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Abstract

Making Carbon nanotubes a functional material for widespread use is a very cumbersome and challenging task. Not only do CNT materials require the tubes to be
well dispersed and individualized rather than in bundles but resulting material has
much poorer properties than expected due to insufficient load transfer between crossing CNT. This work tries to provide insight and solutions onto both of these problems,
by employing computer simulations to reveal the dual nature of surfactant mediated
forces on CNT. A generic coarse grain model has been used along with a dissipative
particle dynamics thermostat and implicit solvent treatment. Results illustrate that depending on the bulk concentration of surfactants and their geometry, one can control
the surfatant mediated forces on tubes being able to trigger both tube gluing or dispersion. Furthermore, an adsorption study elucidating the differences between surfactant
adsorption on individual tubes and their bundles has been done. Surfactants follow
a superlinear synergetic adsorption isotherm on individual tubes, whereas adsorb via
a Langmuir mechanism on their bundles. This work provides a solid framework of
knowledge and insight regarding the nature of CNT and surfactants interaction and
adsorption, providing rational arguments for the design of optimum CNT materials.
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Introduction

1.1
1.1.1

CNT properties
Carbon nanotubes properties and applications

Since their discovery in 1991 by Lijima [1], Carbon nanotubes and CNT materials enjoy widespread interest in research and increasing industrial attention. CNTs can be
thought off as rolled up graphene sheets. In the case of Single Walled Nanotubes
(SWNTs), only one sheet is used, whereas the use of more than one sheet results in the
formation of a Multi Walled Nanotube (MWNT).
Among the two types of CNTs, SWNT are predicted to have higher Young’s modulus
E ≈ 1TPa and failure strength of σ ≈ 100GPa, whereas MWNTs are predicted to have

E ≈ 800GPa and σ ≈ 10GPa [2–4].

Their unique set of extraordinary properties, not only mechanical but electronic as

1

1.1. CNT PROPERTIES

2

well, enables a number of advanced applications ranging from the medical sciences[5–
7], drug delivery systems [8], catalyst support in gas diffusion electrodes [9], sensors
[10–12], biomedical applications [13–15], device manufacturing [16], acoustics engineering [17], electronics [18], to composite materials [19–21]. It must be expected that
many more applications will be developed in the future exploiting one or more of the
CNT record properties.
Although CNTs are central to all these applications, usually they are accompanied by
other materials such as polymers, for structural or functional reasons. For example,
although individual nanotubes are strong, CNT materials are typically much weaker
[22–25]. The weakest materials are those with a random arrangement of nanotubes
such as sheets or papers [26, 27]. Their weakness is caused by the ’smoothness’ of
the CNTs, their weak mutual interaction and the small contact area. Deposition of
material, usually polymers, between the nanotubes can improve material strength significantly [28, 29].
Additives can also enhance function: e.g. the selectivity of CNT sensors can be enhanced by coating the nanotubes with organic molecules [30]. This coating then acts
as a filter letting only certain molecular species pass while blocking others. In CNTbiosensors, on the other hand, the coating might be endowed with receptors making it
part of the transducer [31]. Amphiphilic molecules are often used for coatings as they
can be applied conveniently from solution.
In these applications as well as in many others involving CNTs or other nanoscale
building blocks it is essential that we can control the material’s nanoscale structure,
e.g. incomplete coating will reduce the sensors selectivity while an unnecessary thick
coating might reduce sensitivity and increase response times. It is generally accepted
that efficient structural control at the nanoscale can only be achieved by ’bottom-up’
methods and that self-assembly processes will play a key role. Self-assembly processes
are attractive as they allow us to control nanoscale features via convenient macroscopic
control parameters such as concentration and temperature without direct intervention
at the nanoscale.
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Bottom-up design of a CNT material

In order to tackle the problem of low load tranfer between CNT we have concluded
that material should be deposited directly on the crossing point of two tubes to act as
a gluing element between the tubes (Fig. 1.1).

(a) Scaffolding clamp holding together two con- (b) Surfactant micelle acting as ”glue” between
struction site tubes
crossing cNT

Figure 1.1: (a) Macrospopic analogue-solution. Tubes are clamped together with
a scaffolding clamp, preventing them from sliding away. (b) Nanoscale analoguesurfactant micelle self assembled at a CNT junction acting as a localized ”glue”.

Ideally, this material would only cover that point and not fully extend onto the entire
surface area of the tubes, as that would be unnecessary as it does not contribute to
the strengthening might also impair certain functions. Surfactant molecules and amphiphilic polymeric molecules that self-assemble into well defined macromolecular
entities, seem a perfect candidate for directed self assembly at the CNT/CNT crossing
point. The deposited material on the junction would hinder CNT/CNT sliding away
from each other as now many extra surfactant bonds would need to be broken. One
could also polymerize the adsorbed structures, making the link between the two tubes
even more stable.
In order to exploit the possibility of using SFT as a ”gluing ” agent, one must develop
a thorough understanding of the underlying mechanism of directed self-assembly and
the resulting structural forces. We have begun to develop this understanding, the results are represented in Chapters 5-8.
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Carbon Nanotube dispersions stabilization

All production processes result in a CNT raw material that consist of CNT bundles
(Fig.1.2).

Figure 1.2: SEM image of raw CNT. HiPco SWCNT,scanning electron microscopy image
taken from [51]

However, in the overwhelming majority of CNT applications like those discussed in
section 1.1.1, individual tubes are usually desired for functional [32] or economic reasons. Unfortunately, nanotubes tend to bundle due to van der Waals interactions and
in solution also because of hydrophobic interactions. The direct interactions between
carbon nanotube are dominated by van der Waals (VdW) interactions if they are in
vacuum. Using spectroscopic methods O’Connell et al. [33] experimentally estimated
the binding energy for two nanotubes in a bundle to be approximately 500eV per micrometer of tube-tube contact. VdW forces between tubes have also been investigated
theoretically. Schroder et al.[34] and Kleis et al. [35] have used a DFT-approach to
estimate the interaction strength between parallel and concentric nanotubes. Their
results suggested that the binding energy is radius dependent with larger tubes having a larger binding energy. For a pair of tubes of radius 1.2 they find a binding energy of approximately 1500eV per micron of tube length at a tube/tube separation of
0.552nm. Girifalco et al, [36] use both DFT and an empirical model to estimate the van
der Waals binding energy between tubes and found approximately 1000eV per micron
of tube/tube contact at room temperature.
As carbon nanotubes are hydrophobic solvent mediated (hydrophobic) forces should
be expected in (aqueous) solution[37]. The ratio between VdW and the hydrophobic
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contribution, to our knowledge, remains experimentally inaccessible. Walther et al.
[38] performed fully atomistic molecular dynamics simulations of single wall carbon
nanotubes in SPC-modeled water. They calculate potentials of mean force for the interaction between tubes of radii 0.5 − 0.6nm. The computed mean force exhibits an
attractive maximum at a tube spacing of 0.5nm which corresponds to approximately
one layer of interstitial water molecules. The authors suggest that the van der Waals
attraction between the carbon surfaces is the dominant force by comparing their solution results to simulations of the system in vacuum. The authors estimate a tube/tube
binding energy, including both VdW and hydrophobic contributions of 850eV per micron at a tube spacing of 0.56nm.
While these results deviate significantly from each other they indicate that strong interactions between the tubes are rather short ranged. To eliminate bundling and its consequences, a number of methods were devised. Some are based on chemical modification of the tubes which inevitably leads to undesired deterioration of the CNT properties [39, 40]. Alternatively, non-covalent functionalization through amphiphilic selfassembly can be used to stabilize CNTs in aqueous suspensions without affecting their
properties [41, 42]. The most common class of stabilizers are amphiphilic molecules
such as surfactants and copolymers [41–45]. Initially, debundling is achieved by intense ultrasonication [45] after which surfactants adsorb on the CNTs and cover their
surface [46]. The hydrophilic head groups of the surfactant molecules provide a steric
(or electrostatic) repulsive barrier hindering or ideally preventing rebundling [47].
In the search for an optimized dispersion process, experimental studies have been conducted by various groups. The impact of surfactant concentration and the surfactants
molecular structure on the number of isolated tubes in solution has been systematically investigated in a number of phenomenological studies e.g [48, 49]. However, as
the interplay between surfactants and CNTs is complex and the number of potential
control parameters is large, thorough undersanding and detailed insight is inevitable
for successful optimization. To develop this understanding Matarredona et al.[50] and
Utsumia et al.[51] measured adsorption isotherms of the surfactant NaDDBS (Sodium
dodecylsulfonate benzene) on CNTs. The isotherms reveal a two-step adsorption process where the first step was attributed to adsorption on bundles and the second to
exfoliation of bundles and subsequent surfactant adsorption on individual tubes. The
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authors argue that at high concentrations a monolayer is formed on the tubes[50]. Similar observations were made by Xiao et al. [52] studying adsorption of the surfactant
CTAB on CNTs. In this case adsorption also follows a two-step mechanism.
In all the above studies, surfactant adsorption was not directly measured and the adsorbed structures could not be observed.
Determination of the actual surfactant concentration is very challenging too, due to
surfactant adsorption on all kinds of interfaces in the system, including the CNTs, the
container surfaces and liquid/gas interfaces and due to the current inability to measure the adsorbed surfactant concentration directly . At concentrations below the cmc
the proportion of adsorbed molecules in the system can be significant, as the cmc is
usually low. An additional complication can be that the surface area of the container
walls maybe of the same order-of-magnitude as the total surface area of CNTs in the
sample due to the usually low CNT concentrations. An example of the ambiguity that
exists in SFT/CNT adsorption isotherm measurements can be easily seen in the bulk
measurements of NaDDBS adsorption on CNTs , in Refs [50] and [51]. The differences
between the measured adsorbed quantity around the cmc reported in the two references are about an order of magnitude,
Computer simulations do not suffer from the problems. Here the actual concentration, the adsorbed amount and the adsorbed structures are directly accessible. A number of methods, usually using a coarse-grained description, have successfully been
employed to study adsorbed structures of amphiphilic and non-amphiphilic organic
molecules on CNTs and other surfaces.

1.2

Simulating carbon nanotube surfactant interactions

Wallace et al. [53, 54] used Coarse Grained Molecular Dynamics (CGMD) to investigate adsorption of DPPC lipids and two detergents, DHPC and LPC on CNTs. Depending on the type of amphiphile as well as the number of surfactant molecules in
the simulation box they found a variety of adsorbed structures including randomly
arranged surfactant molecules and encapsulation by spherical micelles.

1.2. SIMULATING CARBON NANOTUBE SURFACTANT INTERACTIONS

7

Shvartzman-Cohen et al. [55, 56] used CGMD to study adsorption of amphiphilic
block-copolymers on CNTs and found adsorption with no specific ordering of the adsorbed molecules. Unfortunately, the bulk properties of the model used, do not allow
safe conclusions to be drawn.
Qiao et al. [57] used 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 CNT-axis to characterize the structures. His findings support that surfactants adsorb randomly on CNT. One must note that a limited
number of surfactant molecules were used in this study simulating a relatively low
adsorbed density.
Düren et al. [58] used Grand Canonical Monte Carlo simulations to study gas adsorption of Methane inside CNTs. She studied the correlation between the increase in the
adsorbed quantity of ethane and methane inside the CNT and the increased interaction
strength between the molecules and the tubes.
Canonical Monte Carlo has been used to investigate the wrapping of polymers around
CNTs in the work of Gurevitcha et al. [59]. Nativ et al. [56] used classical Molecular
Dynamics to study adsorption and aggregation of amphiphilic molecules on a single
wall carbon nanotube (SWCNT).
Computer simulations have also been successfully used for a detailed analysis of the
system at the atomic level. Tummala et al. [60] used fully atomistic MD to study adsorption of Na-dodecyl sulphate (SDS) molecules on SWCNTs from aqueous solution.
They show that the morphology of adsorbed SDS structures is influenced by the tube
diameter, its chirality and by the number of SDS molecules placed in the simulation
box. A variation of structures has been observed when the number of molecules in
the simulation box was altered. At low coverages SDS molecules form “rings” with
the SDS molecules lying flat on the tube surfaces and parallel to the tube axis. High
coverages favor the formation of adsorbed micelles with disordered internal structure.
Unfortunately, the high computational cost still prevents the large system sizes needed
for concentration control.
Using atomistic molecular dynamics Xu et al. [61] observed a reduction of the surfactant induced tube/tube potential of mean force with decreasing SDS coverage of a
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pair of parallel tubes. Uddin et al. [62] also used atomistic MD to decouple the forces
between SDS-decorated parallel carbon nanotubes between surfactant mediated and
direct CNT/CNT interactions. They found that adsorbed SDS molecules induce a repulsion between neighboring surfactant-decorated CNT.
Atomistic simulations offer a more detailed representation of the system. The slow
characteristic time-scale for adsorption and aggregation phenomena compared with
the atomistic motion makes fully atomistic MD computationally inefficient. The inability to simulate a coexistence between a bulk/ adsorption system does not allow to
establish a link to experimental work via the bulk concentration. Moreover the fully
atomistic models used in these works have not been tested for their bulk properties,
therefore it is unknown whether they represent accurately SDS aggregation behavior.
Coarse grained simulations do not suffer from this problems, as they are computationally much less demanding.
One must note that results from the above atomistic simulations do not overlap with
the work presented here as the time scales studied are different, and also the system
configuration differs. Furthermore our generic models retain their quantitative validity for any surfactant molecule, while these studies are limited to one specific. It
is interesting though that certain findings of the fully atomistic MD corroborate our
results.

1.3

Conclusions-Future Work

The work within this thesis contributes significantly towards an understanding of the
complex interactions of amphiphilic molecules with CNT. More specifically, the morphology of the adsorbed layer of SFT onto CNT has been studied and its relation to
bulk concentration quantified. Key differences have been found in the adsorbed layers
on SWCNT and on a bundle of SWCNT. Langmuir type adsorption seems to be prevalent on the bundle cases, whereas a much more cooperative adsorption type has been
found for single tubes.
Equipped with a solid understanding of the adsorbed layers, we found a way to direct self-assemble SFTs on the junctions of crossing NT. This technique gives valuable
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insight to experimentalists in their efforts to create a novel strong CNT composite material. This is possible, as we have shown that surfactant have solely a gluing effect on
solubilized CNT at low bulk concentrations below the CMC.
Furthermore, we have investigated the missing link, i.e the link between the adsorbed
amphiphile structured and the dispersive forces that SFTs induce when adsorbed between solubilized CNT in close contact. This allowed us to state rational arguments ,
extremely valuable to experimentalists, on the surfactant choice optimization of CNT
dispersions stabilization.
Future directions already include an almost complete guideline on predicting and linking the SFT adsorbed structure based solely on the bulk properties. Thus, sole knowledge of the bulk properties and knowledge of the tube size will be needed to anticipate
the outcome and nature of the SFT interaction with the tube.
Furthermore, the fact that surfactants form well defined structures when adsorbed on
CNT, allows for a higher level self assembly process, where now we are interested in
possible architectures that involve many tubes interconnected into a weekly connecting network of cylindrical micelles. Such networks can greatly enhance as an example
the out-coming material electronic properties, as the percolation threshold is greatly
lowered.
At this point we must address the limitations of the model we have used. Most importantly, the surfactants model we used allows only for qualitative results, as all the
length scales have been coarse-grained out. That is, our model does not represent
one specific real surfactant, it rather emulates the generic self assembly behavior of
aggregating surfactants. Most importantly, the interactions between the species in our
model are effective, as a result of its coarse grained character. Tuning these interactions
can result in quite a plethora of adsorbed morphologies. We have robustly determined
our force field with the help of experimental results in the literature, and also tried to
cross-validate our results with experimental ones, with reasonable success. The model
is however sensitive in the force field set-up, as in most molecular simulations.
Rather than introduce specific improvements on the bead and spring model such as
rigid beads by introducing torsional forces, future work should also point towards the
choice of a specific real life set of surfactants, acquire a specific coarse grained model,
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and try to work with it on a largely parallel code. This will greatly help to overcome
any ambiguity in the effective interactions between the species.
As a result of using a specific SFT in the future in our simulations, the CNT model
would immediately benefit, since it would be now possible to introduce flexible, bucklingable tubes in the simulations. The tubes in our simulations so far have been fixed and
not allowed to move throughout the simulation. A possible buckling of the tube due
to a higher temperature would change the local curvature of the tube, and thus the
local potential around that point, with possible effects on the adsorbed morphology.
Furthermore, it would be advantageous during the force measurement simulations to
be able to separate between effects happening due to different time scales. Surfactant
self-assembly and adsorption are much faster than the diffuse thermal motion of the
tubes. However, had there been any correlation between the motion of the tubes and
the changes in the adsorbed morphology that would destabilize the system and lead it
to a different equlibrium point would become visible in the case of movable non-fixed
CNTs.
Finally it would be interesting to study the differences in self assembly of spherical
nanoparticles of sizes comparable to the micelles when immersed and stabilized in
different surfactant solutions. This once again would require movable objects.

1.4

Thesis outline

In Chapter 2 the model used for the surfactants and the CNTs and the computational
method employed are presented.
Before embarking onto the surfactant adsorption studies, the bulk behavior of the
model surfactants is analyzed in Chapter 3.
Then, in Chapter 4 we will present a thorough study of surfactant adsorption of SFT
on CNT and on their bundles. This chapter has appeared in [63].
In Chapter 5, having studied the adsorption mechanism of SFTs on CNT, we investigate the directed self-assembly of surfactants onto a CNT junction formed by a pair of
crossing CNT, using the bulk surfactant concentration as the sole control parameter.
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The chapter has appeared in [20].
In Chapter 6 the correlation between the surfactant mediated tube/tube force and the
structures of the adsorbed and self assembled structures is analyzed. The chapter has
appeared in [64].
In Chapter 7 we reveals details of the mechanism by which surfactants stabilize dispersions, and examine the influence of the SFT head group on the dispersion stability.
This chapter is under review for publication [65] .
In Chapter 8 we contribute to understanding experimental results of our experimental
collegues at University of Edinburgh, regarding the individualization of CNT below
the CMC. The chapter has appeared in [46] and is appended at the end of the thesis.

CHAPTER

2

Methodology

In this chapter the methodology used in this work is described and the creation, validation and reasoning for the model used are presented. The concepts and systems introduced in the previous chapter are described in the context of molecular modelling
and simulations. We first address the surfactant and CNT model used throughout this
work. A discussion regarding the validity and creation of our model, more specifically the determination of the surfactant/carbon nanotube interaction follows. Subsequently we focus on the computational method used to simulate our model, more
specifically DPD-thermostated molecular dynamics. The key concepts of dissipative
particle dynamics will be introduced, as well as some specific details regarding the
computational implementation.
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Description of the model
Surfactants

Surfactants are molecules of amphiphilic character. This means that the same molecule
has a hydrophilic part as well as a hydrophobic one. In our simulations surfactant
molecules are represented by a chain of beads (Hx Ty ) consisting of a block of x hydrophilic head (H) beads and a block of y hydrophobic tail (T) beads (Fig. 2.1).

Figure 2.1: Surfactant bead and spring model. Snapshot of a single H5 T5 surfactant
chain. Hydrophilic heads are shown in green, hydrophobic tails in purple. Bonds between
all beads are harmonic with the same spring constant. No bond torsion forces or angular
forces are applied to the chains.

