis, distribution of sur-
factants around one carbon nanotube. However it is
possible that local density fluctuations affect the pair
potential of mean force, as suggested for example by
our recent simulations on colloidal systems.26�29 More
importantly, understanding and visualizing the molecu-
lar arrangement of surfactants adsorbed on SWNTs of
various diameters will allow us to understand the driv-
ing forces responsible for determining the aggregate
morphology, thus leading to the design of surfactants
more effective for stabilizing aqueous SWNTs
dispersions.

Because of the technical limitations typically en-
countered by experimental methods at the nanoscale
and because of the simplification necessary for apply-
ing density functional methods and coarse-grained
simulations, molecular simulations conducted at the all-
atom level offer the optimum compromise for secur-
ing progress in this field. One limitation typical for all-
atom molecular dynamics simulations is that due to the
currently available computational resources, it is only
possible to simulate large systems for a few tens of
nanoseconds. This requires the number of surfactant
molecules near one SWNT to be treated as an input pa-
rameter in the simulations. The simulations are then
conducted for a time sufficiently long to assess the
equilibrium structure for the adsorbed aggregates.

We present here the first simulation results obtained
for SDS surfactants adsorbed on (6,6), (12,12), and
(20,20) SWNTs at room conditions, and we compare
them to the structures proposed in the literature.
Specifically, we analyze the effect of surface density
and that of SWNT diameter on the aggregate morphol-
ogy. The simulation results discussed herein are ob-
tained from running all-atom molecular dynamics simu-
lations for 50 ns. The results do not change over the
last 30 ns of simulation time, and only those collected
during the last 10 ns are presented in what follows.
Simulation details are reported at the end of the text.
The surfactant surface densities considered are consis-
tent with the experimental data reported by Strano et
al.,30 Yurekli et al.,19 and by Matarredona et al.,18 al-
though precise surfactant adsorption isotherms on
SWNTs monodispersed in diameter are at present not
available.

RESULTS AND DISCUSSION
Representative simulation snapshots for (6,6),

(12,12), and (20,20) SWNTs covered by SDS surfactants
are shown in Figures 1 and 2. In Figure 1 the surface
area per surfactant headgroup is 0.98 nm2 in the three
nanotubes considered. The surface area per surfactant
headgroup decreases in Figure 2, where it is 0.44, 0.49,
and 0.81 nm2 on (6,6), (12,12), and (20,20) SWNTs, re-
spectively. Visual analysis suggests that the morphol-
ogy of adsorbed aggregates depends on the surface
coverage, as expected, but also, and more significantly,

Figure 1. Side (left panels) and front views (right panels) of representative
snapshots for (6,6) (top), (12,12) (center), and (20,20) SWNTs (bottom) cov-
ered by SDS surfactants at a surface density of 0.98 nm2 per headgroup. Blue
spheres are Na� ions. Cyan spheres are either CH2 or CH3 groups in the sur-
factant tails. Red and yellow spheres are oxygen and sulfur atoms in the SDS
surfactant heads. Water molecules are not shown for clarity.
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on the SWNTs diameter. At low surface coverage (Fig-
ure 1) SDS surfactants on (6,6) SWNTs form “rings” in
which the surfactants lie parallel or antiparallel to each
other and parallel to the nanotube axis. As the SWNTs
diameter increases the SDS surfactants still lie predomi-
nantly flat on the nanotube surface, but the surface cov-
erage appears more uniform than that observed on
the (6,6) SWNTs. The orientation of the adsorbed surfac-
tants with respect to the nanotube axis also changes
as the nanotube diameter increases, as discussed at
length below.