In molecular simulations the computational cost scales at best linearly with the num-
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ber of interaction centers simulated. In solvent/solute simulations at low solute concentrations, solvent interaction centers constitute the overwhelming majority. As an
average estimation, the ratio of solvent/solute interactions dominate the computational cost. The great computational cost of all atom solvent simulations, makes events
like aggregation and adsorption even with modern supercomputers difficult to study
due to the great separation between the characteristic time scales of the effects studied
and the time scale of the motion of atoms. Therefore an implicit treatment of the solvent is used. Rather than simulating its individual molecules, the solvent effects will
be incorporated as pairwise-forces acting between the solute particles.
The implicit treatment of the solvent causes the beads to interact via effective potentials. In the present case we employ a common bead-spring empirical model (Fig. 2.1)
where the interactions between a pair of hydrophobic beads is attractive, while all
other bead/bead interactions are repulsive.
Attractive interactions between beads i and j are represented by the pair potential
φ(rij ) which is based on the force shifted Lennard-Jones (LJ)(12,6) potential
φLJ (rij ) = 4&
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#12
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(2.1)

rij < rcut
rij ≥ rcut ,

(2.2)

$ (r ) = dφ (r ) /dr and r
where φLJ
cut is the cut-off-radius. In eq.(2.1) rij = &rij &, rij =
LJ

r j − ri and ri and r j are the positions of beads i and j, respectively; & is the well depth

and σ the length parameter of the LJ potential. The potential is presented in figure 2.2.

Repulsive interactions are represented by the Weeks-Chandler-Anderson (WCA) potential given by eq.(2.2) with rcut = 21/6 . For simplicity, these interactions are assumed
to be present between all pairs of beads regardless whether they are bonded or not. In
addition, in order to describe the structure of a molecule, two beads k and l which are
nearest neighbors in a single surfactant chain interact via the harmonic bond potential
φbond (rkl ) = &bond (rkl − rbond )2 ,

(2.3)
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Figure 2.2: Lennard-Jones (12,6) pair potential and pair force in reduced units. See
section 2.1.1.1.
where &bond is the depth of the potential well and rbond the bond length.
Superposition of the nonbonding interaction and the harmonic bond potential with
&bond = 4& and rbond = 1.2σ leads to an average nearest neighbor H/H distance of
1.35σ and a T/T distance of 1.26σ. Thus, surfactant molecules are represented by a not
too loose chain of beads.

2.1.1.1

Reduced Units

Throughout the thesis, we use reduced quantities: lengths are given in units of the
LJ length parameter σ, the energy is scaled with the well depth of the LJ interaction
&, the temperature scale is given in terms of &/k B and time is represented in units of
√
mσ2 /&, where m is the mass of a bead. Concentrations are defined as molecular
number densities and given in units of 1/σ3 .
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CNT/surfactants

At the length scale of the coarse-grained surfactant beads the atomistic structure of
the nanotubes becomes (essentially) irrelevant and surfactant beads interact with the
mean-field of the nanotube. Therefore we model the nanotubes as smooth cylinders.
They interact with the hydrophobic surfactant beads via the force shifted LennardJones (12,6) potential in eq.(2.2) which is also shifted to the surface of the nanotubes
φCNT (ri ) =

&CNT
φ(ri − rCNT )
&

(2.4)

where ri is the shortest distance between bead i and the nanotube axis (for the formula
see e.g. Ref.[66]) and rCNT is the radius of the nanotube. Interactions of the hydrophilic
head beads with the nanotubes are modeled using the WCA potential, i.e. φCNT (ri )
with rcut = 21/6 .

2.1.3

Model justification

While the present model has been widely used two specific features, i.e.the form and
especially the well depth of the interaction between surfactant beads and the nanotubes, deserve a more detailed discussion. For this interaction we assume a LJ (12,6)
potential because of its simple mathematical form and because it describes the actual
physical situation well. Single wall carbon nanotubes consist of a single layer of carbon
atoms located on the surface of a cylinder. Mean-field approximation for the interaction of a single LJ particle with a single planar layer of LJ particles leads to a (10,4) potential [67]. Because of the curvature of the cylinder the mean-field potential is slightly
steeper in the case of CNTs (see [68] for the formal prove and [69] for an approximation). Thus, the resulting potential is very similar to a LJ (12,6) potential. Moreover,
Patel et al. have fitted an LJ (12,6) potential to the potential of mean force between a
carbon nanotube and methane (CH4 ) molecules in water obtained from MD simulations and found excellent agreement [70]. The latter result is of particular relevance
as it includes also the hydrophobic interaction. Thus, at the level of detail considered
here the LJ (12,6) potential is a very reasonable choice.
As the focus of this work is to investigate adsorption and aggregation of surfactant
molecules on CNTs it is important to use a value for the ratio &CNT /& that is realis-
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tic and could be reproduced experimentally. The bead/bead interaction consists of at
least two parts: the van der Waals interaction and the (effective) hydrophobic interaction, and is usually vastly dominated by the hydrophobic part. Calculations using
the potential form of Ref. [69] reveal that for typical single wall carbon nanotubes with
radii of a few nm the well depth of the van der Waals bead/nanotube interaction is
approximately 2.7 times deeper than that of the bead/bead interaction. To estimate
the ratio of the strength of the hydrophobic part of the bead/nanotube and that of the
bead/bead interaction we estimate the ratio of the excluded surface areas. As a crude
approximation it can be assumed that the strength of the hydrophobic interaction between two hydrophobic particles depends linearly on the size of the surface area that
becomes unavailable to the solvent upon contact of the particles [71]. In the present
case of spherical beads and cylindrical nanotubes we find a ratio of the bead/nanotube
to the bead/bead hydrophobic interaction of approximately 1.37.
This calculation is done as follows: As a crude estimate it can be assumed that the surface energy of the interface between a hydrophobic solute and a hydrophilic solvent
scales linearly with the solvent accessible surface area (sasa), that is the surface area
that is available to the solvent (e.g. water). If two hydrophobic solute particles come
near each other the sasa decreases, resulting in a free energy reduction of the system
which causes the effective attraction we call ”hydrophobic interaction“. If we further
assume that the surface energy is dominated by water and depends little on the specific hydrophobic surface, the strength of the hydrophobic interaction between two
hydrophobic solutes is roughly proportional to the reduction in the sasa upon their
contact.
For the present study we need to determine the ratio between the hydrophobic bead/bead
interaction and hydrophobic bead/CNT . According to the discussion above this ratio is identical to the ratio of the excluded solvent accessible surface areas (xsasa). In
order to calculate this we need to specify some of the length scales in the system. For
the present estimate we assume a single wall CNT with a diameter of 1nm and water
molecules to have a radius of 0.16nm. The diameter of a surfactant bead in our model
(table 4.1) is half the diameter of the nanotubes, thus, 0.5nm. The xsasa for two spherical surfactant beads can be calculated analytically [72], while we obtain the xsasa of
the bead/nanotube contact via Monte Carlo integration. From these calculations we
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estimate the ratio of the hydrophobic bead/bead and the hydrophobic bead/nanotube
interactions to be approximately 1.37.
If we now assume that the hydrophobic interaction contributes 90% of the total interaction ([73]) we find &CNT /& ≈ 1.5. On the other hand Walther et al. [38] performing
united atoms MD, measured that the hydrophobic interaction between two CNT only
has a contribution on the range of the total potential, making it slighter longer ranged,
with the Van der Waals forces being dominant over the total interaction magnitude.
Assuming that vdW interactions are dominating the SFT/CNT interaction, we result
in &CNT /& ≈ 2.7. This strong interaction can be also achieved by surfactants that have

aromatic rings like pyrine in the end of their tail which result in π − π stacking interac-

tions with the CNT. Thus, our choice of &CNT /& ≈ 2.5 is based on moderately strongly
adsorbing surfactants on CNT.
Our model, which is empirical and contains no fitted parameter, is also validated by
comparison with experiments. The model predicts that the ratio between the critical surface aggregation concentration and the cmc Ccsac /Ccmc ≈ 0.3. Matarredona
et al. have measured NaDDBs adsorption on CNTs from aqueous solution and find
Ccsac /Ccmc ≈ 0.1 [50] which is in reasonable agreement with our results. It is also important to realize that one has some control over the strength of the van der Waals and
the hydrophobic interaction in practice. The van der Waals interactions can be altered
by altering the chemistry of the surfactants while the hydrophilicity of the solvent can
be controlled using cosolvents (see e.g. Ref. [74]).

2.2

Molecular dynamics

Having defined our model system in the previous section, we now describe the simulation method chosen. One of the most extensively used methods in computer simulations of membranes, peptides, lipids, nanoparticles and other nano scale systems
is molecular dynamics (MD). MD has been particularly useful for simulating systems
at the atomic level that are often difficult to study experimentally due to nanoscopic
length and time scales associated with molecular structures and motions (Figure 2.3).
Although molecular dynamics (MD) simulations can be complicated, the main concept
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Figure 2.3: Timescales in biomolecular systems. With the recent developments in
molecular modelling and parallel computing, it is possible to simulate on a microsecond
scale. Figure adapted from [75].
behind MD is simple. Given a system of N atoms or molecules, by calculating the
forces on each of these particles at a particular time, one can obtain a trajectory that
specifies the positions and the velocities of the particles as a function of time, by using
Newton’s law of motion,
Fi = mi

d2 r i
, i = 1, 2, . . . , N
dt2

(2.5)

where Fi is the force acting on particle i, mi its mass and ri its position. The force Fi
is the negative derivative of the interaction potential V between the particles i and all
other particles ∑i φ(rij ),

Fi = −

dV (r1 , . . . , rN )
.
dri

(2.6)

Once the forces are computed, equation (2.5) is integrated numerically in order to produce the new positions and new velocities of each particle of the system. The new
coordinates and velocities are used to calculate the potential energy again (see Figure
2.4). Successive configurations of the system are generated in the same way, resulting in a trajectory that specifies the positions and the velocities of the particles of the
system as a function of time. Therefore, molecular dynamics is a deterministic technique: with a set of initial positions and velocities given as input, one can in principle
determine the evolution of a system.
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Figure 2.4: Molecular dynamics flowchart. Given an initial configuration of a system of N
atoms or molecules, by calculating the forces on each of these particles at a particular time,
one can obtain a trajectory that specifies the positions and the velocities of the particles as
a function of time, by using the Newton’s law of motion. A typical time step can be on the
order of 1 or 2 fs for fully atomistic simulations. Figure adapted from [75].

2.3

Dissipative Particle Dynamics

In order for our simulations to be qualitatively comparable with real experiments, we
want to keep some of the system parameters constant. One very important parameter
is temperature (T). There are many different methods to keep the temperature constant
during an MD simulation, a review of which can be found in Ref [76]. Dissipative
Particle Dynamics (DPD) is one possibility to do this as the DPD simulations produce a
canonical ensemble (NVT) as opposed to the microcanonical enseble (NVE) generated
by standard MD . Since we have already defined our model, including all interactions
, both repulsive and attractive, we will only borrow the original DPD thermostat as it
is ideally suited for our bead and spring model and implicit solvent representation.
In the DPD framework, the total force on each bead is due to a combination of direct
interactions with other interaction centers and random and dissipative forces. The
trajectory of the system is calculated by integrating Langevin’s law of motion. System
properties can then be defined from its trajectory via time average. In DPD two beads
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i and j interact via the pairwise force
Fij = FijC + FijR + FijD

(2.7)

where FijC , FijR and FijD are the conservative, the random and the dissipative force, respectively.
The conservative force acts along the line connecting i and j , (rij = rij /&rij & , and depends only on the distance rij between i and j. It is given by the first derivative of the

interaction potentials discussed above

 )
 − φ$ (r ) + φ$ (r )* (r
ij
ij
bond ij
C
Fij =
 −φ$ (rij )(rij

The random force


 −ξω R (r )θ (r √1
ij ij ij ∆t
FijR =

0

nearest neighbors
else

rij ≤ rc
rij > rc

(2.8)

(2.9)

represents forces from the (rapidly moving) degrees of freedom which have been coarsegrained out, such as collisions with solvent particles leading to Brownian motion of
solutes. In DPD these forces are assumed to be pairwise and random in strength.
In eq.(2.9) ∆t is the simulation time step, ξ is a parameter determining the maximal
strength of the random force, ω R (rij ) is a weight function characterizing its distance
dependence and θij is a random variable with limits −1 and 1, zero mean, and unit
variance (see [78] for the random number generator we are using for our long trajectories). As the conservative force, the random force acts along the line connecting i and
j.
The dissipative force (or drag force)

 −γω D (r )((r · v )(r
ij
ij
ij ij
FijD =

0

rij ≤ rc
rij > rc

(2.10)

represents the viscous drag mediated by degrees of freedom which have been coarsegrained out. In eq.(2.10) γ is the strength parameter and ω D (rij ) is the weight function
of the dissipative force. It is a pairwise force acting along the line connecting the inter-
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acting particles i and j and it reduces the relative velocity (component along (rij ) (rij · vij ,
where vij = v j − vi and vi and v j are the velocities of i and j, respectively.

In the canonical ensemble the dissipative and the random force are not independent
but connected by the fluctuation dissipation theorem leading to
ω D (rij ) =

+

ω R (rij )

ξ 2 = 2γk B T,

,2

(2.11)

where k B is Botzmann’s constant and T is the temperature. Thus, the random and the
dissipative forces together constitute the DPD thermostat. Here we use the weight
functions originally published in Ref. [79]

 (1 − r /r )2 r < r
cut
ij cut
ij
ω D (rij ) =

0
rij > rcut ,

(2.12)

where we have chosen ω D (r) to be of the same range as the attractive conservative
force.
In equilibrium, as a result of the DPD thermostat, the instantaneous temperature fluctuates around its mean target value, as seen in figure 2.5. It is worth noticing that the
effect of the solvent is retained as faithfully as possible by incorporating the random
forces eq.(2.10) to account for uncorrelated solvent contributions and by introducing
an empirical potential to account for the influence of the solvent molecules on the solute in our case the surfactant molecules. The stationary solution of the stochastic differential equation that we are now numerically solving is the Boltzmann distribution
and hence these simulations produce canonical time averages of the ( N, V, T ) ensemble.
The Langevin equations of motion are integrated using a modified velocity Verlet algorithm. For a detailed review of different integration methods, one can refer to [80].
We chose the modified Velocity-Verlet algorithm (VV) since it is the computationally
cheapest method and its results are sufficiently robust. The modification is required
because the force depends upon the velocity, the extra step involves a prediction followed by a correction.

Instaneneous Temperature, T
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Figure 2.5: DPD thermostat / The Fluctuation dissipation theorem links the two DPD
non conservative forces, consituting a stochastic thermostat. Its efficiency is illustrated via
the 2 percent bounds are shown in red. The target temperature in green. The temperature
fluctuates around the target value, and its mean value overshoots insignificantly the pre-set
one as described in [77]. Data taken from a run with 2250 H5 T5 chains over a period of
2 · 106 ∆t
Some examples of the use of DPD in the field of this thesis is the study by Groot and
Madden of the microphase separation of diblock co-polymer melts [79, 81]. DPDthermostated coarse grained molecular dynamics has been utilized by Pastorino et
al. to study polymeric brushes grafted on a wall [82, 83]. They also tested the efficiency of different weight functional forms for entering the DPD thermostat formalism. They noted that a constant weight function thermostats the system more efficiently. Finally, Glotzer et al studied self-assembled mono tethered nanospheres using
DPD-thermostated MD [84] .

2.4
2.4.1

Molecular dynamics techniques
Simulation box and periodic boundary conditions

In the majority of the applications of MD simulations, in order to get a realistic view
of a phenomenon, one would like to be able to treat the system in a bulk environment,
and not in a simulation cell of limited dimensions. In order to achieve this ‘bulk’
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behaviour of the system, a technique known as periodic boundary conditions (PBC) is
used. In this technique, the single simulation cell is infinitely replicated in the three1
cartesian dimensions forming a lattice that completely fills the space. For a rectangular
simulation box, if one particle is located at position r, then this particle represents an
infinite number of particles at the following positions,

r + kα + lβ + mγ,

k, l and m ∈ Z

(2.13)

where α, β and γ the three vectors representing the dimensions of the simulation cell.
The most important feature of PBC is that every particle can interact not only with the
particles that are already in the simulation cell, but also with the ones located in the
neighbouring ones. This way, any surface effects due to the finite dimensions of the
cell are eliminated. The method is strictly correct only if the smallest dimension of the
simulation box is at least twice the length at which two regions in the unreplicated
system become independent. If not, the PBC can induct correlations, the so called
”finite size effects” (Fig. 2.6).
In all of our simulations we employ the usual periodic boundary conditions. Bulk
simulations are carried out in a cubic simulation box while for the adsorption studies
it is more convenient to use an elongated box that has the form of a quadratic prism
(Fig. 2.7).
This allows us to study the adsorbed phase in equilibrium with a bulk (like) phase in
the same system. The nanotubes are placed on one side of the box (Fig. 2.7). They are
rigid and their position is fixed. Since the tubes are not allowed to move they interact
with the surfactant molecules only via the conservative part of the force.
$
FiCNT = φCNT
(r i )

(2.14)

We assume that at a distance of 30σ away from the nanotube the solution exhibits bulk
properties as no correlations should be longer ranged. This is important as the bulk
concentration is the key link to experiments.
1 there are cases where, depending on the system and phenomenon under study, this replication is
done in one or two dimensions.
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Figure 2.6: Periodic boundary conditions. A two dimensional representation of the
periodic boundary conditions mechanism. The simulation cell, which is coloured blue,
is infinitely replicated in three dimensions (only two are shown here). Once a particle
‘leaves’ the simulation cell, it reenters from the opposite side and the total number of
particles in each cell is constant. The interaction of a particle does not only include particles
from the same box, but all the particles located at a distance less than the cut-off. All
the particles ‘see’ the system as a bulk environment (http://www.compsoc.man.ac.uk/
~lucky/Democritus/Pictures/pbc-mi.gif).
For the adsorption simulations it is convenient to be able to fix the bulk concentration. To achieve this we perform chain insertions and deletions in the bulk-like region
during the first half of the equilibration period, while in the second half the system
is conventionally equilibrated in the canonical ensemble by standard DPD. Every 300
timesteps insertions or deletions are attempted if the actual concentration deviates
from the target concentration by +5% or -5%, respectively. Insertion is accepted if
none of the beads of the new molecule interacts with any existing chain. If this is not
the case the insertion trial is repeated at different locations until it is successful. The
acceptance probability is usually very high since the (bulk) concentration is very low.

2.4.2

Cell Linked List

In order to save time, the cell linked list simulation method [85] has been implemented.
Cell lists work by subdividing the simulation domain into cells with an edge length
greater than or equal to the cut-off radius of the bead/bead interactions, in our case
the LJ interaction (Fig. 2.8). The particles are sorted into these cells at every timestep.
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Figure 2.7: Elongated Simulation Box of size 100σ × 100σ × 200σ. The CNTs are
positioned on the far right side of the box and are partially covered with surfactant
molecules. The usual periodic boundary conditions are applied in all three dimensions. Blue lines demarcate the simulation box. [20]
Potential interactions can only involve particles in neighboring cells resulting in a huge
performance boost. Using the cell lists the force evaluations which represent the core
of the MD code scale as O(n · log(n)) with the number of particles n, whereas in the
traditional method of testing all pairs of interaction centers it scales as O(n2 ).

It is well known (see e.g [86]) that the chosen size of the cell, has a strong effect on
the performance of the code. A further complication arises due to the strong density
inhomogeneities in our systems.
In figure 2.9 the performance dependance on the size of the cells is shown for a system
containing 1000 interaction centers were used to create, and a rectangular simulation
box of size 100x100x200. If we sticked to the proposed size of just a bit bigger than
the cutoff distance rc , then we would end spending too much computational time. To
tackle this problem, an adaptive cell resizing and optimizing routine has been created,
which every 5 million timesteps re- adjusts the cell length to its optimum. This occurs
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Figure 2.8: Cell list. The cells can be rectangular or square (or cubic in 3D). Only
the neighbooring cells depicted in green color are scanned for particle-particle interactions.
Figure edited from :http://en.wikipedia.org/wiki/File:CellLists.png
only during the equilibration period, as aggregation events still take place, changing
the inhomogeneity of the system. The routine stops the normal evolution of the system, and runs 500 timesteps starting from the current state with the same seed for the
random number generator but with varying the cell sizes by increments of 0.5. The
cpu time that elapsed is measured for these test runs, and the cell size that provided
the minimum cpu execution time is kept. Normal execution of the program then continues.

2.4.3

Simulation parameters

The simulation parameters used for each part of the study are given in tables at the
beggining of each chapter.
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Figure 2.9: Cell size contribution to code efficiency. Clearly, a huge difference in the
computational time arises purely by the correct choise of the cell list length. Number of
particles:1000, 1000∆t.
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CHAPTER

3

Surfactants Bulk Behavior

3.1

Critical Micelle Concentration

In bulk solutions surfactant molecules form well defined aggregates at some threshold concentration called critical micelle concentration (cmc). The cmc depends on the
surfactant and the solvent as well as on the thermodynamic conditions. Since our
model is empirical and coarse-grained it does not represent one particular experimental solvent/surfactant combination but it describes the generic behavior of all these
systems. In order to link our results to the behavior of a specific surfactant and solvent, thermodynamic reference points are needed. The most relevant reference point
for self-assembly is the cmc. Therefore we carefully determine the cmc and relate all
other results to it.
Here, the bulk properties of the linear surfactants H5 T5 and H5 T10 are studied. The
simulation parameters used are summarised in Table 3.1. Note, that not all systems
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Surfactants
T beads
&
&bond

=
=
=

5
1.0
4.0

H beads
σ
σbond

=
=
=

5, 10
1.0
1.2

T
attractive: rcut
non-conservative: rcut

=
=
=

0.7
2.5
2.5

∆t
repulsive: rcut
DPD:ξ

=
=
=

0.005
21/6
1.0

Simulation Bulk
chains
equilibration

=
=

500( H5 T5 )|800( H10 T5 )
1 · 108 ∆t

cubic box
production

=
=

variable dimensions
0.5 · 108 ∆t

Simulation

Table 3.1: Model and simulation parameters in reduced units. Note that for H10 T5 a
larger bulk system has been used [87].
start from the same initial configuration on a lattice. This is done in order to ensure
the correctnes of our method, since one should always obtain the same equilibrium
properties irrespective of the starting configuration.
Some systems have been simulated by using equilibrated micellar systems simulated
at a higher concentration as their initial configuration. For these runs, the box size
has been increased to match the target Cbulk . The effects were immediate, with micelles quickly breaking up into smaller aggregates and free chains, we obtained the
same equilibrium properties as for the corresponding systems that started from a lattice conformation .
During the simulation, we define that two molecules belong to the same cluster if any
inter molecular tail-tail distance is smaller than 1.5σ, i.e the hydrophobic parts of the
molecules are in close proximity. To identify all clusters a Depth-First-Search (DFS)
algorithm is used (See e.g [88]).
The cmc indicates the surfactant concentration at which aggregation becomes relevant
in the system. We can determine the cmc by plotting the concentration of free surfactant molecules C1 as a function of the total surfactant concentration C (figure 3.1). At
low concentrations no aggregates are formed and, thus, C1 = C. When micelles appear
the concentration of free surfactant molecules must be smaller than the total concentration as some surfactant molecules are now bound in micelles. At this point C1 (C )
falls below the line C1 = C. After a certain “transition region” one usually observes
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Concentration of free surfactant molecules C1 versus the total concentration of surfactant
molecules C. The dashed line demarcates C1 = C and the arrows indicate data points for
which aggregation number distributions are shown in figure 3.4.

Figure 3.1: .
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Figure 3.2: Snapshot of the H5 T5 surfactant at C = 8.2 × 10−4 ≈ 16 × Ccmc . Hy-

drophilic beads are shown in green while hydrophobic beads are colored purple. As
the C is high, the system contains mostly micelles and only very few free surfactant
molecules. The blue frame indicates the simulation box.[20]
C1 ≈ const. This is easily observed in figure 3.1.

As micelle formation is a continuous process there is some arbitrariness in the definition of the cmc. Here we define the cmc as the center between the last data point which
approximately follows C1 = C and the first point which belongs to the group of points
for which C1 ≈ const. Thus for the present system we find CMC H5 T5 = 5.2 · 10−5 and
CMC H10 T5 = 1.2 · 10−4 (Data taken from [87]). CMC H5 T5 < CMC H10 T5 is expected since

a smaller head makes the surfactant less hydrophilic.
The snapshot in figure 3.2 gives an impression of the system at C = 8.2 × 10−4 which
is well above the cmc.
The length of the DPD runs for collecting statistical average data is heavily relying
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on the equilibration period for each chain density. The minimum simulation length
was 108 timesteps. However, as it is obvious from the free chains evolution (Fig. 3.3),
equilibration times can vary significantly . This is because the driving force for micelle
formation is strong far above the CMC but becomes very low if the concentration is
much more weaker when the system is close to the CMC.

(a) C ≈ 0.75 · CMC

(b) C ≈ 0.15 · CMC

Figure 3.3: Free chains evolution vs sampling time (1 sampling period=300∆T) for
two different concentrations, one far below the CMC and one near the CMC

3.2

Geometry of the Micelles

The two simulated surfactants aggregated into micelles of approximately spherical
shape in the concentration range of CMC − 15 · CMC. Existing theory [89]states that
the shape of a surfactant aggregate can be predicted by a single dimensionless parameter, called the packing parameter (a p ) which is defined as the ratio of the volume
occupied by the surfactant tail group (VT ) over the product of the area requirement
(A H ) of the surfactants head group times the length (L T ) of the tail goup.
ap =

VT
AT · LT

(3.1)

Increasing values of the packing parameter predict a transition from spherical aggregates (a p ≈ 0.33 − 0.50), to cylindrical ones (a p ≈ 0.50 − 0.80) and eventually monolayer and bilayer formation.

3.2. GEOMETRY OF THE MICELLES

35

The physical size of the micelles is very similar for all concentrations simulated above
the cmc. The observation of similar physical size of the micelles is corroborated by the
aggregation number distributions shown in figure 3.4 where we plot the “probability
mass function“
M( N ) =

-

Nn N
∞
∑ N =1 Nn N

.

,

(3.2)

where N is the aggregation number of a cluster, n N is the number of clusters of size
N in the system and *· · · + denotes the canonical ensemble average. M ( N ) can be interpreted as the probability of finding a surfactant molecule in a cluster of aggregation
number N.
As can be inferred from the distributions in figure 3.4, the aggregation numbers fluctuate around a mean value N = 40 and, although the distributions have been obtained
at significantly different concentrations, they all are relatively narrow and strikingly
similar (except in magnitude). This indicates that the system clearly prefers spherical micelles consisting of approximately 40 surfactant molecules at all concentrations
shown in figure 3.4.
In the case of the H10 T5 surfactant, longer head groups are expected to induce a smaller
hydrophobic core due to the extra head area requirements [90]. The aggregation number for H10 T5 around the CMC is N H10 T5 = 30
Figure 3.5 shows a typical micelle formed by the surfactants at C ≈ CMC. It is clear
that both surfactants (H5 T5 , H10 T5 ) form spherical micelles in bulk solution at concentrations beyond the respective CMCs.
Since length scales between the various species in our system play an important role,
we need to estimate the average diameter of a micelle. In order to do this, radial
density profiles of bulk micelles are defined as [91]

ρr ( r ) =

/

N mic

∑ δ (r − r i )

i=1

0

,

(3.3)

where N mic is the number of hydrophobic beads and ri is the distance between bead i
belonging to the micelle to the center-of-mass of the hydrophobic core. As commonly
done [92] we define the micellar radius rmic , by the inflection point in the radial density
mic
profile of the tails beads eq. (3.3) (Fig. 3.6). We find rmic
H5 T5 ≈ 3.650 , and r H10 T5 ≈ 3.125.
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Figure 3.4: Cluster size distributions as probability mass functions for three surfactant
concentrations C = 6.70 · 10−5 (blue), C = 2.89 · 10−4 (green), and C = 8.12 × 10−4
(black); labelled in Fig. 3.1 as C, B, and A, respectively. While the number of aggregates
in the system increases with increasing concentration the mean aggregation number
remains constant.[20]
The smaller core radius of H10 T5 is consistent with the expected stronger steric repulsion between the longer head groups, requiring aggregates with a larger curvature.
The mean cluster size of a H5 T5 bulk micelle was found to be N = 40, whereas for a
H10 T5 is N = 30.
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(b)

Figure 3.5: Spherical micelles formed by the surfactants at C ≈ CMC. (a) H5 T5 and

(b) H10 T5 . The longer head groups of H10 T5 cause micellar cores to be smaller in size.
Hydrophobic tails are shown in purple and hydrophilic heads are are shown in green.
The scale bar below Fig. 3.5 (a) is 10σ and applied to both subfigures
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Figure 3.6: The structure of spherical bulk micelles of H5 T5 (red) and H10 T5 (black)
at C ≈ CMC shown as the radial density of head (dashed lines) and tail beads (solid

lines) as a function of the distances from the center of mass. H10 T5 , the surfactant
with longer head group has a smaller core but a larger corona of head groups. Only
micelles with sizes deviating by less than 25% from the mean aggregation number are
considered.[65]
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CHAPTER

4

The differences between surfactant
adsorption on CNT and CNT bundles

This paper appeared as:

4.1

Introduction

Carbon nanotubes (CNT) and CNT materials enjoy widespread interest in research
and increasing industrial attention. Their unique set of extraordinary properties enables a number of advanced applications ranging from the medical sciences[5–7], device manufacturing [16], acoustics engineering [17], electronics [18], to composite materials [19–21]. In these applications individual tubes are usually desired for functional[32] or economic reasons. Unfortunately, nanotubes tend to bundle due to van
der Waals interactions and in solution also because of hydrophobic interactions. Since
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tubes are very long a relatively large energy is required to separate a tube from a bundle making it very difficult to suspend or disperse the tubes[36].
To eliminate bundling and its consequences, a number of methods were devised. Some
are based on chemical modification of the tubes which inevitably leads to undesired
deterioration of the CNT properties [39, 40]. Alternatively, non-covalent functionalization through amphiphilic self-assembly can be used to stabilize CNTs in aqueous suspensions without affecting their properties [41, 42]. Initially, debundling is achieved
by intense ultrasonication [45] after which surfactants adsorb on the CNTs and cover
their surface [46]. The hydrophilic head groups of the surfactant molecules provide
a steric (or electrostatic) repulsive barrier hindering or ideally preventing rebundling
[47].
In the search for an optimized dispersion process, experimental studies have been conducted by various groups. The impact of surfactant concentration and the surfactants
molecular structure on the number of isolated tubes in solution has been systematically investigated in a number of phenomenological studies e.g [48, 49]. However, as
the interplay between surfactants and CNTs is complex and the number of potential
control parameters is large, thorough undersanding and detailed insight is inevitable
for successful optimization. To develop this understanding Matarredona et al.[50] and
Utsumia et al.[51] measured adsorption isotherms of NaDDBS on CNTs using Raman
spectroscopy. The isotherms reveal a two-step adsorption process where the first step
was attributed to adsorption on bundles and the second to exfoliation of bundles (via
sonication) and subsequent surfactant adsorption on individual tubes. The authors
argue that at high concentrations a monolayer is formed on the tubes[50]. Similar observations were made by Xiao et al. [52] studying adsorption of CTAB on CNTs. In
this case adsorption also follows a two-step mechanism.
In all these studies adsorption was not directly measured and the adsorbed structures
could not be observed. It can also be difficult to determine the actual surfactant concentration, if it is not measured directly, due to surfactant adsorption on all kinds of
interfaces in the system, including the CNTs, the container surfaces and liquid/gas interfaces. At concentrations below the cmc the proportion of adsorbed molecules in the
system can be significant, as the cmc is usually low. An additional complication can
be that the surface area of the container walls maybe of the same order-of-magnitude
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as the total surface area of CNTs in the sample due to the usually low CNT concentrations.
Computer simulations do not suffer from these problems. Here the actual concentration, the adsorbed amount and the adsorbed structures are directly accessible. The potential of molecular simulations to study amphiphilic adsorption on CNTs is demonstrated by a number of recent studies. Wallace et al. [53, 54] used Coarse Grained
Molecular Dynamics (CGMD) to investigate adsorption of DPPC lipids and two detergents, DHPC and LPC on CNTs. Depending on the type of amphiphile as well
as the number of surfactant molecules in the simulation box they found a variety of
adsorbed structures including randomly arranged surfactant molecules and encapsulation by spherical and cylindrical micelles. Shvartzman-Cohen et al. [55, 56] used
CGMD to study adsorption of amphiphilic block-copolymers on CNTs and found adsorption with no specific ordering of the adsorbed molecules
Computer simulations have also been successfully used for a detailed analysis of the
system at the atomic level. Tummala et al. [60] used fully atomistic MD to study adsorption of Na-dodecyl sulphate (SDS) molecules on SWCNTs from aqueous solution.
They show that the morphology of adsorbed SDS structures is influenced by the tube
diameter,its chirality and by the number of SDS molecules placed in the simulation
box. A variation of structures has been observed when the number of molecules in
the simulation box was increased. At low coverages SDS molecules form “rings” with
the SDS molecules lying flat on the tube surfaces and parallel to the tube axis. High
coverages favor the the formation of adsorbed micelles with disordered internal structure. Unfortunately, the high computational cost still prevents the large system sizes
needed for concentration control.
Beyond dispersion, surfactant adsorption on CNT bundles is interesting from a more
fundamental perspective. On one hand bundles have larger overall diameters than
individual tubes but on the other hand the local curvature of its surfaces is that of the
constituting tubes. Moreover, neighboring tubes form grooves where the adsorption
energy is higher due to the ability of adsorbed molecules to interact with two surfaces.
Simultaneously, the grooves create a degree of confinement. Thus, CNT bundles are
heterogeneous adsorbents with a number of important length scales.
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Heterogeneous surfaces are known to have a strong impact on adsorption isotherms
and the morphologies of adsorbed phases [93–95]. The substrate can be chemically
[96, 97] or geometrically structured [98, 99]. In many cases these heterogeneities lead
to phase transitions on surfaces and in confinement and, thus, originate new phases
with no bulk equivalent.
The length scales of the adsorbent heterogeneities are particularly important if the adsorbing molecules self-assemble and the length scales of the self-assembled aggregates
and those of the adsorbent are of the same order-of-magnitude [100, 101]. In the case
of amphiphilic self-assembly it has been found, that adsorbed and bulk aggregates
have similar length scales [102–104]. Thus, as strong influence on the adsorption of
amphiphilic molecules on CNTs and their bundles must be expected when the overall
diameter or the heterogeneities reach the size of the self-assembled aggregates.
In this study we begin to elucidate surfactant adsorption on individual CNTs and on
CNT bundles. We find major differences in the mechanisms of surfactant adsorption
in CNT bundles compared to individual tubes. These differences originate form the
heterogeneous surfaces of nanotube bundles and their larger diameter.
In our study we use DPD simulation of a mesoscale model which allows us to control
the bulk surfactant concentration.

4.2

Model and Simulation

In this paper we employ computer simulations to study self-assembly of amphiphilic
molecules on three different carbon nanotubes systems: An individual single wall carbon nanotube, a bundle consisting of three nanotubes and a bundle consisting of seven
nanotubes (4.1). Our results might be extrapolated to larger symmetric bundles as
their surface interaction potential is very similar to that of a bundle consisting of seven
tubes. The only differece is that in larger bundles the potential will be marginally more
attractive and longer ranged due to the larger number of tubes in the bundle.
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Figure 4.1: Attractive part of the CNT/hydrophobic-bead potential projected into a
plane perpendicular to the tube axis. The distance between the axis of neighboting
tubes in bundles is δ = 2.5. Although the minimum of the potential in (b) and (c) is -5,
the gray scale is linear from 0 to −3 to optically emphasize the grooves.

4.2.1

Model

In the simulations surfactant molecules are represented by a chain of beads (H5 T5 )
consisting of a block of five hydrophilic head (H) beads and a block of five hydrophobic tail (T) beads while the solvent is considered implicitly. The implicit treatment of
the solvent as well as the coarse-grained character of the surfactant beads causes the
beads to interact via effective potentials. In the present case we employ a common
empirical model, which we have used previously [20], where the interactions between
a pair of hydrophobic beads is attractive, while all other bead/bead interactions are
repulsive. Attractive interactions between beads i and j are represented by the pair
potential φ(rij ) which is based on the force shifted Lennard-Jones (LJ)(12,6) potential
φLJ (rij ) = 4&

!"

σ
rij

#12

−

"

σ
rij

#6 $


 φ (r ) − φ$ (r )(r − r ) − φLJ (r )
cut
cut
LJ ij
ij
LJ cut
φ(rij ) =

0

(4.1)

rij < rcut
rij ≥ rcut ,

(4.2)

$ (r ) = dφ (r ) /dr and r
where φLJ
cut is the cut-off-radius. In eq.(4.1) rij = &rij &, rij =
LJ

r j − ri and ri and r j are the positions of i and j, respectively; & is the well depth and σ

the length parameter of the LJ potential. Repulsive interactions are represented by the
WCA potential, given by eq.(4.2) with rcut = 21/6 . For simplicity, these interactions are
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&
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=
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5
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σ
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=
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5
1.0
1.2

rCNT
δ

=
=

1.0
2.5

&CNT

=

2.5

T
attractive: rcut
non-conservative: rcut
production

=
=
=
=

0.7
2.5
2.5
0.5 · 108 ∆t

∆t
repulsive: rcut
ξ
equilibration

=
=
=
=

0.005
21/6
1.0
(1 up to 2) · 108 ∆t

Nanotubes

Simulation

Table 4.1: Model and simulation parameters in reduced units: δ is the distance between neighbooring nanotubes.
assumed to be present between all pairs of beads regardless whether they are bonded
or not. In addition, two beads k and l which are nearest neighbors in a single surfactant
chain interact via the harmonic bond potential, φbond (rkl ) = &bond (rkl − rbond )2 , where
&bond is the depth of the potential well and rbond the bond length.
The length scale of the coarse-grained surfactant beads renders the atomic structure
of a nanotubes (essentially) irrelevant, enabling us to model the nanotubes as smooth
cylinders. They interact with the hydrophobic surfactant beads via the force shifted
Lennard-Jones (12,6) potential in eq.(4.2) which is also shifted to the surface of the
nanotubes
φCNT (ri ) =

&CNT
φ(ri − rCNT )
&

(4.3)

where ri is the shortest distance between bead i and the nanotube axis (for the formula
see e.g. Ref.[66]) and rCNT is the radius of the nanotube. Interactions of the hydrophilic
head beads with the nanotubes are modeled using the WCA potential, i.e. φCNT (ri )
with rcut = 21/6 . All potential parameters can be found in table I.
In 4.1 the attractive part of the CNT/hydrophobic bead potential is plotted to visualize
the heterogeneity of the potentials of the bundles. Clearly visible are sites with large
interaction potential along grooves formed by two neighbouring tubes. The distance
between these groves is larger in the triplet compared to the septet. We note that, because of our choice of rcut = 2.5, groove sites in the triplet and the septet are identical.
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Simulation
We investigate the system in the canonical ensemble using the dissipative particle dynamics (DPD) method [79]. In DPD any two particles i and j interact via the pairwise
force Fij = FijC + FijR + FijD , where FijC , FijR and FijD are the conservative, the random and
the dissipative force, respectively.
The conservative force acts along the line connecting i and j , given by (rij = rij /&rij & ,

and depends only on the distance rij between i and j. It is given by the first derivative
of the interaction potentials discussed above.
The random force


 −ξω R (r )θ (r
ij ij ij
FijR =

0

rij ≤ rcut
rij > rcut

(4.4)

represents forces from the (rapidly moving) degrees of freedom which have been coarsegrained out, such as collisions with solvent particles leading to Brownian motion of
solutes. In DPD these forces are assumed to be pairwise and random in strength. In
eq.(4.4) ξ is a parameter determining the strength of the random force, whereas ω R (rij )
is a weight function characterizing its distance dependence and θij is a random variable
with limits −1 and 1, and zero mean (see [105] for reasoning to use uniform random
numbers and [78] for the random number generator we are using for our long trajectories). As the conservative force does, the random force acts along the line connecting
i and j.
The dissipative force (or drag force)

 −γω D (r )((r · v )(r
ij
ij
ij ij
FijD =

0

rij < rcut
rij > rcut

(4.5)

represents the viscous drag mediated by degrees of freedom which have been coarse)
*2
grained out. In eq.(4.5) γ is the strength parameter. ω D (rij ) = ω R (rij ) is the weight
function of the dissipative force. Here we use the weight functions originally published in Ref. [79]


 (1 − r /r )2 r ≤ r
cut
ij cut
ij
ω D (rij ) =

0
rij > rcut ,

(4.6)

where we have chosen ω D (r) to be of the same range as the attractive conservative
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force.
The simulation box is rectangular and periodic boundary conditions are applied in
all three dimensions. CNTs are placed in the box such that their axis are parallel to
the long dimension of the box. This allows the determination of the bulk surfactant
concentration in regions which are more than 25σ away from the tube surface and are
considered bulk-like. Accessibility of the actual bulk surfactant concentration is key
to our study and is not easily achieved experimentally. To maintain the surfactant
concentration within 5% of its target value, surfactant molecules have been created
and deleted in the bulk-like region during the initial part of the equilibration period
[20].