The different structures of the SDS assemblies on
the SWNTs at high surface area per headgroup (Figure
1) are due to a competition between various factors, in-
cluding surfactant�nanotube and surfactant�
surfactant interactions. One of the leading effects
seems to be the rigidity of the SDS molecule. SDS sur-
factants on graphite at low surface coverage (i.e., high
surface area per headgroup) preferentially lie along one
of the three � symmetry axes to maximize the number
of contacts between the surfactant tail and the carbon
atoms in graphite.21 Because the SWNTs are obtained
by rolling one graphene sheet into one cylinder, in the
SWNTs considered here one of the � symmetry axes is
parallel to the SWNTs axes. Thus if the SDS surfactants
lie along one of the � axes, they can be either parallel to
the SWNTs axis, or they must wrap the nanotubes. Be-
cause of entropic reasons, both possibilities should oc-
cur. However, when one SDS molecule wraps around a
narrow tube, it has to bend, encountering an energetic
barrier (SDS is rather straight). Our simulations show
that the entropic advantage of wrapping the nanotubes
forming various angles with the nanotube axis is not
sufficient to balance the energetic penalty encountered
to bend the SDS molecule around the narrow (6,6)
SWNTs. As the nanotube diameter increases, it be-
comes easier and easier for the adsorbed SDS to wrap
the SWNTs not only because smaller bending of the SDS
molecule is necessary, but also because the number of
surfactant tail�carbon atoms contacts increases when
the SDS surfactants lie along the � symmetry axes,
which form an angle with respect to the nanotube axes.
This latter effect is nanotube specific, that is, it occurs
on the (20,20) SWNTs, but not on the other nanotubes
considered here.

The morphology of the surfactant aggregates at
high surface area per headgroup (Figure 1) is impor-
tant because such aggregates provide a template
to those formed at higher densities (Figure 2). On
the (6,6) SWNTs the SDS surfactants adsorb on top
of the rings formed at low density, and they yield ad-
micelles that, although seem ordered at contact
with the nanotube, lack any long-range order. Evi-
dently, as the SDS coverage increases, the adsorbed
aggregate structure depends predominantly on
SDS�SDS interactions. It is also worth pointing out
that some small regions of the (6,6) SWNT surface re-

main exposed to water even at this large surfactant
surface density. This is probably because the ad-
sorbed SDS surfactants find it more favorable to
maximize the SDS�SDS interactions than spread
evenly on the SWNTs surface. In fact, because the
SDS surfactants remain in large part parallel to the
SWNTs, by spreading evenly on the SWNTs they
would decrease the SWNT area in contact with wa-
ter, but they would increase the tail area in contact
with water, with no overall free-energy benefit. On
the (12,12) SWNTs the SDS surfactants seem to form
a continuous first layer of adsorbed surfactants at
contact with the nanotube surface, and excess SDS
molecules agglomerate forming a multilayered
structure. Although no long-range order is visible,
each surfactant within these admicelles appears par-
allel or antiparallel to its neighbors. On the (20,20)
SWNTs the surface coverage was not large enough
to provide complete coverage of the nanotube sur-
face. Nevertheless, the surfactants would in some
case prefer to agglomerate together rather than
spread over the entire available surface.

The effects just described are due to a combination
of tail�tail and tail�nanotube hydrophobic interac-
tions. However also counterion-condensation phenom-
ena, which, as we described earlier,20 contribute in
shielding the electrostatic repulsion between surfac-
tant heads and effectively bring them close to each
other, and intrinsic properties of the straight SDS mol-

Figure 2. Same as Figure 1, but for SDS surfactants at a surface den-
sity of 0.44, 0.49, and 0.81 nm2 per headgroup on (6,6), (12,12), and
(20,20) SWNTs, respectively. Water molecules are not shown for clarity.
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ecules seem to play a major role in determining the
morphology of the adsorbed surfactant aggregates. It
is worth pointing out that the structure of SDS aggre-
gates formed on the SWNTs considered here are com-
pletely different compared to those obtained on flat
graphite surfaces. As previously shown in the
literature,20,22,31 molecular dynamics simulations, in
agreement with experimental AFM data,23 for ionic sur-
factants on graphite yield hemicylindrical aggregates.
Because the force fields implemented in this work are
exactly the same as those used in our previous work for
SDS on graphite, the morphology of the substrate (i.e.,
cylindrical vs flat) is the only possible cause for the dif-
ferences observed in surfactant aggregates morphol-
ogy. Clearly, the SWNTs curvature makes it energetically
unfavorable for the SDS surfactants to form hemicylin-
drical admicelles. The results just discussed suggest that
by appropriately designing surfactants at the molecu-
lar level it should be possible to completely wrap
SWNTs of specific diameter. A similar approach has
been successfully demonstrated by Ortiz-Acevedo et
al.,24 who designed circular peptides that selectively as-
sociate to carbon nanotubes of given diameter. Our re-
sults may also explain why bile salts tend to yield more
stable aqueous SWNTs dispersions, although additional
simulations are necessary.