Definition of Important Quantities
Throughout the paper we use reduced quantities: units of length are given with respect to the LJ length parameter σ, the energy scale is given in units of the well depth
of the bead/bead LJ interaction &, the temperature scale is given in terms of &/k B where
√
k B is the Boltzmann constant, and time is represented in units of mσ2 /&, where m is
the mass of a bead. Concentrations C are defined as molecular number densities and
given in units of 1/σ3 .
For normalization of the adsorbed amount, computation of the surface area available
for adsorption is necessary. Here we define the surface area A as the legth of the tubes
multiplied by the arclength ! of the contour line corresponding to the potential isovalue of −2.5 (4.1). In the case of an individual tube this is the contour of the potential
minimum with !1 = 2π (1 + 21/6 ) = 13.34. For the bundles we numerically follow the
outer contour which is very close to the potential minimum and obtain !3 = 18.02 and

!7 = 27.01.
Two dimensional density maps have been calculated for the hydrophobic tails. These
have been generated by a projection of the coordinates of the hydrophobic beads along
the nanotube axis onto a square lattice of granularity 0.1. Densities are averaged over
the equilibrium part of the simulation by taking samples every 5000 time steps.
The cluster size distribution for adsorbed surfactant clusters is defined here as the
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(canonical ensemble average of the) probability mass function
P( N ) =

-

N · nN
∞
∑ N =1 N · n N

.

,

(4.7)

where n N is the instantaneous number of adsorbed clusters of size N. and *· · · + de-

notes the canonical enseble average.

4.3

Results and Discussion

We investigate surfactant adsorption on individual carbon nanotubes and small bundles consisting of 3 and 7 nanotubes. The model surfactant used in this study has a
CMC value of 5.2 · 10−5 and forms spherical micelles of approximately 41 molecules in
bulk solution[20]. The diameter of the hydrophobic core of the micelles was estimated
at approximately 5 [20].

4.3.1

Adsorption of surfactants on individual carbon nanotubes

Surfactant adsorption on an individual carbon nanotube was studied in a previous
publication [46]. Since this case represents an important reference for adsorption on
bundles we review key findings and supplement them with relevant additional information.
At low surfactant concentrations C # 0.6 · 10−5 , well below the CMC, the areal density
of adsorbed surfactant molecules

Nads
A

increases linearly with the surfactant concentra-

tion (4.2(b)). In this regime only very few molecules are adsorbed. Thus, they only
very rarely interact with each other creating an ideal gas type system. Such as system
follows Henry’s law

-

Nads = CA e

− k fT
B

.

(4.8)

where f is the free energy of adsorption per molecule. As all molecules are identical
f = const. leading to the observed linear regime.
As the bulk concentration increases beyond C ≈ 0.8 · 10−5 the adsorbed amount increases superlinearly. This is a sign of cooperative effects contributing to the adsorption mechanism. Upon adsorption, molecules interact with each other and form small
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Figure 4.2:

Adsorption isotherms as the areal density of adsorbed surfactant
versus (bulk) concentration C: (a) for the entire concentration range
molecules
and (b) for the linear regime at small concentrations. The solid line in part (a) provides
a guide to the eye while the dashed line is a linear fit to data points at C < 0.6 · 10−5 .
Red symbols represent points for which snapshots are shown in 4.3. Data taken from
[46].
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clusters. The energy of these intermolecular interactions contributes to the free energy
of adsorption, leading to the observed superlinear increase in the adsorbed amount.
The loss in entropy due to clustering is much harder to quantify but does not appear
to dominate adsorption in the present case. The presence of small adsorbed clusters
is evident in the simulation snapshot in figure 4.3(a) taken at C = 1.35 · 10−5 and in
the respective cluster size distribution in figure 4.4(a). Clusters in this regime have no
preferred size, thus, P1 ( N ) decreases exponentially fast and clusters grow in size with
increasing concentration.
At a surfactant concentration of C = 1.49 · 10−5 a local maximum at N ≈ 13 is visible
in the cluster size distribution in 4.4 (a). Such a maximum is evidence for the formation of clusters of a preferred size and, thus, for surface aggregation. The smallest
concentration where surface aggregation occurs is called the Critical Surface Aggregation Concentration (CSAC). Here we estimate CCSAC = 1.50 · 10−5 ≈

1
3 CCMC .

As

the concentration increases from the CSAC to approximately 30CCSAC ≈ 10CCMC ad-

sorbed aggregates grow from N ≈ 13 to N ≈ 55 while the aggregation number of bulk

micelles is constant at approximately 41 in the concentration range between CCMC and
10CCMC ( 4.3, 4.4)[20]. It is interesting to note that we did not observe any change in
the number of adsorbed aggregates at concentrations beyond the CSAC.
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(a) C = 1.35 · 10−5

(b) C = 1.69 · 10−5

(c) C = 2.01 · 10−5

(d) C = 43.3 · 10−5

(e) C = 2.01 · 10−5

(f) C = 43.3 · 10−5

Figure 4.3: Simulation snapshots at different bulk concentrations as indicated in the
figure and highlighted in 4.2(a): (a), (b), (e),(f) depicting the hydrophilic surfactant
head beads in green and the hydrophobic tail beads in purple and (c), (d) showing
only the hydrophobic tails.
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Figure 4.4: Cluster Size Distributions P1 ( N ) for surfactant adsorption on an individual CNT at various concentrations as indicated in the figure: (a) linear N-scale
and (b) logarithmic N-scale to emphasize the tails at large N. Data for C/10−5 =
0.51, 1.35, 1.49, 2.01, 43.3 taken from [46].
Associated with surface aggregation is a steep increase in the adsorbed amount (4.2).
This increase is caused by growth of the adsorbed aggregates. As the bulk concentration increases to C ≈ 2.39 · 10−5 , the aggregate size increases quickly up to approximately 45 which is very similar to the aggregation number of bulk micelles. Any
further increase in the concentration leads to only a slight increase in the average aggregate size (4.4(b)). Simultaneously, the adsorbed amount levels-off. (Observe the
logarithmic concentration scale in 4.2 (a)). Thus, adsorption is nearly complete at a
concentration significantly smaller than the CMC, i.e. around C ≈ 21 CCMC .
The shape of adsorbed aggregates just after the CMC is close to that of hemi-micelles,
i.e. aggregates attach to the side of the tubes rather than engulfing it concentrically
(4.3(b) and 4.5 (a)-(c)). After the steep part of the adsorption isotherm at C $ 12 CCMC
adsorbed aggregates enclose the nanotube concentrically but are slightly elongated
along the tubes (4.5 (d)-(f)). The diameter of the hydrophobic core of these micelles d ≈

8 is somewhat larger that that of a bulk micelle d ≈ 5. However, the micelles do not
seem to be perturbed too much by the presence of the tube. Thus, they remain intact
also in the adsorbed state. Their diameter is difficult to judge from snapshots but can
be estimated to d ≈ 5 to 6 with the CNT replacing the “missing” half. As well as the
full micelles, also the hemimicelles are elongated along the tube. These observations
indicate that the morphology of the absorbed aggregates is a result of maximizing the
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(b) C = 1.69 · 10−5 (c) C = 1.69 ·
10−5

(e) C = 17.15 · 10−5 (f) C = 17.15 ·
10−5

Figure 4.5: Simulation snapshots at two concentrations: upper panel C = 1.69 · 10−5
presenting a hemimicelle and lower panel C = 17.15 · 10−5 presenting a full micelle.

Hydrophilic surfactant head groups are shown in green and hydrophobic tails in purple. In parts (c) and (f) head groups are omitted for clarity.
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interaction with the CNT while simultaneously maintaining their preferred curvature.
At concentrations beyond C ≈ 2 · 10−5 cluster size distributions have a tail at large
cluster sizes which is caused by temporary connection between two or more clusters.
At the highest concentrations this tail shows maxima at integer multiples of the position of the maximum of the first peak implying the connection of two or more adsorbed aggregates(4.4(b) and (4.3(d)). This also implies that at concentrations below
C ≈ 2 · 10−5 adsorbed clusters are well separated along the tubes (4.3(c)).

4.3.2

Surfactant Adsorption on CNT Bundles

On first sight, it is obvious that the isotherms for surfactant adsorption on bundles
are very different compared to the isotherm we have obtained for an individual tube
(4.6(a)). The most significant difference is the lower slope in the steep part of the adsorption isotherms of the bundles. While we have already shown that adsorption of
individual small diameter CNTs is cooperative and dominated by aggregation, the
isotherms for the bundles resemble Langmuir-type isotherms, suggesting a different
adsorption mechanism.
This is not entirely surprising. Above we have seen that adsorbed micelles are not
very much bigger than bulk micelles, which is consistent with several reports in the
literature [20, 53, 106]. Since the over all diameter of the bundles is much larger than
that of a bulk micelle, adsorption of concentric micelles on the CNT bundles is not
possible. Thus, adsorption must follow a different mechanism.
Additionally, surfactant adsorption on the bundles starts at much lower concentrations and the adsorbed amount levels off at a slightly lower concentration compared
to individual tubes . Interestingly, at the highest concentrations, after the “levellingoff” point, the areal density of surfactant molecules adsorbed on the bundles is always
slightly lower compared to the single tube case.
The most important difference between bundles and individual tubes is that the outer
surface of bundles is heterogeneous because bundles consists of several tubes. Most
significantly, their surface has grooves where surfactant beads can interact with two
tubes simultaneously (4.1). It is important to notice that the grooves in the case of the
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Adsorption isotherms as: (a) the areal density of adsorbed surfactant molecules NAads versus concentration and (b),(c) number of adsorbed surfactant
molecules normalized by the total length of grooves NLads
; for adsorption on a single
g
tube (black !), on a triplet (blue, ") and on a septet (green, •). Solid lines are guides to
the eye. Dashed blue lines in (c) indicate adsorption/desoption branches. Adsorption
on bundles is very different compared to adsorption on single tubes. Visible is also the
transition from groove dominated adsorption (C # 0.3 · 10−5 ) to surface dominated
adsorption (C $ 1.0 · 10−5 ).
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Figure 4.7: Simulation snapshots and corresponding local densities of the hydrophobic tail beads of adsorbed surfactant molecules for systems in the Henry’s law regime:
(a),(c) triplet at C = 0.082 · 10−5 and (b),(d) septet at C = 0.038 · 10−5 . The snapshots depict hydrophilic surfactant head groups in green and the hydrophobic tails in
purple. In both cases individual molecules are adsorbed in the grooves.
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triplet and the septet and in fact, all other bundles, are almost identical. The differences are caused by tubes which are not directly constituting the groove. These tubes
are relatively far away and only render the total bundle/adsorbent interaction sightly
more attractive and longer ranged. In our model this minor difference is ignored, such
that all grooves are identical.
The similarity of the grooves suggests to represent the isotherms as the number of
adsorbed surfactant molecules normalized by the total groove length. Thus, in 4.6(b)
the number of adsorbed surfactant molecules per unit length of groove

Nads
Lg

is show.

As expected, we observe perfect overlap of the isotherms at low concentrations.
Magnification of this low concentration region reveals a linear regime for concentrations C # 0.30 · 10−5 . This is expected as adsorption in the grooves should initially
follow Henry’s law (4.8) with a lower (negative) free energy of adsorption f compared
to individual tubes. It is important to note that adsorption is accompanied by a significant loss in internal and translational entropy. This loss is even larger in the case of
the one-dimensional grooves. However, the larger slope of the adsorption isotherms
and, equivalently, the larger adsorbed amount at the lowest concentrations in the case
of the bundles compared to the individual tube in 4.6(a), suggests, that the stronger
interaction in the grooves is not fully compensated by the higher entropy loss.
The domination of the adsorbed phase by individual molecules in this regime is evident in the respective clusters size distributions in Supplemental Information (SI) . The
local densities shown in 4.7(c) and (d) clearly indicate that the most probable location
of beads of these adsorbed molecules is in the grooves. It is also interesting to inspect
the snapshots in 4.7(a) and (b). While they corroborate the previous results, they also
indicate that surfactant molecules do not lay flat in the grooves most of the time as
significant densities are observed in the outer groove areas, indicating the significance
of configurational entropy for our model molecules.
At concentrations above the Henry’s law regime adsorption isotherms fall below the
linear limit. This sublinear behavior is very different compared to the superlinear increase observed for individual tubes. A Sublinear increase of the adsorbed amount is
typical for non-cooperative Langmuir type adsorption. In the Langmuir case the sublinearity results from the increasingly larger entropy loss of the entire adsorbed phase
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(a) Triplet C = 0.21 · 10−5
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(b) Septet C = 0.20 · 10−5

Figure 4.8: Simulation snapshots to show small clusters adsorbed on the grooves: (a)
triplet at C = 0.21 · 10−5 and (b) septet at C = 0.20 · 10−5 . Hydrophilic surfactant head
groups are shown in green and hydrophobic tails in purple. Clusters are centered at
the grooves but spread out onto the nanotube surfaces to some extent.
upon adsorption of additional molecules at progressively higher surface coverages.
Hypothetizing Langmuir adsorption one expects adsorption of individual molecules.
Contrarily, cluster size distributions P7 ( N ) (Figure SI.1(c),(d)) indicate that the adsorbed phase is dominated by small (random) clusters. However, the additional intermolecular interactions in these clusters should lead to some level of cooperativity
and superlinear adsorption as in the case of individual tubes.
The snapshot in 4.8(b) indicates that clusters are located along the grooves and stretched
in the direction of the grooves. Otherwise the clusters are “blobby” in structure and
reach out onto the tube surface where surfactant beads interact with only one tube.
This becomes even more apparent in the local densities in 4.9(b). As a consequence
the average adsorption energy per molecule reduces. The sublinear increase in the
adsorbed amount suggests that this reduction is not fully compensated by the intermolecular interactions within the clusters.
In the case of the triplet of tubes adsorption follows a similar trend. Although clusters
reach out onto the tubes, adsorption is still dominated by the grooves, i.e. there is no
independent adsorption outside the grooves. Thus the adsorbed amount still scales
with the groove length.
The triplet of tubes follows a similar tendency. Interestingly, however, cluster size
distributions indicate a slight tendency for aggregation (Figure SI.1 (a),(b) P3 ( N ) for
C $ 0.22 · 10−5 ). These aggregates are very small and grow with concentration. As all
other clusters, aggregates are located along the grooves and reach out onto the tube
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Figure 4.9: Local densities of hydrophobic tail beads of adsorbed surfactant molecules
for the triplet and the septet at various concentrations as indicated in the figure.
Clearly visible is the formation of “2nd order channels” in (c),(d) as well as beginning
adsorption between the grooves. Filling of the gap between the grooves appears to be
discontinuous. Local densities in (d)/(f) and (c)/(e) illustrate the two states, although
the shown densities do not belog to corresponding states.
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surfaces (4.8(a), 4.9(a)). Although noticeable even at high concentrations, aggregation
remains a minor effect and does not appear to influence the adsorbed amount significantly.
At C ≈ 0.3 · 10−5

Nads
Lg

of the triplet and the septet of tubes shown in 4.6(b),(c) start

to deviate from each other indicating that adsorption is no longer dominated by the
grooves. Comparing the local densities in 4.9(c) and (d) with the respective density plots at lower concentrations shown in 4.9(a) and (b), one notices that surfactant
molecules now adsorb everywhere on the bundle surface. As the surface area per
groove is larger in the triplet compared to the septet and interaction potentials along
the tube surfaces are the same in both cases, the triplet isotherm in 4.6(b) should lay
above that of the septet as it does.
In the region above the Henry’s law regime up to the levelling-off point data points
appear to scatter rather significantly, although the statistical errors are very small. For
all points in this region the 99% confidence interval is smaller than 1% because of the
long production runs. However, some scattering is expected in this region since on one
hand the adsorbed amount changes strongly with concentration and on the other there
are usually many more molecules adsorbed compared to the number of molecules in
the bulk. Bulk sizes are limited to keep the computational cost at bay. As a consequence, a fluctuation in the bulk concentration might trigger adsorption or desorption
of many molecules which can change the concentration more than the initial fluctuation. Thus one has to balance between system stability and computational cost.
However, in some regions, e.g. at C ≈ 1 · 10−5 for the triplet, “scattering” is too large
and systematic to originate from computational errors. Closer inspection of 4.6(c) reveals two distinct branches in the adsorption isotherm. Such a behavior is typical
for bistability and hysteresis, found for example near discontinuous phase transitions.
Comparing the density plots in 4.9(e) and (g) reveals that the difference between the
lower and the upper branch of the isotherms is filling of the gap between the structures
adsorbed along the grooves. Detailed analysis of similar systems has proven that such
“filling” can indeed be first order in the case of simple fluids [107].
Density plots at C = 0.63 · 10−5 and C = 0.92 · 10−5 presented in 4.9(d) and (f) and
the splitting of the adsorption isotherm into two branches indicate the existence of the
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same type of transition in the case of the septet around C ≈ 0.7 · 10−5 . It is expected
that on septets this transition occurs at a lower concentration compared to triples as
on septets the gap between grooves on septets is smaller.
At even lower concentrations our results hint the existence of additional bistabilities
which resemble of the wetting transitions in simpler systems; e.g. at C ≈ 0.4 · 10−5 the
second order maxima in the groves seem to be filled which has also been observed in
numerous other systems [108, 109]. As detailed investigation of these effects is beyond
the scope of this manuscript we present some additional local density plots in the
supplemental information. In general, all these seemingly cooperative transition are
only minor effects and do not significantly affect the general adsorption behavior.
After filling of the surfaces, cluster size distributions indicate complete connection of
the adsorbed phase (Figure SI.1). Although the adsorbed phase is fully connected,
molecules are not completely evenly distributed and snapshots (not shown) show that
the adsorbed layer has many defects. However, density plots at high concentrations
shown in 4.9(g) and (h) indicate that surfactant molecules are adsorbed everywhere on
the surface. In this regime the grooves should play only a minor role and ,as expected,
adsorption scales with the surface area (4.6(a)). The leveling-off is not as sharp as for
individual tubes which is expected due to the marginal cooperativity. The absence
of aggregation could also be the reason why adsorption on the bundles levels off at
slightly lower areal densities.