In all the cases considered in Figures 1 and 2 the
SDS aggregates do not show long-range order, in quali-
tative agreement with the experimental data of Yurekli
et al.,19 and certainly cannot be described in terms of
the ordered micellar structures postulated earlier in the
literature.13,14,16�18 In addition, we point out that the
snapshots in Figures 1 and 2 do not agree with a com-
pletely disordered structure either, as it may be inferred
from the interpretation of the neutron scattering data
of Yurekli et al. In fact, our simulations suggest that SDS
surfactants cover the SWNTs sometimes only partially,
and that a short-ranged order is present within the in-
dividual micellar structures. Because of a competition of
forces, as described above, the individual SDS surfac-
tants tend to lie on the SWNT surface, especially at low
surface density. Additionally, the SDS surfactants ad-
sorbed on the (6,6) SWNTs seem constantly parallel to
the nanotube axis, whereas those adsorbed on the
(20,20) SWNTs lie on the surface forming a slanted angle
with the nanotube axis. This different orientation is
more visible at low surface density (Figure 1), but it is
nevertheless present at all conditions considered
herein. In Figure 3, top panel, we quantify the orienta-
tion of SDS surfactants adsorbed on the SWNTs at low
surface density by reporting the probability density of
observing various angles between the SDS surfactants
and the SWNTs axis. When the angle is either 0° or 180°,
the surfactants are parallel to the SWNTs axis, when
the angle is 90° the surfactants lie perpendicularly to
the nanotube axis. The results clearly show that while
SDS surfactants lie parallel or antiparallel to the (6,6)

SWNTs axis, they form slanted angles on the other two

nanotubes, and as the nanotube radius increases the

preferred orientation seems to be along one of the

three � symmetry axes of graphite. Note that in the

SWNTs considered here the nanotube axis is parallel to

one of the three � symmetry axes of the graphene

sheet rolled up to form the nanotube. Because of the

competition between the energetic advantage of maxi-

mizing the number of contacts between the SDS tail

and the carbon atoms on the SWNTs surface, and the

energetic penalty of bending the SDS molecule to wrap

the SWNTs, it is likely that the ratio between the SWNTs

diameter and the surfactant length is among the domi-

nant parameters that determine how the SDS surfac-

tants orient with respect to the nanotube. In fact, as the

SWNTs diameter increases the energetic penalty due

Figure 3. Probability density for SDS surfactants orientation
with respect to the SWNTs axis (top panel), and for SDS�SDS
relative orientation (bottom panel). Results are obtained for
the systems shown in Figure 1, in which the surfactants sur-
face density is �0.98 nm2 per headgroup.
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to bending the SDS molecule around the SWNTs de-
creases. Also, when one SDS molecule lies along one
of the � symmetry axes (which forms an angle of 30°
with respect to the SWNTs axes) the number of con-
tacts between the methyl groups in the surfactant tail
and the SWNT carbon atoms increases as the SWNT di-
ameter increases, proving that it is energetically favor-
able for the SDS surfactants to wrap the (20,20) nano-
tubes, but not the narrower ones.

At low surface coverage the simulation snapshots
of Figure 1 suggest that the SDS surfactants are aligned
not only with respect to the SWNTs axis, but also with
respect to each other. In the bottom panel of Figure 3
we quantify this observation in terms of probability
density as a function of the SDS�SDS angle at low sur-
factant density (Figure 1). Angles of 0° and 180° repre-
sent SDS surfactants parallel, or antiparallel to each
other, respectively. The results indicate that the SDS sur-
factants on the (6,6) SWNTs are highly ordered with re-
spect to each other, but as the nanotube diameter in-
creases it becomes equally probable to observe SDS
surfactants forming any angle with respect to each
other. These data suggest that at low surface coverage
the SDS surfactants prefer to assume random relative
orientations, probably because of entropic reasons.
However, on narrow SWNTs it is best for the surfac-
tants to lie parallel/antiparallel with respect to each
other to avoid the energetic penalties they would en-
counter should they bend to wrap the nanotubes.

From the results shown in Figure 1 it is also evident
that the surfactant head groups in some cases are in
contact with the hydrophobic SWNTs surface, which
disagrees with the DFT data presented by Patel and
Egorov.25 However, it is likely that as the SDS surface
density increases, the surfactant heads protrude more
pronouncedly toward the aqueous phase. This possibil-
ity is suggested by the snapshots shown in Figure 2, in
which systems are presented where the surfactant den-
sity is larger than that considered in Figure 1. One clear
difference between our results and the surfactant ag-
gregate morphology commonly postulated is that the
SDS surfactants do not uniformly cover the SWNTs. This
becomes even more striking when we further increase
the surface density on the (6,6) SWNTs. Representative
simulation snapshots at increasing SDS surface density
are shown in Figure 4.