4.4

Conclusions

In this manuscript we study adsorption of surfactant molecules on small-diameter
CNTs and their bundles using a coarse-grained model in DPD simulations.
Our results demonstrate major differences between adsorption on individual tubes
and bundles. Adsorption on individual small-diameter tubes is dominated by aggregation. Adsorbed micelles are formed which resemble spherical bulk micelles. When
fully developed, micelles engulf the tube concentrically and are slightly elongated
along the tube axis. Most of the adsorption occurs quickly after the critical surface
aggregation concentration trough growth of the adsorbed micelles.
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Adsorption on the bundles is largely non-cooperative and, consequently, isotherms
have a lower slope in the steep part. On the other hand, adsorption on bundles starts
at much lower concentration due to the grooves along the surface of the bundles where
surfactant molecules can simultaneously interact with two tubes. These grooves are
almost identical for all bundles and dominate adsorption at low coverages. At higher
concentration adsorption is progressively dominated by the total surface area of the
bundle.
As a consequence of these differences in the adsorption mechanisms a crossover point
exists where the areal density of surfactant molecules adsorbed on individual tubes
exceeds that of the bundles.

4.5

Supplemental Information
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Figure 4.10: Cluster Size Distributions as the probability mass function versus aggregation number P( N ) for: (a),(b) the triplet of tubes and (c),(d) the septet at various
concentrations as indicated in the figures. Surfactant molecules adsorbed on the triplet
of tubes form small self-assembled aggregates at not too low concentrations as indicated by the maximum in the distributions. With increasing concentartion clusters and
aggregates grow in size and form more and more connections to other clusters and aggregates until at the highest concentrations the adsorbed phase is almost completely
connected.

CHAPTER

5

Directed Self-assembly on CNT junctions

5.1

Introduction

Because of their exceptional set of properties carbon nanotubes (CNTs) have been proposed for a large range of applications ranging from high-strength materials usefull
e.g. as bone scaffolds to highly efficient and flexible field emitters and nanoelectronics.
Although CNTs are central to all these applications, usually they are accompanied by
other materials for structural or functional reasons.
For example, although individual nanotubes are strong CNT materials are typically
much weaker [22–25]. The weakest materials are those with a random arrangement of
nanotubes such as sheets or papers [26, 27]. Their weakness is caused by the ’smoothness’ of the CNTs, their weak mutual interaction and the small contact area. Deposition
of material, usually polymers, between the nanotubes can improve material strength
significantly [28, 29].
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Additives can also enhance function: e.g. the selectivity of CNT sensors can be enhanced by coating the nanotubes with organic molecules [30]. This coating then acts
as a filter letting only certain molecular species pass while blocking others. In CNTbiosensors, on the other hand, the coating might be endowed with receptors making it
part of the transducer [31]. Amphiphilic molecules are often used for coatings as they
can be applied conveniently from solution.
In these applications as well as in many others involving CNTs or other nanoscale
building blocks it is essential that we can control the material’s nanoscale structure,
e.g. incomplete coating will reduce the sensors selectivity while an unnecessary thick
coating might reduce sensitivity and increase response times. It is generally accepted
that efficient structural control at the nanoscale can only be achieved by ’bottom-up’
methods and that self-assembly processes will play a key role. Self-assembly processes
are attractive as they allow us to control nanoscale features via convenient macroscopic
control parameters such as concentration and temperature without direct intervention
at the nanoscale.
Experimental investigation of the details of adsorption and self-assembly of amphiphilic
molecules on CNTs is challenging and only a limited number of systematic stydies are
available in the literature. For example, Utsumia et al. [51] and Matarredona et al. [50]
studied adsorption of NaDDBS on single wall carbon nanotubes. Their experiments
show that adsorption follows a two-step mechanism which is due to debundling of
the CNTs. Detailed interpretation of the results are, however, difficult as no direct
evidence of the adsorbed structures was available. Transmission electron microscopy
was used by Richard et al. [106] to study aggregation of different surfactants on various CNT samples. They observed a wide range of adsorbed structures which were
strongly dependent on the thermodynamic conditions. Shvartzamn et al. [55] used
high sensitivity differential scanning calorimetry to study self assembly of surfactants
on CNTs. They found that the nanotube diameter has a great influence on the structure
of the adsorbed phase.
Computer simulations are convenient tools to study amphiphilic self assembly on
CNTs as they allow us to investigate the thermodynamics of self-assembly as well
as the structure of the adsorbed phase within the same simulation framework, thus,
avoiding the intrinsic experimental problem of observing the adsorbed structures. A
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number of methods, usually using a coarse-grained description, have successfully
been employed to study adsorbed structures of amphiphilic and non-amphiphilic organic molecules on CNTs and other surfaces. Düren et al. [58] used Grand Canonical
Monte Carlo simulations to study the adsorption of Methane inside CNTs. Canonical
Monte Carlo has been used to investigate the wrapping of polymers around CNTs in
the work of Gurevitcha et al. [59]. Nativ et al. [56] used classical Molecular Dynamics
to study adsorption and aggregation of amphiphilic molecules on a single wall carbon nanotube (SWCNT). They found that adsorbed surfactant molecules cause a long
ranged repulsive force between the nanotubes. This creates a repulsive barrier hindering rebundling of nanotubes. Qiao et al. [57] and Wallace et al. [53] used 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 CNT-axis to characterize the structures. Dissipative Particle Dynamics (DPD) has
successfully been used by Pastorino et al. [83] to investigate the properties of polymer
brushes on planar surfaces.
In this paper we employ dissipative particle dynamics (DPD) simulations to study surfactant self-assembly from solution onto crossing single wall CNTs to understand selfassembly processes in materials comprising randomly arranged CNTs as the fundamental building blocks. We find that (i) self assembly is directed to the nanotube/nanotube
crossings due to a concentration of hydrophobic forces in these regions and (ii) selfassembly can be controlled efficiently by the concentration of the amphiphiles.

Model and Simulation
Model
In this paper we employ computer simulations to study self-assembly of amphiphilic
molecules in bulk solution and on carbon nanotubes. In the simulations surfactant
molecules are represented by a chain of beads (H5 T5 ) consisting of a block of five hydrophilic head (H) beads and a block of five hydrophobic tail (T) beads while the solvent is considered implicitly. The implicit treatment of the solvent as well as the coarsegrained character of the surfactant beads causes the beads to interact via effective potentials. In the present case we employ a common empirical model where the inter-
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actions between a pair of hydrophobic beads is attractive, while all other bead/bead
interactions are repulsive. Attractive interactions between beads i and j are represented by the pair potential φ(rij ) which is based on the force shifted Lennard-Jones
(LJ)(12,6) potential
φLJ (rij ) = 4&

!"

σ
rij

#12

−

"

σ
(rij − rcut )


 φ (r ) − φ $ (r )r − φ (r )
LJ ij
LJ cut
LJ cut ij
φ(rij ) =

0

#6 $
rij < rcut
rij ≥ rcut ,

(5.1)

(5.2)

$ (r ) = dφ (r ) /dr and r
where φLJ
cut is the cut-off-radius. In eq.(5.1) rij = &rij &, rij =
LJ

r j − ri and ri and r j are the positions of i and j, respectively; & is the well depth and
σ the length parameter of the LJ potential. Repulsive interactions are represented by

the Weeks-Chandler-Anderson (WCA) potential given by eq.(5.2) with rcut = 21/6 .
For simplicity, these interactions are assumed to be present between all pairs of beads
regardless whether they are bonded or not. In addition, two beads k and l which are
nearest neighbors in a single surfactant chain interact via the harmonic bond potential
φbond (rkl ) = &bond (rkl − rbond )2 ,

(5.3)

where &bond is the depth of the potential well and rbond the bond length. Superposition
of the nonbonding interaction and the harmonic bond potential with &bond = 4& and
rbond = 1.2σ (table 5.1) leads to an average nearest neighbor H/H distance of 1.35σ
and a T/T distance of 1.26σ. Thus, surfactant molecules are represented by a not too
loose chain of beads.
At the length scale of the coarse-grained surfactant beads the atomistic structure of
the nanotubes becomes (essentially) irrelevant and surfactant beads interact with the
mean-field of the nanotube. Therefore we model the nanotubes as smooth cylinders.
They interact with the hydrophobic surfactant beads via the force shifted LennardJones (12,6) potential in eq.(5.2) which is also shifted to the surface of the nanotubes
φCNT (ri ) =

&CNT
φ(ri − rCNT )
&

(5.4)

where ri is the shortest distance between bead i and the nanotube axis (for the formula
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see e.g. Ref.[66]) and rCNT is the radius of the nanotube. Interactions of the hydrophilic
head beads with the nanotubes are modeled using the WCA potential, i.e. φCNT (ri )
with rcut = 21/6 . All potential parameters can be found in table 5.1.
While the present model has been widely used two specific features, i.e.the form and
especially the well depth of the interaction between surfactant beads and the nanotubes, deserve a more detailed discussion. For this interaction we assume a LJ (12,6)
potential because of its simple mathematical form and because it describes the actual physical situation well. Single wall carbon nanotubes consist of a single layer of
carbon atoms located on the surface of a cylinder. Mean-field approximation for the
interaction of a single LJ particle with a single planar layer of LJ particles leads to a
(10,4) potential [67]. Because of the curvature of the cylinder the mean-field potential
is slightly steeper in the case of CNTs (see [68] for the formal prove and [69] for an
approximation). Thus, the resulting potential is very similar to a LJ (12,6) potential.
Moreover, Patel et al. have fitted an LJ (12,6) potential to the potential of mean force
between a carbon nanotube and methane (CH4 ) molecules obtained from MD simulations and found excellent agreement [70]. The latter result is of particular relevance
as it includes also the hydrophobic interaction. Thus, at the level of detail considered
here the LJ (12,6) potential is a very reasonable choice.
As the focus of this paper is to investigate adsorption and aggregation of surfactant
molecules on CNTs it is important to use a value for the ratio &CNT /& that is realistic and could be reproduced experimentally. The bead/bead interaction consists of at
least two parts: the van der Waals interaction and the (effective) hydrophobic interaction, and is usually vastly dominated by the hydrophobic part. Calculations using
the potential form of Ref. [69] reveal that for typical single wall carbon nanotubes with
radii of a few nm the well depth of the van der Waals bead/nanotube interaction is
approximately 2.7 times deeper than that of the bead/bead interaction. To estimate
the ratio of the strength of the hydrophobic part of the bead/nanotube and that of the
bead/bead interaction we estimate the ratio of the excluded surface areas. As a crude
approximation it can be assumed that the strength of the hydrophobic interaction between two hydrophobic particles depends linearly on the size of the surface area that
becomes unavailable to the solvent upon contact of the particles [71]. In the present
case of spherical beads and cylindrical nanotubes we find a ratio of the bead/nanotube
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to the bead/bead hydrophobic interaction of approximately 1.37(see appendix). If we
assume that the hydrophobic interaction contributes 90% of the total interaction ([73])
we find &CNT /& ≈ 1.5.
Our model, which is empirical and contains no fitted parameter, is also validated by
comparison with experiments. The model predicts that the ratio between the critical surface aggregation concentration and the cmc Ccsac /Ccmc ≈ 0.3. Matarredona
et al. have measured NaDDBs adsorption on CNTs from aqueous solution and find
Ccsac /Ccmc ≈ 0.1 [50] which is in reasonable agreement with our results. It is also important to realize that one has some control over the strength of the van der Waals and
the hydrophobic interaction in practise. The van der Waals interactions can be altered
by altering the chemistry of the surfactants while the hydrophilicity of the solvent can
be controlled using cosolvents (see e.g. Ref. [74]).

Simulation
We investigate the system in the canonical ensemble using the dissipative particle dynamics (DPD) method [79]. In DPD two particles i and j interact via the pairwise force
Fij = FijC + FijR + FijD

(5.5)

where FijC , FijR and FijD are the conservative, the random and the dissipative force, respectively.
The conservative force acts along the line connecting i and j , (rij = rij /&rij & , and depends only on the distance rij between i and j. It is given by the first derivative of the

interaction potentials discussed above

 )
 − φ$ (r ) + φ$ (r )* (r
ij
ij
bond ij
C
Fij =
 −φ$ (rij )(rij

The random force


 −ξω R (r )θ (r √1
ij ij ij ∆t
R
Fij =

0

nearest neighbors
else

rij ≤ rc
rij > rc

(5.6)

(5.7)

represents forces from the (rapidly moving) degrees of freedom which have been coarse-
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grained out, such as collisions with solvent particles leading to Brownian motion of
solutes. In DPD these forces are assumed to be pairwise and random in strength.
In eq.(5.7) ∆t is the simulation time step, ξ is a parameter determining the maximal
strength of the random force, ω R (rij ) is a weight function characterizing its distance
dependence and θij is a random variable with limits −1 and 1, zero mean, and unit
variance (see [78] for the random number generator we are using for our long trajectories). As the conservative force, the random force acts along the line connecting i and
j.
The dissipative force (or drag force)

 −γω D (r )((r · v )(r
ij
ij
ij ij
FijD =

0

rij < rc
rij > rc

(5.8)

represents the viscous drag mediated by degrees of freedom which have been coarsegrained out. In eq.(5.8) γ is the strength parameter and ω D (rij ) is the weight function
of the dissipative force. It is a pairwise force acting along the line connecting the interacting particles i and j and it reduces the relative velocity (component along (rij ) (rij · vij ,
where vij = v j − vi and vi and v j are the velocities of i and j, respectively.

In the canonical ensemble the dissipative and the random force are not independent
but connected by the fluctuation dissipation theorem leading to
ω D (rij ) =

+

ω R (rij )

ξ 2 = 2γk B T,

,2

(5.9)

where k B is Botzmann’s constant and T is the temperature. Thus, the random and the
dissipative forces together constitute the DPD thermostat. Here we use the weight
functions originally published in Ref. [79]

 (1 − r /r )2 r < r
cut
ij cut
ij
ω D (rij ) =

0
rij > rcut ,

(5.10)

where we have chosen ω D (r) to be of the same range as the attractive conservative
force.
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Figure 5.1: Elongated Simulation Box of size 100σ × 100σ × 200σ. The CNTs are

positioned on the far right side of the box and are partially covered with surfactant
molecules. The usual periodic boundary conditions are applied in all three dimensions. Blue lines demarcate the simulation box.
In all simulations we employ the usual periodic boundary conditions. Bulk simulations are carried out in a cubic simulation box while for the adsorption studies it is
more convenient to use an elongated box that has the form of a quadratic prism (figure 5.1). This allows us to study the adsorbed phase in equilibrium with a bulk (like)
phase in the same system. We assume that at a distance of 30σ away from the nanotube
the solution exhibits bulk properties as no correlations should be longer ranged. This
is important as the bulk concentration is the key link to experiments.
For the adsorption simulations it is convenient to be able to fix the bulk concentration. To achieve this we perform chain insertions and deletions in the bulk-like region
during the first half of the equilibration period, while in the second half the system
is conventionally equilibrated in the canonical ensemble by standard DPD. Every 300
timesteps insertions or deletions are attempted if the actual concentration deviates
from the target concentration by +5% or -5%, respectively. Insertion is accepted if
none of the beads of the new molecule interacts with any existing chain. If this is not
the case the insertion trial is repeated at different locations until it is successful. The
acceptance probability is usually very high since the (bulk) concentration is very low.
The nanotubes are placed on one side of the box (figure 5.1). They are rigid and their
position is fixed. Since the tubes are not allowed to move they interact with the surfactant molecules only via the conservative part of the force.
$
FiCNT = φCNT
(r i )

(5.11)
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Surfactants
T beads
&
&bond

=
=
=

5
1.0
4.0

rCNT
θCNT

=
=

1.0
π/2

T
attractive: rcut
non-conservative: rcut

=
=
=

0.7
2.5
2.5

Simulation Bulk
chains
equilibration

=
=

500
1 · 108 ∆t

=
=

variable
(1 − 2) · 108 ∆t

H beads
σ
σbond

=
=
=

5
1.0
1.2

dCNT
&CNT

=
=

3.0
1.5

∆t
repulsive: rcut
DPD:ξ

=
=
=

0.005
21/6
1.0

cubic box
production

=
=

variable dimensions
0.5 · 108 ∆t

elongated box
production

=
=

100 × 100 × 200
0.5 · 108 ∆t

Nanotubes

Simulation

Simulation Adsorption
chains
equilibration

Table 5.1: Model and simulation parameters in reduced units: dCNT is the distance
and θCNT the angle between nanotubes.
Simulations are very long ≥ 108 timesteps. The equilibration period of each simulation is determined individually by visual inspection of the evolution of relevant data,
such as the concentration of free chains, the number of adsorbed chains etc. This is
necessary as equilibration times can vary significantly around the cmc and the csac.
Equilibration periods are typically 1 − 2 · 108 time steps in the bulk and 108 steps for

adsorption studies, while production runs are generally 0.5 · 108 time steps.

In the bulk as well as on surfaces surfactant molecules self-assemble into clusters and
aggregates (e.g. micelles). We define that two molecules belong to the same cluster
if any inter molecular tail-tail distance is smaller than 1.5σ, i.e the hydrophobic parts
of the molecules are in close proximity. To identify all clusters a Depth-First-Search
(DFS) algorithm is used (See e.g [88]). We define a molecule as adsorbed if the distance
between any of its tail beads and the axis of the nanotube is smaller than 1.5σ + rCNT .
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Reduced Units
Throughout we use reduced quantities: all length are given in units of the LJ length
parameter σ, the energy scale is given in units of the well depth of the bead/bead LJ
interaction &, the temperature scale is given in terms of &/k B where k B is the Boltzmann
√
constant, and time is represented in units of mσ2 /&, where m is the mass of a bead.
Concentrations are defined as number (of molecules) densities and given in units of
1/σ3 .

5.2
5.2.1

Results and Discussion
The Bulk Solution

In bulk solutions surfactant molecules form well defined aggregates at some threshold concentration called critical micelle concentration (cmc). The cmc depends on the
surfactant and the solvent as well as on the thermodynamic conditions. Since our
model is empirical and coarse-grained it does not represent one particular experimental solvent/surfactant combination but it describes the generic behavior of all these
systems. In order to link our results to the behavior of a specific surfactant and solvent, thermodynamic reference points are needed. The most relevant reference point
for self-assembly is the cmc. Therefore we carefully determine the cmc and relate all
other results to it.
The cmc indicates the surfactant concentration at which aggregation becomes relevant
in the system. We can determine the cmc by plotting the concentration of free surfactant molecules C1 as a function of the total surfactant concentration C (figure 5.2). At
low concentrations no aggregates are formed and, thus, C1 = C. When micelles appear
the concentration of free surfactant molecules must be smaller than the total concentration as some surfactant molecules are now bound in micelles. At this point C1 (C )
falls below the line C1 = C. After a certain “transition region” one usually observes
C1 ≈ const. This is easily observed in figure 5.2.
As micelle formation is a continuous process there is some arbitrariness in the definition of the cmc. Here we define the cmc as the center between the last data point which
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Figure 5.2: Concentration of free surfactant molecules C1 versus the total concentration of surfactant molecules C. The dashed line demarcates C1 = C and the arrows
indicate data points for which aggregation number distributions are shown in figure
5.4.
approximately follows C1 = C and the first point which belongs to the group of points
for which C1 ≈ const. Thus for the present system we find Ccmc = 5.2 × 10−5 .
The snapshot in figure 5.3 gives an impression of the system at C = 8.2 × 10−4 which is
well above the cmc. As expected, at this concentration the system is dominated by micelles of approximately spherical shape which are similar in their physical size. From
detailed inspection of the snapshots we can obtain a crude estimate of the diameter d
of the hydrophobic core of the micelles. At the present concentration C = 8.2 × 10−4

we find d ≈ 4.8. We have also checked that the physical size of the micelles is very
similar for all concentrations above the cmc used in this study.
The observation of similar physical size of the micelles is corroborated by the aggregation number distributions shown in figure 5.4 where we plot the “robability mass
function“
M( N ) =

-

Nn N
∞
∑ N =0 Nn N

.

,

(5.12)

where N is the aggregation number of a cluster, n N is the number of clusters of size
N in the system and *· · · + denotes the canonical ensemble average. M ( N ) can be interpreted as the probability of finding a surfactant molecule in a cluster of aggregation
number N. As can be inferred from the distributions in figure 5.4, the aggregation
numbers fluctuate around a mean value N = 40 and, although the distributions have
been obtained at significantly different concentrations, they all are relatively narrow
and strikingly similar (except in magnitude). This indicates that the system clearly
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Figure 5.3: Snapshot of the system at C = 8.2 × 10−4 ≈ 16 × Ccmc . Hydrophilic beads
are shown in purple while hydrophobic beads are colored green. The system contains
mostly micelles and only very few free surfactant molecules. The blue frame indicates
the simulation box.
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Figure 5.4: Cluster size distributions as probability mass functions for three surfactant
concentrations C = 6.70 · 10−5 (blue), C = 2.89 · 10−4 (green), and C = 8.12 × 10−4
(black) labelled in Fig. 5.2 as A, B, and C, respectively. While the number of aggregates
in the system increases with increasing concentration the mean aggregation number
remains constant.
prefers spherical micelles consisting of approximately 40 surfactant molecules at all
concentrations shown in figure 5.4.

5.2.2

Surfactant Adsorption and Aggregation on Crossing
Carbon Nanotubes

The central goal of this work is to investigate how surfactant molecules adsorb and aggregate in the heterogeneous environment formed by crossing carbon nanotubes and
to what extent this can be controlled by the (bulk) surfactant concentration. In the
snapshot taken at a concentration of C = 1.59 · 10−5 and presented in figures 5.5(a)
and (b) we observe a number of adsorbed molecules, small clusters and larger clusters which appear to be self-assembled aggregates. One aggregate, which we call the
”central aggregate“, is located at the nanotube crossing. It seems to be slightly larger
in size and to contain more molecules than the others. It also appears to be symmetric,
winding around the crossing rather than covering it completely. The other aggregates
on the nanotubes seem to be radially asymmetric (with respect to the tube axis) and
attach to the nanotubes sidewise rather than enclosing them. This closely resembles
hemimicelles which are known to form on planar hydrophobic surfaces [110].
More detailed information is provided by the cluster size distributions presented in
figure 5.6. Here the cluster size distribution is defined as the (canonical ensemble av-
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(a) C = 1.59 · 10−5

(b) C = 1.59 · 10−5

(c) C = 1.37 · 10−5

(d) C = 2.07 · 10−5

Figure 5.5: Simulation snapshots at various concentrations as indicated in the figure:
(a) depicting the hydrophilic surfactant head groups in green and the hydrophobic
tails in purple and (b)-(d) showing only the hydrophobic tails. In snapshot (d) the
central aggregate is connected to the aggregate below and on the right via only very
few molecules.
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Figure 5.6: Cluster size distributions at C = 1.59 · 10−5 : (a) for the central aggregate
Pc ( N ) and (b) for all adsorbed clusters excluding the central aggregate PCNT ( N ).

Figure 5.7: A cluster is defined to be adsorbed at the nanotube crossing if one of its
molecules is adsorbed within the 1.0σ long nanotube section (indicated in red) which
is centered at the center of the crossing (demarcated by the blue line).
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erage of the) probability that a certain adsorbed cluster has an aggregation number N
P( N ) =

-

nN
∑∞
N =0 n N

.

.

(5.13)

Note that this is different compared to the probability mass function used in figure
5.4. To compute the cluster size distribution of the central aggregate Pc ( N ) we define
a cluster to be adsorbed at the nanotube crossing if at least one of its molecules is
adsorbed on one of the nanotubes no further than 0.5σ away from the crossing (figure
5.7).
As the plot in figure 5.6(a) shows, Pc ( N ) is approximately bell shaped with a maximum at Ncmax ≈ 48 and, due to the symmetry of Pc ( N ), the average aggregation
number N c = 48, which is about 20% larger than the average size of a micelle in the

bulk solution (above the cmc). Adsorption energy seems to stabilize the larger aggregate. However, there appears to be a limit to the possible size increase. It is at
first surprising that the crossing is not fully enclosed by the central aggregate (figure
5.5(c)) although full enclosement would increase the adsorption energy. On the other
hand it is well known that the size (and shape) of micelles in bulk solution is determined by the curvature of the interface between the hydrophobic micellar core and its
hydrophilic surrounding. This preferred curvature originates from the space requirements of the surfactant tails and heads. These distinct space requirements also exist in
the case where surfactant molecules are adsorbed although altered by the interaction
with the substrate(s). Even in the present case of adsorption and aggregation at the
nanotube crossing with its large surface area and its very heterogeneous interaction
potential the size of the aggregate seems to be largely determined by the surfactants
rather than by the surface. This observation indicates that size and shape of adsorbed
surfactant aggregates might be predictable based on their bulk counterparts which
would represent an important tool for the rational design of nanostructured materials.
The cluster size distribution PCNT ( N ) of aggregates adsorbed along the nanotubes (not
including the central aggregate) presented in figure 5.6(b) is distinctly different compared to the central aggregate. We observe adsorption of single molecules and small
clusters. Their probability decreases quickly with increasing size. Before the probability reaches zero, however, we observe a pronounced shoulder with a weak maximum
indicative of surface aggregation. This behavior resembles the bulk solution, although
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Figure 5.8: Number of surfactant molecules adsorbed at the CNT crossing N c (•) and

the number of chains in the central aggregate defined via the first peak of the cluster
size distribution N c (") as a function of (bulk) concentration. See text for details.
in the adsorbed case N CNT ≈ 28 is approximately 30% smaller than the average aggregation number in the bulk N = 40 and the separation of small clusters from micelles
is not as pronounced as in the bulk case, i.e. PCNT ( N ) > 0

5.2.2.1

for all

N < N CNT .

The Central Aggregate

In the case discussed above the central aggregate covers the nanotube crossing well
while the rest of the tubes is not fully covered. This suggests that the higher hydrophobic potential at the nanotube crossing directs adsorption and self-assembly towards the
crossing. This might offer the opportunity to control self-assembly in CNT materials.
The simplest control parameter known to influence adsorption from solution is the
(bulk) concentration of surfactant molecules. As expected, the average number of sur$

factant molecules in the central aggregate N c increases with increasing (bulk) concentration (figure 5.8). Furthermore, one immediately recognizes three distinct regions in
$

N c (C ): for C ≤ 1.5 · 10−5 the aggregation number of the central aggregate increases

(essentially) linearly, while in the concentration interval 1.5 · 10−5 < C < 2.0 · 10−5 we
$

find only a weak increase. For C ≥ 2.0 · 10−5 N c (C ) again increases steeply.

To investigate the origin of this behavior we plot cluster size distributions for the central aggregate Pc ( N ) at four different concentrations C = 1.08 · 10−5 , 1.59 · 10−5 , 2.07 ·

10−5 , and 2.71 · 10−5 in figure 5.9. It is striking that all cluster size distributions pre-

5.2. RESULTS AND DISCUSSION

0.08

80

Pc(N)

−2

10

Pc(N)

0.06
−4

10

0

100

0.04

200

N

300

0.02

0

0

50

N

100

150

Figure 5.9: Cluster size distributions for the central aggregate Pc ( N ) for four different concentrations C = 1.08 · 10−5 (green), 1.59 · 10−5 (black), 2.07 · 10−5 (blue), and
2.71 · 10−5 (red). To emphasize the tails at large N we replot the functions in a semilogarithmic plot in the inset.

sented in figure 5.9 reveal that the probability of finding a central aggregate of size
N = 0, i.e. no central aggregate, is zero, from which we draw the important conclusion that the central aggregate is always present and only fluctuates in shape and size
but never leaves the nanotube crossing. This is the case for all concentrations in figure
5.8 except the two lowest C = 0.24 · 10−5 and C = 0.36 · 10−5 (Pc ( N ) not shown).
At C = 1.08 · 10−5 Pc ( N ) has a relatively sharp peak with Ncmax ≈ 31 representing
the central aggregate and is almost symmetric with the tendency of a slightly higher
probability for clusters with N > Ncmax . This is consistent with the average cluster size
$

of N c ≈ 34 (figure 5.8) which is slightly larger than Ncmax .
As C increases the first peak in Pc ( N ) shifts to larger aggregation numbers until Ncmax ≈
55 at which point any further increase of the concentration does not lead to any increase of Ncmax suggesting that the central aggregate does not grow beyond approximately 55 molecules. However, for C > 1.59 · 10−5 a new feature appears in Pc ( N ),
that is all cluster size distributions have a ”tail“. In the case of the two highest concentrations 2.07 · 10−5 and 2.71 · 10−5 this tail is very pronounced and shows a peak at

N ≈ 100. This peak is caused by aggregates (of approximately 45 molecules) which

temporarily connect to the central aggregate rather than being incorporated. As all the
concentrations in figure 5.9 are well below the cmc, connecting clusters can not be
located in the surrounding (bulk) solution but must be absorbed at the nanotube surfaces. Such a case is shown in the snapshot in figure 5.5(d) (see also supplemental
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information).
According to our technical definition of the central aggregate, clusters temporarily
connected to the central aggregate by even a single molecule are considered part of it
$

leading to the large tail of Pc ( N ) and N c > 55. It seems, however, more sensible to
redefine the central aggregate to be represented by the first peak of Pc ( N ). This new
definition leads to the mean aggregation number of the central aggregate N c presented
$

in figure 5.8. Up to a concentration of C ≈ 1.5 · 10−5 both N c and N c coincide. At higher
$

concentrations, where cluster size distributions show a tail, N c falls below N c and
shows little further increase. N c levels off at approximately 55 molecules indicating
that the central aggregate has reached a size limit beyond which it can not grow. This is
caused by the tendency of the surfactant molecules to form spherical aggregates under
the present thermodynamic conditions. The maximal mean aggregation number of
the central aggregate Nc

max

= 55 is considerably larger than the average size of bulk

micelles (beyond the cmc) N bulk = 40 but it appears that the adsorbed aggregate can
not be very much larger than a bulk micelle. This might be a useful guide to chose a
surfactant in practice.

5.2.2.2

Adsorption and Aggregation on the Nanotubes

As the (bulk) surfactant concentration changes, both the amount of surfactant molecules
adsorbed on the nanotubes and the structure they are forming change. This is shown in
figure 5.5 where we present representative snapshots at three concentrations C = 1.37 ·

10−5 , 1.59 · 10−5 , and 2.02 · 10−5 . At the lowest concentration shown (C = 1.37 · 10−5 )
we observe a relatively well developed central aggregate while only single molecules
and small clusters are adsorbed elsewhere on the nanotubes. At C = 1.59 · 10−5 the

adsorbed phase also consists of single molecules and small clusters but is dominated
by larger (but still small) clusters of similar size which is indicative of aggregation.
At the highest concentration C = 2.02 · 10−5 almost exclusively large aggregates are
adsorbed, some of which seem to be connected to other aggregates and/or to the central aggregate. Since the aggregates occupy almost the entire nanotube surface there
is very little space for movement. Because of the periodicity of the system (through
the use of periodic boundary conditions) clusters are confined along the nanotubes by
the central aggregate(s). It appears that 5 adsorbed aggregates fit well between the
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Figure 5.10: Cluster size distributions of adsorbed clusters (excluding the central aggregate) PCNT ( N ) for four different concentrations C = 1.37 · 10−5 (green), 1.59 · 10−5
(black), 2.02 · 10−5 (blue), and 2.98 · 10−5 (red). To emphasize the tails at large N we
replot the functions in a semilogarithmic plot in the inset.
crossings on each nanotube (figure 5.5(d)).
Cluster size distributions of adsorbed clusters (excluding the central aggregate) PCNT ( N )
defined according to eq.4.7 and shown in figure 5.10 quantify this observation. The
cluster size distributions are distinctly different compared to those of the central aggregate (figure 5.9). At the lowest concentration C = 1.37 · 10−5 PCNT ( N ) shows that
adsorbed molecules occur as individual molecules and small clusters with a quickly
decaying probability at increasing size N.
At C = 1.59 · 10−5 the cluster size distribution has essentially the same features but it

max ≈ 25 which is a
also shows a pronounced shoulder with a weak maximum at NCNT

clear sign of aggregation.
Similar to the central aggregate, the cluster size distribution of adsorbed clusters shows
a small tail with no particular structure. These tails can now be understood considering that PCNT ( N ) is largely dominated by (very) small clusters, i.e. adsorbed aggregates are separated along the tubes by individual adsorbed molecules and small clusters. Thus, it is more likely that the aggregates (temporarily) connect to these small
clusters rather than to other aggregates. Since the probability of these small clusters
decays quickly with increasing size the tail is short and has no maxima.
At all higher concentrations the situation is very different. The adsorbed phase is now
max ≈ 43 and
clearly dominated by large aggregates. At C = 2.02 · 10−5 we find NCNT
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Figure 5.11: Coverage of the nanotube crossing (central aggregate) Xc (•) (obtained
from N c in Fig. 5.8) and of the nanotubes not including the central aggregate XCNT (")
as a function of (bulk) concentration.
a second maximum in the tail at N ≈ 85 while small clusters are almost completely
absent. Because of the absence of small clusters aggregates are no longer separated
by them and can temporarily connect to each other. At the same time the adsorbed
aggregates now also connect to the central aggregate which explains the maximum
at N ≈ 100 in the tail of Pc ( N ) at C = 2.07 · 10−5 shown in figure 5.9. Animations

of the system trajectories reveal that for concentrations C > 2.0 · 10−5 adsorbed clus-

ters frequently connect and disconnect but rarely loose their identity (supplemental
information).
The results discussed above show that surfactant molecules readily adsorb on the nanotubes at concentrations well below the cmc but prefer the nanotube crossing. This is
quantified in figure 5.11 where we compare the coverage of the nanotube crossing
(central aggregate) Xc and the coverage of the nanotubes (excluding the central aggregate) XCNT as a function of (bulk) concentration. Here coverage is defined as the
ratio between the adsorbed amount at concentration C and the amount adsorbed at a
reference concentration C = 7.6 · 10−5 . At this reference state we observe no noticeable increase in adsorption upon further increase of the (bulk) concentration, thus, we
regard this state as ”fully covered“.
As expected, Xc and XCNT increase with increasing concentration. Moreover, the results in figure 5.11 clearly show that adsorption is directed towards the nanotube crossing. Thus, the nanotube crossing reaches full coverage well before the nanotubes are
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Figure 5.12: Number of adsorbed clusters (excluding the central aggregate) as a function of (bulk) concentration. Here we consider all clusters larger than dimers.
fully covered. This preferential adsorption is caused by the higher hydrophobic potential at the nanotube crossing due to the presence of two hydrophobic surfaces. Due
to the preferential adsorption there is a concentration ”window“ 1.2 · 10−5 # C #

1.7 · 10−5 where the central aggregate is well developed while elsewhere the nanotube

surfaces are relatively empty. This suggest that we have reasonable control over the
adsorbed structures.
Besides these global features our results also provide very interesting insight into the
details of the system’s behavior. At C ≈ 1.5 · 10−5 the coverage of the nanotubes XCNT
shows a pronounced shoulder, which is also visible in the coverage of the crossing Xc .
The steep increase of XCNT preceding the shoulder (figure 5.11) in combination with
the appearance of a maximum in the cluster size distributions at all concentrations
C > 1.5 · 10−5 (figure 5.10) suggest that the critical surface aggregation concentration
(csac), the concentration where surface aggregation occurs in the system, is located at
approximately 1.4 · 10−5 . Surface aggregation causes the coverage to increase quickly

until saturation is reached, where it levels off 1 . At the csac aggregates of preferred
size are formed (largely on the cost of adsorbed clusters). Thus, the adsorbed amount
increases by increasing the number of aggregates (of preferred size) until the surface is
saturated at which point no new aggregates can be formed.
This interpretation is corroborated by the results in figure 5.12 where we plot the num1 Note that we are well below the cmc thus the ”levelling-off“ is not related to the bulk cmc as it is in
many other cases.
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ber of adsorbed clusters (not included in the central aggregate) as a function of (bulk)
concentration. Here we consider all clusters which are larger than dimers. The number of adsorbed clusters initially grows with increasing concentration until it reaches
a value of 10 at C ≈ 1.5 · 10−5 just after the csac , thereafter it stays constant at 10. The
slight decrease for C > 2.0 · 10−5 is caused by connecting clusters.

Increase of the bulk concentration beyond 1.5 · 10−5 increases the driving force for
adsorption. However, because no further aggregate can be adsorbed due to space
limitations and because the adsorbed aggregates have already reached their preferred
size, XCNT initially increases very little. Upon further increase of C we observe an
increase in XCNT (figure 5.11) at a constant number of adsorbed aggregates (figure
5.12). Thus, the increase of the adsorbed amount is due to growth of the aggregates
which is corroborated by the cluster size distributions in figure 5.10. This size increase
is accompanied by a structural change from hemimicelles to full radially symmetric
micelles.
The central aggregate also behaves in an interesting way. Up to C ≈ 1.5 · 10−5 it grows
almost linearly with the (bulk) concentration. Because there is very little adsorption
elsewhere on the tubes in this regime the central aggregate is essentially independent.
This changes at C ≈ 1.5 · 10−5 , after which the nanotubes are filled and there is exchange between the adsorbed aggregates which is suggested by the tails in the cluster
size distributions. Thus, for concentrations larger than 1.5 · 10−5 the central aggregate
is no longer independent but a part of the adsorbed phase. This interpretation is supported by the observation that from this concentration on the behavior of the central
aggregate is very similar to that of the other adsorbed aggregates: Initially we observe
a range of very little further growth and subsequently all aggregates grow. The only
difference is that the central aggregate reaches its maximal size well before the nanotubes are fully covered.

5.3

Conclusions

We have used DPD simulations to study how surfactants adsorb on crossing carbon
nanotubes and to what extent this adsorption and the adsorbed structures can be controlled by the bulk surfactant concentration. Computer simulations are well suited for
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these investigations as they allow us to study the thermodynamics of surfactant adsorption as well as structural details of the systems within the same simulation framework.
Our key finding is that adsorption is directed to the nanotube crossing due to its higher
hydrophobic potential. Adsorbed surfactant molecules form a central aggregate which
is somewhat bigger and slightly distorted but otherwise similar to a bulk micelle. In
particular, we find that it has a maximal size and can not grow much beyond the size
of a bulk micelle. This strongly suggests that the properties of the central aggregate are
influenced by the nanotube crossing but are dominated by the aggregation properties
of the surfactant molecules. In the present case, bulk micelles are slightly smaller than
the crossing, thus, one would expect the central aggregate to cover the crossing only
imperfectly which is indeed the case. From these results we draw the conclusion that
(i) aggregation is directed to the nanotube crossing and that (ii) it should be possible
to estimate the size and shape of the central aggregate from the properties of bulk
micelles.
Surfactant molecules also adsorb on the nanotubes outside the central aggregate but
the coverage always lags behind that of the crossing, i.e. at lower concentrations the
central aggregate forms and at higher concentrations surfactant molecules adsorb everywhere. At the critical surface aggregation concentration (csac) of Ccsac ≈ 1.4 · 10−5
adsorption is associated with surface aggregation. We find that a fixed number of aggregates forms on the nanotubes which does not increase any further upon increase of
the bulk concentration. Instead, the surface aggregates grow in aggregation number
whereby their shape transforms from hemimicelles to full micelles. From these results
we conclude that (iii) we can control the structure of the adsorbed phase (to a certain
degree) via the bulk surfactant concentration

5.4

Estimate of the hydrophobic interactions

As a crude estimate it can be assumed that the surface energy of the interface between
a hydrophobic solute and a hydrophilic solvent scales linearly with the solvent accessible surface area (sasa), that is the surface area that is available to the solvent (e.g.
water). If two hydrophobic solute particles come near each other the sasa decreases,
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resulting in a free energy reduction of the system which causes the effective attraction we call ”hydrophobic interaction“. If we further assume that the surface energy
is dominated by water and depends little on the specific hydrophobic surface, the
strength of the hydrophobic interaction between two hydrophobic solutes is roughly
proportional to the reduction in the sasa upon their contact.
For the present study we need to determine the ratio of the hydrophobic interaction
between two hydrophobic surfactant beads and that between a hydrophobic bead and
a CNT . According to the discussion above this ratio is identical to the ratio of the
excluded solvent accessible surface areas (xsasa). In order to calculate this we need
to specify some of the length scales in the system. For the present estimate we assume a single wall CNT with a diameter of 1nm and water molecules to have a radius
of 0.16nm. The diameter of a surfactant bead in our model (table 5.1) is half the diameter of the nanotubes, thus, 0.5nm. The xsasa for two spherical surfactant beads
can be calculated analytically [72], while we obtain the xsasa of the bead/nanotube
contact via Monte Carlo integration. From these calculations we estimate the ratio of
the hydrophobic bead/bead and the hydrophobic bead/nanotube interactions to be
approximately 1.37.