Rather than distributing homogeneously on the
SWNTs, the SDS surfactants form highly disordered ad-
micelles on the nanotubes. These admicelles are not
similar in any way to those proposed in 2002 by Poulin
et al.,17 or in 2003 by Islam et al.,16 and those considered
in the energetic calculations presented by Matarredona
et al.18 but are in qualitative agreement with the neu-
tron scattering data of Yurekli et al.19 Our equilibrium
simulations suggest that the pronounced curvature of
the solid support prevents the formation of the ordered
admicelles that form on graphite. It should however

be pointed out that in our simulations the surfactant

surface density is chosen arbitrarily. Because the simu-

lations last only for 50 ns, the SDS surfactants may not

have had sufficient time to leave the SWNTs, although

we observed no evidence for such phenomenon to

happen even at the highest surfactant surface densi-

ties considered.

Accounting for the actual surfactant aggregate mor-

phology obtained from our realistic simulations should

enhance theoretical predictions such as those reported

by Patel and Egorov,25 which are based on a uniform

distribution of surfactant tails, surfactant heads, and

counterions away from the carbon nanotube surface.

However, accounting for nonuniform effects in either

self-consistent theories or general theoretical

models32�35 is at present prohibitively expensive. Thus

we provide in Figure 5 the density distribution of surfac-

tant head groups (top panels), surfactant tails seg-

ments (center panels), and counterions (bottom pan-

els) around the SWNTs. These results correspond to

time and space averages of the quantities of interest

obtained during our simulations and are a direct conse-

quence of the aggregate morphology discussed above.

In the left panels we report the results obtained on the

three SWNTs at low SDS surface density (as shown in

Figure 4. Side (left panels) and front views (right panels) of representative
simulation snapshots obtained for SDS surfactants adsorbed on (6,6) SWNTs
at increasing surface density. From top to bottom, the surface per surfac-
tant headgroup is 0.98, 0.44, and 0.25 nm2 respectively. Water molecules are
not shown for clarity.
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Figure 1); in the right panels are those obtained at

high surface density (as shown in Figure 2). In these fig-

ures the distance “r” is measured radially from the cen-

ter of the carbon atoms forming the SWNTs. The surfac-

tant head is defined as the center of mass formed by

the oxygen atoms and the sulfur atoms in one SDS mol-

ecule. One tail segment is either one CH2 or one CH3

group in the surfactant tail. From Figure 5, our results

suggest that the surfactant tail segments (center pan-

els) accumulate near the hydrophobic SWNTs surfaces,

as expected. At low surface density (left panel), we ob-

serve the formation of one layer of surfactant tail seg-

ments next to the SWNTs, and that the intensity of the

peak depends on the nanotube diameter. As the surfac-

tant density increases (right panel) our results suggest

the formation of a second shell of surfactant tail seg-

ments around the nanotubes, as was indicated by the

simulation snapshots of Figure 2. In the case
of SDS surfactants on the (12,12) SWNTs our
results suggest the formation of up to three
layers of surfactant tail segments around the
SWNTs. Visual analysis of the simulation
snapshots in Figure 2, however, indicates
that these layers are not uniform.

The density profiles obtained for the head
groups (top panels) do not seem to depend
significantly on the SWNT diameter, espe-
cially at low surfactant surface density (left
panel). Our results indicate that the first peak
in the density profile is found at �0.4 nm
from the center of the carbon atoms on the
nanotube surface. When excluded-volume
effects are considered, this distance corre-
sponds to the head groups being at contact
with the hydrophobic SWNTs surfaces, which
was not an expected result. As the surfac-
tant surface density increases (right panel)
the surfactant heads extend toward the
aqueous phase, but our results indicate that
a significant probability exists of finding SDS
heads at contact with the nanotube surfaces
at all conditions considered here, which is in
partial agreement with our simulations for
aqueous SDS surfactants on graphite.