CHAPTER

6

Structural Forces from directed
self-assembly

6.1

Introduction

Self-assembly and particularly directed self-assembly of amphiphilic molecules are
promising candidates for the bottom-up manufacture of advanced nano-structured
materials. Their key advantage is the autonomous formation of a number of nanoscale
structures than can be controlled to some extend by macroscopic parameters such as
the bulk amphiphile concentration. To use these processes effectively it is necessary
that they are well understood.
Surfactant self-assembly has been widely studied in the past experimentally [111, 112],
theoretically[113] and using computer simulations[92, 114]. Also, their aggregation
behaviour in the presence of solid surfaces [20, 115, 116] and in pores [117–119] has
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been investigated. However, for bottom-up techniques understanding of surfactant
self-assembly on nanoparticles is critical. Their high mean curvature distincts them
from other materials and leads to structures that would not be possible otherwise, e.g.
spherical micelles incorporating a thin hydrophobic carbon nanotube [20, 53, 54].
An entirely new aspect comes into play when theses self-assembled structures are to be
used to synthesize nanocomposite materials. In this case it is relevant to understand
how the self-assembled aggregates influence the material’s structure. Thus, knowledge of the surfactant mediated interactions between the other constituents of the material is relevant.
Particularly interesting building blocks are carbon nanotubes (CNTs). The direct interactions between carbon nanotube are dominated by van der Waals (VdW) interactions if they are in vacuum. Using spectroscopic methods O’Connell et al. [33] experimentally estimated the binding energy for two nanotubes in a bundle to be approximately 500eV per micrometer of tube-tube contact. VdW forces between tubes
have been investigated theoretically. Schroder et al.[34] and Kleis et al. [35] have used
a DFT-approach to estimate the interaction strength between parallel and concentric
nanotubes. Their results suggested that the binding energy is radius dependent with
larger tubes having a larger binding energy per tube. For a pair of tubes of 0.4nm
they find a binding energy of approximately 1500eV per micron of tube length at a
tube/tube separation of 0.552nm. Girifalco et al, [36] use both DFT and an empirical
model to estimate the van der Waals binding energy between tubes and found approximately 1000eV per micron of tube/tube contact at room temperature.
As carbon nanotubes are hydrophobic solvent mediated (hydrophobic) forces should
are expected in (aqueous) solution[37]. The ratio between VdW and the hydrophobic
contribution, to our knowledge, remains experimentally inaccessible. Walther et al.
[38] performed fully atomistic molecular dynamics simulations of single wall carbon
nanotubes in SPC water. They calculate potentials of mean force for the interaction
between (16,0) tubes of radii 0.5 − 0.6nm. The computed mean force exhibits an attractive maximum at a tube spacing of 0.5nm which corresponds to approximately one
unstable layer of interstitial water molecules. The authors find that the van der Waals
attraction between the carbon surfaces is the dominant force by comparing their solution results to simulations of the system in vacuum. The authors estimate a tube/tube
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Figure 6.1: Surfactant molecules adsorb and self-assemble into a “central aggregate”
at a pair of carbon nanotubes. At the appropriate thermodynamic conditions a central
aggregate is formed while most of the tubes’ surface area remains empty. Here the
distance between the axis of the tubes is dCNT = 2.5σ. Hydrophilic beads are shown in
purple while hydrophobic beads are colored green.
binding energy, including both VdW and hydrophobic contributions of 850eV per micron at a tube spacing of 0.56nm.
While these results deviate significantly from each other they indicate that strong interactions between the tubes are rather short ranged. They also suggest that the interactions between carbon nanotubes in aqueous solution are dominated by van der
Waals interactions.
Here we employ computer simulations to study the forces exerted by surfactant molecules
on a pair of crossing carbon nanotubes. The two nanotubes cross at a right angle and
a surfactant micelle is formed incorporating the crossing (6.1). This situation can be
achieved by adjusting the bulk concentration such that the higher hydrophobic potential at the crossing due to the presence of two surfaces leads to predominant adsorption
and self-assembly at the crossing [20]. The distance dependence of the effective force
between the tubes generated by the surfactant aggregate is very rich. It is dominated
by a large attractive region, i.e. the adsorbed self-assembled surfactant aggregate stabilizes the crossing.
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Model and Simulation

The same model and simulation methodology has been used before[20] therefore we
describe it only briefly.

6.2.1

Model

Surfactant molecules (H5 T5 ) are represented as a chain of five hydrophilic head (H)
beads followed by five hydrophobic tail (T) beads. The solvent is treated implicitly.
This and the coarse-grained character of the surfactant beads causes the beads to interact via effective potentials. Here we employ a common empirical model, where the
interaction between hydrophobic beads is attractive, while all other bead/bead interactions are repulsive. The force shifted Lennard-Jones (LJ)(12,6) potential φ(rij ) is used
to represent attractive interactions between beads i and j
φLJ (rij ) = 4&

!"

σ
rij

#12

−

"

σ
rij

#6 $

,


 φ (r ) − φ$ (r )(r − r ) − φLJ (r )
cut
cut
LJ ij
ij
LJ cut
φ(rij ) =

0

(6.1)

rij < rcut
rij ≥ rcut ,

(6.2)

$ (r ) = dφ (r ) /dr, r = &r &, r = r − r and r and
where rcut is the cut-off-radius, φLJ
LJ
ij
ij
ij
j
i
i

r j are the positions of i and j, respectively; & is the well depth and σ the length parameter of the LJ potential. Repulsive interactions are modelled using the WCA potential
given by eq.(6.2) with rcut = 21/6 . Beads k and l which are nearest neighbours in a chain
additionally interact via the harmonic bond potential φbond (rkl ) = &bond (rkl − rbond )2 ,
where &bond is the depth of the potential well and rbond the bond length.
At the level of coarse graining of the surfactant molecules CNTs are smooth cylinders. Here we model their interactions with hydrophobic surfactant beads via the
force shifted Lennard-Jones (12,6) potential in eq.(6.2) which is also shifted to the surface of the nanotubes
φCNT (ri ) =

&CNT
φ(ri − rCNT )
&

(6.3)

where ri is the shortest distance[66] between bead i and the nanotube axis and rCNT
is the radius of the nanotube. Repulsive interactions with the hydrophilic head beads
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=
=
=

5
1.0
1.2

rCNT

=

1.0

dCNT
&CNT

=
=

2.0 − 10.0
2.5

T

0.7
2.5
2.5

∆t

attractive: rcut
non-conservative: rcut

=
=
=

repulsive: rcut
DPD:ξ

=
=
=

0.005
21/6
1.0

chains
elongated box

=
=

variable
100 × 100 × 200

production
equilibration

=
=

0.5 · 108 ∆t
(1 − 2) · 108 ∆t

Nanotubes

Simulation

Table 6.1: Model and simulation parameters in reduced units.
are modeled using the WCA potential, i.e. φCNT (ri ) with rcut = 21/6 . All potential
parameters can be found in table I.

6.2.2

Simulation

We investigate the system in the canonical ensemble using the dissipative particle dynamics (DPD) method[79]. In DPD any two particles i and j interact via the pairwise
force Fij = FijC + FijR + FijD , where FijC , FijR and FijD are the conservative, the random and
the dissipative force, respectively. The random force is given as

 −ξω R (r )θ (r
ij ij ij
FijR =

0

rij ≤ rc
rij > rc

(6.4)

where (rij = rij /&rij &, ξ is the strength parameter and θij is a random variable with lim-

its −1 and 1, and zero mean (see Ref.[78] for the utilized random number generator),

while the dissipative force is


 −γω D (r )((r · v )(r
ij
ij
ij ij
FijD =

0

rij < rc
rij > rc

(6.5)
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where γ is the strength parameter. It is important to recognize that FijR is a stochastic
force which requires slight modifications of the integration algorithm[79].
In the canonical ensemble the dissipative and the random force are connected by the
fluctuation dissipation theorem leading to
ω D (rij ) =

+

ω R (rij )

ξ 2 = 2γk B T,

,2

(6.6)

where k B is Boltzmann’s constant and T is the temperature. Thus, the random and
the dissipative forces together constitute the DPD thermostat. Here we use the weight
functions originally published in Ref. [79]

 (1 − r /r )2 r < r
cut
ij cut
ij
ω D (rij ) =

0
rij > rcut ,

(6.7)

where we have chosen ω D (r) to be of the same range as the attractive conservative
force.
As the bulk surfactant concentration is not one of the natural parameters of the inhomogeneous canonical ensemble it can not be pre-set. Therefore it has been maintained
in the initial part of the equilibration period by insertion and deletion of surfactant
molecules if the actual concentration in the bulk-like regiondeviates by more than 5%
from the target. Because the concentration might change somewhat during the remaining equilibration time, the resulting average concentrations for the individual
simulations fluctuate within about 10% of the target value of C = 1.5 × 10−5 . This
keeps the concentration well in the range where the target structures are expected[20].
We have further confirmed that none of the quantities of interest correlate with the
random deviations of the actual concentration.
In all simulations an elongated box is used to provide a bulk-like region for concentration control and the usual periodic boundary conditions are employed. Further details
of the simulation protocol can be found in Ref.[20].
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Reduced Units

Throughout we use reduced quantities: lengths are given in units of the LJ length
parameter σ, the energy is scaled with the well depth of the bead/bead LJ interaction
&, the temperature scale is given in terms of &/k B and time is represented in units of
√
mσ2 /&, where m is the mass of a bead. Concentrations are defined as molecular
number densities and given in units of 1/σ3 .

6.3

Results and Discussion

We study the effect of surfactant adsorption on the force between carbon nanotubes.
Here we are interested in the situation where two tubes cross at a right angle and
the bulk surfactant concentration C = 1.5 × 10−5 ≈ 0.3CCMC is chosen such that adsorption and aggregation occurs predominantly at the crossing[20]. As shown in 6.1,
adsorbed surfactant molecules self-assemble into a micelle-like central aggregate.
The surfactants in the central aggregate interact with the tubes which can create a net
force acting on each tube. As all forces must be balanced and the two tubes are the only
fixed objects in the system, the forces on the tubes must be equal in magnitude and
opposite in direction. Thus, surfactants create an effective force between the tubes. It
is also possible to view this from a different perspective: If an external force is applied
to one of the tubes it is mediated by the surfactants to the other tube.
Because of the symmetry of the crossing the total force exerted by the surfactants on
the nanotubes can only act along the direction perpendicular to both tube axes which
we define to be the z-direction. Indeed, all simulation results show that the x- and
y-components of the average force on the tubes are zero (results not shown). Therefore, only the z-components of the individual bead/CNT interactions contribute to the
surfactant generated force between the CNTs
In the canonical ensemble this force between the tubes is defined as
F=

/

N

10

∑∑
i=1 k=1

f z (i, k)

0

(6.8)

where f z (i, k) is the z-component of the force exerted by bead k in chain i on the nan-
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otube, *· · · + denotes the canonical ensemble average, the first sum runs over all N
surfactant molecules and the second over all ten beads in the respective chain.
To analyse the surfactant generated force we simulate a number of independent systems with tube/tube distances from dCNT = 2 to 10 and determine the forces between
the tubes. The resulting force-distance curve is presented in 6.2(a). One immediately
observes four key features: (i) an initial repulsive region, (ii) decaying oscillations, (iii)
an attractive region and (iv) a jump to negligible forces at d ≈ 7.5.
At d ≈ 7.5 the central aggregate ruptures leaving only relatively few surfactant molecules
adsorbed along the tubes. The majority of the adsorbed molecules form small aggregates on each of the tubes independently (6.3). Therefore the curve representing the
aggregation number of the central aggregate, shown in 6.2(b), ends at d ≈ 7.5. The van-

ishing of the force between the tubes at d $ 7.5 does, therefore, not surprise. It is also
not surprising that the central aggregate disappears at large tube/tube separations.
The high hydrophobic potential due to the presence of two hydrophobic surfaces near
the crossing leads to the formation of the central aggregate at a concentration where
the remaining tube surface can not stabilize large aggregates. As the distance between
the tubes is increased beyond d ≈ 7, the distance between the tube surfaces becomes

larger than the average core diameter of the bulk micelles[20] D ≈ 5. Thus, to significantly benefit from interactions with both tubes the micelle is stretched. Finally,

the gap is too large to be bridged by the micelle. At d ≈ 7.5 the two tubes become
independent on the length scale relevant for the studied H5 T5 surfactant.
To interpret the surfactant/nanotube force at lower distances between the nanotubes
it is essential to understand in detail how it is generated. A single independent hydrophobic bead that adsorbs onto a carbon nanotube would be located in the global
minimum of the bead/CNT potential. In this situation there are no forces acting on
the particle or, equivalently, on the carbon nanotube. If we postulate an “auxiliary”
force acting on the bead in the radial direction then the bead will be pushed or pulled
out of the bead/nanotube potential minimum until the forces are again balanced. This
creates a force between the tube and the bead. If the auxiliary force does not point
in the radial direction then there are force components which are not balanced by the
interaction with the nanotube.
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Figure 6.2: Distance dependence of: (a) the force between the carbon nanotubes generated by the adsorbed surfactant aggregate and (b) the number of surfactant molecules
forming the aggregate. The solid lines are guides to the eye. For comparison, the aggregation number of bulk micelles just above the cmc is approximately 41 molecules.
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Figure 6.3: At too large tube/tube distances the central aggregate is not formed. Here
dCNT = 9.0. The red line indicates the center of the crossing where the central aggregate would be expected to form at smaller distances.
Considering a carbon nanotube positioned such that its axis coincides with the x-axis,
one can identify a number of extreme cases. Because of the radial direction of the
bead/CNT interaction a particle located in the xy-plane, i.e. z = 0 cannot generate
a force component in the z-direction. On the other hand, a particle in the xz-plane
would have a z-component of the force only. In between these two extreme cases the
angle between the z-axis and the bead/tube force vector decreases from π/2 to 0 as
we move from the xy- to the xz-plane and, consequently, the z-component of the force
increases.
The forces on a bead interacting with two tubes must be balanced as well. Thus, the
force between one tube and the bead must be “relayed” to the other one through other
beads or, most importantly, through direct interaction with the second tube. For direct
mediation of a force in the z-direction the particle must have a z-component of the
force with each of the tubes simultaneously. The rapid decrease of the bead/CNT
force with increasing bead/CNT distance prompts to assume that the mediated force is
dominated by beads that are simultaneously near both tubes. These are beads located
near the global minimum of the bead/CNT potential. We will show later that the
density of hydrophobic beads is very high in this region emphasizing its importance.
We now return to the analysis of the force curve. At the smallest tube/tube separations
the surfactant generated force between the tubes is repulsive, its magnitude initially
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Figure 6.4: Details of the internal structure of the hydrophobic core of the central
aggregate in the repulsive force regime at three distances between the tubes dCNT as
indicated in the figure: left column - density isosurfaces for ρ = 0.4 with the upper
tube removed for clarity and right column - local density maps for a plane through the
center of the crossing, parallel to the lower tube and perpendicular to the upper tube.
The Arrow in part (b) indicates the point of highest bead/CNT potential where beads
are in the potential minimum of both tubes simultaneously. Note the diminishing
length of the torus of highest density with increasing dCNT .

6.3. RESULTS AND DISCUSSION

99

increases, goes through a repulsive maximum and decreases again. To analyze the origin of this behaviour computer simulations have the great advantage that they provide
insighed into the internal structure of the central aggregate. To investigate this internal structure it is represented by local density maps and density isosurfaces in 6.4. The
local density maps are shown for a plane that cuts through the center of the central
aggregate; the plane is perpendicular to the upper tube and parallel to the lower tube.
The local density maps for tube/tube distances dCNT = 2.00, 3.25 and 3.75 shown in
6.4(b), (d) and (f) reveal that the density of hydrophobic beads is high at positions
close to the nanotubes. This is caused by the high hydrophobic-bead/CNT interaction. These regions of high density indicate the position of the potential minimum.
The potential minimum for each individual tube forms a cylindrical surface with radius rtube + 21/6 . As the potentials are additive, the intersection line of the two cylindrical surfaces represents the global potential minimum of the crossing. We expect the
density to be highest in the global potential minimum as in this position beads can interact with both tubes simultaneously. This is visible in 6.4(b) where the position of the
global minimum is indicated by the arrow. The deformed torus in 6.4(a) demarcates
the location of highest density in the system and simultaneously the location of the
global potential minimum. Consequently, particles in this torus are likely to dominate
the effective force between the tubes.
The magnitude of the surfactant generated force between the tubes depends on three
factors: (i) the number of particles directly interacting with the two tubes, (ii) the relative size of their force z-component, i.e. the angle between the total force and the
z-direction and (iii) the magnitude of the total bead/CNT force.
As is clearly shown in the sequence of density isosurfaces in 6.4 the length of the
deformed torus indicating the location of beads near the global potential minimum
shrinks with increasing distance between the tubes. Since the density in this region is
approximately constant (6.4) the number of beads in the torus is approximately proportional to its length. Thus, the number of bead interacting with both tubes simultaneously decreases with increasing CNT/CNT distance. The dependence is non-linear;
it is slow initially and becomes faster as the distance increases.
A bead near the global potential minimum is surrounded by other beads. These beads
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are located in the attractive range of the bead/CNT potential which pulls them towards the tubes. This generates a force pushing the first bead out of the potential minimum into the repulsive region of the potential. The general direction of this pushing
force is towards the center of the crossing. Like a wedge, the hydrophobic beads are
pulled in between the tubes. As the relevant region of the total bead/CNT potential
does not change too much we assume this “push” to be approximately constant in the
considered tube/tube distance range.
Following again the picture of the wedge it becomes clear that for a constant pushing force the z-component of the responding bead/CNT repulsion becomes larger the
smaller the angle between the z-component and the pushing force is. Although not
all positions in the torus are identical this angle generally increases as the beads move
into the center of the crossing. Thus the force in the z-direction increases as the distance between the tubes increases. This continues until the reduction in the number
of force mediating beads overcompensates the effect and the force starts to decrease
again creating a repulsive maximum (6.2(a)).
At distances d $ 3.5 the torus is short enough that the particles in it start to correlate. The potential energy of the beads in the torus is minimal if they are located in
the global minimum of the bead/CNT potential and simultaneously in the minimum
of the bead/bead potentials. For a torus consisting of 8 beads one can calculate the
optimal tube/tube distance to be dCNT = 3.712. A bead located in the potential energy
minimum does not exert a force on the nanotubes. The force curve in 6.2(a) indicates
a zero in the force very near the predicted point.
As discussed above, beads surrounding the inner torus push its particles towards the
region between the tubes. Because the particles in the torus are now correlated and
interact strongly with each other this push does not need to be compensated by the
bead nanotube interactions but is compensated by a slight compression of the torus.
As a consequence the zero in the force would be expected at tube/tube separations
slightly larger than the “undisturbed” prediction of dCNT = 3.712.
Because of the symmetry of the system another zero in the force is expected for a torus
consisting of four hydrophobic beads. Following the same arguments detailed above
one obtains dCNT = 4.089 as the predicted location of the zero. This result is again
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consistent with the force curve in 6.2(a).
Between the two zeros the force initially becomes attractive, goes through a maximum,
them becomes repulsive after going through another zero, and reaches a repulsive
maximum before approaching zero again. The natural response of a stable state to
distortion is a force counteracting the distortion. Thus, as the tube/tube distance is
increased from dCNT = 3.712 the force between the tubes becomes attractive trying to
resist the stretching. At some point the structure cannot withstand the deformation
any more and yields. This results in a rapid drop of the force. Now the force decreases
with increasing distance. As is well known, for a system where the tubes are allowed
to move this situation would lead to mechanical instability. In fact, all branches of
the force curve with a negative force gradient would be mechanically unstable for free
nanotubes.
The next mechanically stable state is the repulsive maximum at d ≈ 4.0. The structure
of the system now resembles that at dCNT = 4.089. As it is compressed the force is
repulsive.
It is somewhat surprising that the number of particles in the global potential minimum
reflects the symmetry of the system, yet there appears to be no particular structuring
of the beads in this region that would indicate a link to the structure of the crossing.
This is indicated by the local densities in 6.5(a) and (b). They represent a thick slab of
the central aggregate such that the entire torus shown in 6.4(e) is included. The slab is
centered in the center between the tubes and oriented parallel to both tubes. The torus
depicted in 6.4(e) is clearly visible as an almost perfect circle in the center of 6.5(a).
There appears to be significant structuring surrounding the innermost ring of highest
density. This is generated as the slab cuts through a number of further tori belonging
to regions of high density surrounding the innermost torus depicted in 6.4(e) (6.5(c)).
Between d ≈ 4 and d ≈ 7.5 the force goes through a number of oscillations with

a wavelength significantly larger than that of the oscillation between d ≈ 3.7 and

d ≈ 4. Fitting a damped sin-function to this oscillatory region of the force reveals

a wavelength of 1.1 which is very close to the location of the bead/bead potential
minimum s1/6 .
Oscillations in force/distance curves have been observed for many confined fluids
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Figure 6.5: Details of the internal structure of the hydrophobic core of the central
aggregate in the regime of high-frequency oscillations: (a), (b), (d) local density maps
for a thick slab incorporating the entire inner torus for different tube/tube distances
as indicated in the figure and (c) as (a), but density isosurfaces for ρ = 0.1. In part (c)
the upper tube is slightly offset to allow better view of the tori structure. Note that
no particular structure of the inner torus is visible. The intense structure in the region
beyond the inner torus is generated by cutting through the outer tori.
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Figure 6.6: Details of the internal structure of the hydrophobic core of the central
aggregate in the layering regime for three distances around the three layer state: left
column - density isosurfaces for ρ = 0.12 and right column - local density maps as
6.4. The inner layer forms a hole in the middle when compressed or a bifurcation
when stretched. The increasing deformation, i.e. stretching, of the central aggregate
with increasing distance between the tubes is visible in the density maps in the right
column.