The results obtained for the counterion
density profiles (bottom panels) show a few
unexpected features. The SWNTs are not
charged, thus they should not attract ionic
species. However, because of the SDS ad-
sorption, it is natural for the counterions to
be attracted by the surfactant heads. Indeed
the first peak in the counterion density pro-
files is observed at slightly larger separations
r than those at which the first peak in the
headgroup density profile was observed. It
is interesting to point out that the intensity
of the first peak in the density profiles for

counterions is approximately 1/2 of that for the first
peak in the density profile for the surfactant heads.
This happens because one counterion coordinates si-
multaneously with multiple surfactant heads, a manifes-
tation of the counterion condensation phenomenon. It
is also worth pointing out that the counterion densities
show slowly decaying profiles as the distance r in-
creases further from the first intense peaks. These re-
sults demonstrate that SWNT-SDS complexes can be
thought of as polyanions, in which counterion conden-
sation does not manage to neutralize the entire com-
plex charge, as explained by Manning.33,34,36 It has been
recently demonstrated experimentally by Niyogi et
al.12 that understanding how the density and the mor-
phology of the adsorbed aggregates vary with the ad-
dition of electrolytes to the aqueous systems may lead
to enhanced separation strategies.

Figure 5. Density profiles of surfactant head groups (top panels), surfactant tail seg-
ments (center panels), and counterions (bottom panels) around the SWNTs. In the left
panels we report the results obtained on the three SWNTs at low SDS surface density
(shown in Figure 1); in the right panels are those obtained at high surface density
(shown in Figure 2).
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CONCLUSIONS
In conclusion, we reported the first detailed all-

atom simulation studies for the morphology of SDS sur-
factants adsorbed on (6,6), (12,12), and (20,20) single-
walled carbon nanotubes. Our results agree with and
augment previous neutron scattering experimental
data and show that the morphology of the surfactant
aggregates strongly depends on the nanotube diam-
eter, as well as on the surface coverage. The additional
molecular-level information provided by our results (i.e.,
density profiles for surfactant tails, surfactant heads,
and counterions away from the nanotube surface)
should be accounted for to better understand how ad-
sorbed surfactants affect the effective carbon

nanotube�carbon nanotube potential of mean force

in aqueous solutions, to improve the stability of aque-

ous SWNTs dispersions, and to design enhanced sepa-

ration procedures such as ultracentrifugation. We dem-

onstrated that intrinsic surfactant properties such as

the flexibility of each individual surfactant molecule are

important, in addition to surfactant�surfactant and

surfactant�nanotube interactions to determine the

equilibrium morphology of the adsorbed surfactant ag-

gregates. Our results are useful for implementing

coarse-grained models that will allow us to calculate

the equilibrium adsorption isotherms for SDS surfac-

tants on SWNTs of various diameters.

SIMULATION DETAILS
Aqueous SDS surfactants were simulated at contact with

(6,6), (12,12), and (20,20) single-walled carbon nanotubes. Within
these substrates, the carbon atoms, treated as Lennard-Jones
spheres, were maintained rigid throughout the course of the
simulations. Water molecules were modeled using the SPC/E
model. The details of the force field employed are described in
ref 20. Dispersive attractions and repulsive interactions were
treated with an inner cutoff of 0.8 nm and outer cutoff of 1.0
nm. Long-range electrostatic interactions were treated using the
particle mesh Ewald (PME) method.37 Bond lengths and bond
angles in water were maintained fixed using the SETTLE algo-
rithm.38

The simulation package GROMACS, version 3.3.3,39�41 was
employed to integrate the equations of motion. The number of
particles (N), the simulation box volume (V), and the temperature
(T) were maintained constant during our simulations. In all simu-
lations the time step was 2 fs. The Nose�Hoover thermostat42

with leapfrog algorithm42 was implemented with a relaxation
time constant of 100 fs. All simulations were conducted for 50
ns, and only the last 10 ns were used for data analysis. The sys-
tems are considered equilibrated because the results do not
change during the last 30 ns of simulations. Although the length
of the simulation, which approaches the limit of available com-
putation resources, does not allow us to assess the number of
surfactant molecules adsorbed at equilibrium as a function of
bulk surfactant concentration, the number of surfactants simu-
lated on each SWNT is consistent with available experimental
data. In all the simulations considered one SWNT was placed in
the center of the simulation box with the axis aligned along the
Z direction. In the initial configuration the desired number of sur-
factants were placed around the SWNT with their tails parallel
to the nanotube axis. The number of water molecules in the box
was adjusted to reproduce the bulk water density. Periodic
boundary conditions were employed in X, Y, and Z dimensions.
Further details are given in Table 1.
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