6.3. RESULTS AND DISCUSSION

104

in theoretical and computer simulation studies [120–123] as well as experimentally
[124, 125] . They are attributed to layering, i.e. organisation of the molecules of the
confined fluid into layers parallel to the surfaces. The ordering is induced by the surface/fluid interaction causing the formation of a dense layer of fluid molecules in the
potential minimum. This fluid “surface layer” in turn induces the formation of a second layer. The distance between the first and the second layer is equal to the location
of the fluid/fluid potential minimum. If the surface layer is located in the minimum of
the surface/fluid potential no forces are excreted on the solid surfaces. If the confined
fluid is compressed or stretched by reducing or increasing the distance between the
surfaces the confined fluid responds with a repulsive or attractive force, respectively.
When, e.g., the compression becomes too strong the fluid yields. The stress is released
by reducing the number of layers by one layer. The resulting state is very similar to
the initial one but consists of one layer less. This leads to the well known oscillations
in the force curve.
The density isosurfaces in 6.6 reveal the layered structure of the hydrophobic core of
the central aggregate around d ≈ 6.0. As the distance between the CNTs is reduced

from d ≈ 6.0 to d ≈ 4.2 the number of layers is reduced from three in 6.6(b) to one

in 6.5(d) where the system is shown at the verge of formation of the first layer. Two
layers have been “pushed out” during the compression and the system went through
two oscillations in the force curve.
Because of the high curvature of the confining CNTs the layers are not planar (6.6).
During compression and stretching the system undergoes a number of morphological changes. Most striking is the creation of a hole in the center of the middel layer
where the confinement is highest (6.6(a) and (b)). The formation of the forth layer
upon stretching appears to be an essentially continuous process in which the bifurcation, visible in 6.6(e) and (f), moves to the center of the aggregate.
It is important to realize that hydrophobic beads can not just be “pushed out” as they
belong to surfactant molecules and these molecules belong to a self-assembled aggregate that is larger than the region of confinement. Thus, the only way of pushing beads
out of the region of highest confinement is by deformation of the aggregate. Therefore
the oscillations in the number of molecules in the central aggregate is not as strong as
one might expect for confined simple fluids. Most importantly, it does not decrease as

6.3. RESULTS AND DISCUSSION

105

the distance between the tubes decreases but increases.
The most striking feature of the force curve is that the surfactant generated force is
generally attractive in the region where we observe layering. Following the discussion
above it is clear that this attraction can not be generated by the layered confined fluid
alone as this would lead to oscillations around F = 0. As the system is heterogeneous
a surface tension could have the observed effect. The attractive force would be the
result of the tendency of the system to reduce the number of molecules in the interface.
However, on the contrary, we observe an increase of the number of molecules in the
central aggregate with decreasing tube/tube distance suggesting an increase in the
size of the interface.
To identify the reason for the attractive interaction let us assume a system with three
layers similar to the one shown in 6.6(c). Let us further assume that all layers are
located in the respective bead/CNT and bead/bead potentials. The surfactant/CNT
force of this system would be zero. (The forceless state is actually slightly different as
the middle layer is in the attractive range of the bead/CNT potential but we can ignore
this for the moment – a system with two layers would not have this contribution.) In
order to cause an attraction between the tubes there must be a constant force trying to
pull the beads out of the bead/CNT potential minimum into the attractive region.
The only possible sources of this force are the surfactant head groups. The existence
of the pulling force can be proven by calculating the average force stretching the bond
that connects the head and the tail parts of the surfactant molecules. The result is
presented in 6.7. The bond force is always attractive meaning that heads pull on the
tails. Initially it has approximately the same value as in bulk micelles. In this case the
pulling is compensated by the attractions between tail beads. If we assume the same
to be true for the adsorbed micelle, constituting the central aggregate, the pulling of
the head groups is compensated by the attraction of the tails alone. As the distance
between the tubes increases to d ≈ 5 and beyond the bond stretching force increases
rapidly. This increase in the force must be compensated by the interaction between the
surfactant tail beads and the CNTs.
Comparison of 6.4(b) and 6.6(e) and (f) indicates that at larger tube/tube separations
the hydrophobic core of the central aggregate becomes more and more cylindrical.
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Figure 6.7: Tube/tube distance dependence of the force exerted by the surfactant
head groups on the tail groups along the H-T bond connecting the head to the tail
of surfactant molecules in the central aggregate. The horizontal line demarcates the
bond-stretching force in bulk micelles. Not that for dCNT $ 5 the bond stretching force
increases beyond the value found for bulk micelles, indicated by the horizontal line.
The solid line is a guide to the eye.
This means that the heads pull essentially perpendicular to the axis of the central aggregate. This can only create a force component acting on the nanotubes and pointing
in the z-direction because the tube surfaces are curved. Applying the same arguments
detailed to explain the repulsive region 2 # d # 3.7 leads to the conclusion that the
additional pulling from the head groups leads to an effective attraction between the
tubes.
This leaves the question about the origin of the force excreted by the head groups. As
the distance between the tubes increases from dCNT = 2.00 to d ≈ 7.5 the central aggregate is deformed from an essentially spherical shape to a cylindrical shape. The initial
spherical shape is similar to that of bulk micelles. The high curvature provides room
for the head groups to move although they are already feeling the confinement and
pull on the interface. As the shape becomes more and more cylindrical head groups are
becoming more and more confined (6.8). This increased degree of confinement causes
some of the molecules to leave the central aggregate (6.2(b)), while the remaining head
groups pull more strongly on the tails (6.7). It is interesting to note, that because the
attractive force between the tubes is caused by mutual repulsion of surfactant head
groups, it is entropic in nature.
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(b) dCNT = 5.75, ρ = 0.10

Figure 6.8: Density isosurfaces ρ = 0.10 for the hydrophilic head groups showing the
increased confinement with increasing tube/tube distance.

6.4

Conclusions

Surfactants adsorb and aggregate on crossing carbon nanotubes at concentrations well
below the CMC. If the concentration is chosen well, self-assembly occurs only at the
crossing where a central aggregate is formed. At small distances between the CNTs
this central aggregate resembles a bulk micelle[20].
The results of the present study show that a central aggregate is formed as long as the
tube/tube distance is not larger than d ≈ 7.5. In other words, the aggregate is not
formed if the gap between the surfaces of the tubes is larger than the diameter of the
hydrophobic core of a bulk micelle[20] which is around 5.
The surfactants in the central aggregate interact with the tubes and create an effective
force between them. The dependence of the force on the tube/tube separation is very
rich. The key features are: (i) At small separations the force is repulsive as surfactant
tail beads are drawn to the tubes by the strong hydrophobic-bead/CNT interaction.
(ii) As molecules move into the gap between the tubes, strong layering is observed
creating the well known oscillations in the force. Just before a single layer is formed
correlations of beads located in the global bead/CNT potential minimum cause additional oscillations at higher frequencies. (iii) The central aggregate disappears at
d ≈ 7.5 and no force is observed at d $ 7.5. (iv) Most importantly, the surfactants cre-

ate a large attractive region between d ≈ 4 up to the rupturing distance. This attraction
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is entropic in nature and caused by the deformation of the central aggregate and the
resulting confinement of the head groups.
The latter observation is most important for the bottom-up design of CNT composite
materials: (i) It is possible to direct adsorption and self-assembly to the CNT crossings.
(ii) The tubes need to be near each other but do not have to touch. (iii) The aggregate
pulls the tube together, thus, stabilizes their target structure.

CHAPTER

7

Surfactant mediated CNT forces

7.1

Introduction

During the past twenty years, Carbon Nanotubes (CNTs) have inspired a wealth of
new applications, ranging from biomedical applications [13–15], drug delivery systems [8], to catalyst support in gas diffusion electrodes [9], to sensors [10–12]. It must
be expected that many more applications will be developed in the future exploiting
one or more of the CNT record properties. Most of these applications will achieve
their performance and economic optimum only if they are based on individual tubes
instead of bundles. However, the preparation of stable dispersions of individual tubes
still represents a formidable challenge.
Due to the strong tube/tube van der Waals (vdW) forces and hydrophobic forces in
aqueous solution carbon nanotubes form bundles. The size of these bundles can vary,
e.g. SWCNT of approximately 1nm diameter typically form bundles with diameters
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between 15 − 30nm containing 30 − 100 tubes [126] . To produce dispersions of unbundled and non-functionalized CNTs the bundles are ultrasonicated in presence of
a stabilizing agent. Ultrasonication provides the energy needed to break the bundles
while the stabilizing agent prevents rebundling. The most common class of stabilizers
are amphiphilic molecules such as surfactants and copolymers [41–45].
As CNTs are very hydrophobic, surfactants adsorb with their tail group, thus, orienting the hydrophilic head groups outward. When two surfactant decorated CNTs approach each other from large separations, head groups of surfactants adsorbed on different tubes repel each other generating an effective tube/tube repulsion which shields
the tubes from rebundling [127]. Efforts have been made to optimize the dispersions
i.e to maximize the concentration of individually suspended CNTs, by changing various experimentally accessible parameters such as concentration, surfactant geometry
or surfactant chemistry [128, 129].
The dependance of the stability of SWCNT suspensions on the surfactant concentration has been investigated in a number of experimental studies [49, 51, 52, 55, 56].
These studies illustrate that high surfactant concentrations, well above the Critical
Micelle Concentration (CMC), are necessary to stabilize suspensions for long times.
However, interestingly, it has also been shown that it is possible to suspend CNTs at
concentrations below the CMC [46, 70].
Surfactant geometry has also been proven to be an important parameter. ShvartzmanCohen et al. [47] used single chain mean field theory to study the dependence of
the tube/tube potential on the length of grafted polymers, a situation very similar to
adsorbed surfactants. Their results suggest that longer polymeric chains give rise to a
longer ranged tube/tube repulsion. It is reasonable to expect that this longer ranged
repulsion would lead to better suspension stabilization. White et al. [130], who used
zeta-potential measurements, showed that surfactants with the same head group but
with shorted tail groups are more efficient as stabilizing agents for SWCNTs.
This is also indicated by the 2D density functional theory study of Patel et al. who
showed that even below the CMC the surfactant mediated force for a pair of parallel tubes can be large enouch to dominate the tube/tube attraction. Using atomistic
molecular dynamics Xu et al. [61] observed a reduction of the surfactant induced

7.1. INTRODUCTION

111

tube/tube potential of mean force with decreasing SDS coverage of a pair of parallel tubes. However, the high computational cost of their simulations does not allow to
establish a link to experimental work via the bulk concentration.
The complexity of the interplay between the surfactant/surfactant interactions, the
surfactant/tube interaction, adsorption and aggregation, continues to prevent full comprehension of the role surfactants play in SWCNT dispersion. In all of the aforementioned experimental studies, direct access to the adsorbed surfactant layer morphology
is unavailable. Critically, the morphology of the adsorbed layer controls the attractive surfactant mediated tube/tube interaction but is itself controlled by the surfactant
properties and the concentration. As computer simulations allow simultaneous access
to all these properties they are ideally suited to study surfactant mediated interactions
between CNTs.
In this work we determine the surfactant mediated forces between two perpendicular CNTs using DPD simulations of a coarse-grain model, at a concentration approximately equal to the CMC. A coarse grain model is used as it allows control of the
surfactant concentration in the solution surrounding the pair of CNTs. The perpendicular configuration is chosen for two reasons: (i) it must be expected to have the lowest
surfactant induced barrier for rebundling compared to all other tube/tube angles, as
it is associated with the smallest possible overlap volume of the head groups, and (ii)
rebundling tubes will almost always collide at an angle. We investigate the origin
of the ”shielding effectiveness” by establishing a link between the structural properties of the adsorbed layer and the rebundling barrier is established via the tube/tube
force-distance curve. Interestingly, a first order transition between the repulsive force
regime and an attractive regime at smaller tube/tube separations is discovered. Our
ultimate goal is to provide rational arguments for the selection of surfactants that are
optimal to stabilize SWCNT dispersions.
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Model and Simulation
The Model

The model and simulation methodology used here have been described before[20, 64].
Surfactant molecules (Hx Ty ) are represented as a chain of x hydrophilic head (H) beads
followed by y hydrophobic tail (T) beads. The solvent is treated implicitly. This and the
coarse-grain character of the surfactant beads causes the beads to interact via effective
potentials. We employ a common empirical potential [20, 63], where the interaction
between hydrophobic beads is attractive, while all other bead/bead interactions are
repulsive. The force shifted Lennard-Jones (LJ)(12,6) potential φ(rij ) is used to represent attractive interactions between beads i and j
φLJ (rij ) = 4&
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σ
rij

#12

−

"

σ
rij

#6 $

,


 φ (r ) − φ$ (r )(r − r ) − φLJ (r )
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LJ cut
φ(rij ) =

0

(7.1)

rij < rcut
rij ≥ rcut ,

(7.2)

$ (r ) = dφ (r ) /dr, r = &r &, r = r − r and r
where rcut is the cut-off-radius, φLJ
LJ
ij
ij
ij
j
i
i

and r j are the positions of i and j, respectively; & is the well depth and σ the length
parameter of the LJ potential. Repulsive interactions are modeled using the WCA
potential given by eq.(7.2) with rcut = 21/6 . Beads k and l which are nearest neighbors
in the same chain additionally interact via the harmonic bond potential φbond (rkl ) =
&bond (rkl − rbond )2 , where &bond is the depth of the potential well and rbond the bond
length.
At the present level of coarse graining of the surfactant molecules CNTs are smooth
cylinders. Here we model their interactions with hydrophobic surfactant beads via
the force shifted Lennard-Jones (12,6) potential in eq.(7.2) which is also shifted to the
surface of the nanotubes
φCNT (ri ) =

&CNT
φ(ri − rCNT )
&

(7.3)

where ri is the shortest distance between bead i and the nanotube axis and rCNT is
the radius of the nanotube. Repulsive interactions with the hydrophilic head beads
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Surfactants
T beads
&
&bond

=
=
=

5
1.0
4.0

H beads
σ
σbond

=
=
=

5, 10
1.0
1.2

rCNT

=

1.0

d
&CNT

=
=

2.0 − 20.5
2.5

T

0.7
2.5
2.5

∆t

attractive: rcut
non-conservative: rcut

=
=
=

repulsive: rcut
DPD:ξ

=
=
=

0.005
21/6
1.0

minimum number of chains used
elongated box

=
=

750
100 × 100 × 200

production
equilibration

=
=

0.5 · 108 ∆t
(1 − 2) · 108 ∆t

Nanotubes

Simulation

Table 7.1: Model and simulation parameters in reduced units. d is the distance between the tube axes.
are modeled using the WCA potential, i.e. φCNT (ri ) with rcut = 21/6 . All potential
parameters can be found in table I.

7.2.2

The Simulations

We investigate the system in the canonical ensemble using the dissipative particle dynamics (DPD) method[79]. In DPD any two particles i and j interact via the pairwise
force Fij = FijC + FijR + FijD , where FijC , FijR and FijD are the conservative, the random and
the dissipative force, respectively.
The random force is given by:

 −ξω R (r )θ (r
ij ij ij
FijR =

0

rij ≤ rc
rij > rc

(7.4)

where (rij = rij /&rij &, ξ is the strength parameter, θij is a random variable with limits

−1 and 1, and zero mean (see Ref.[78] for the utilized random number generator), and
ω R (rij ) is the weight function of the random force. The dissipative force is given by:

 −γω D (r )((r · v )(r
ij
ij
ij ij
FijD =

0

rij < rc
rij > rc

(7.5)
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where γ is the strength parameter, vij = vj − vi and vi is the velocity of particle i and

ω D (rij ) is the weight function of the dissipative force. In the canonical ensemble the

dissipative and the random force are connected by the fluctuation dissipation theorem
leading to

+
,2
ω D (rij ) = ω R (rij ) ,

ξ 2 = 2γk B T,

(7.6)

where k B is Boltzmann’s constant and T is the temperature. Thus, the random and
the dissipative forces together constitute the DPD thermostat. Here we use the weight
functions originally published in Ref. [79]

 (1 − r /r )2 ,
ij cut
ω D (rij ) =

0

rij < rcut
rij > rcut

(7.7)

where we have chosen ω D (r) to be of the same range as the attractive conservative
force. It is important to recognize that FijR is a stochastic force which requires slight
modifications of the integration algorithm[79].
As the bulk surfactant concentration is not one of the natural parameters of the inhomogeneous canonical ensemble, it can not be pre-set. Therefore it has been maintained
in the initial part of the equilibration period by insertion and deletion of surfactant
molecules if the actual concentration in the bulk-like region deviates by more than
5% from the target. Because the concentration might change somewhat during the
remaining equilibration time, the resulting average concentrations for the individual
simulations might deviate by about 10% from the target C = CMC. These deviations
are not expected to have any important influence on the adsorbed structures or forces,
as the adsorbed amount levels off well below the CMC, at C ≈ 0.5 · CMC [46]. We
have further confirmed that none of the quantities of interest correlate with the random deviations in the concentration.
An elongated box is used to provide a bulk-like region for concentration control and
the usual periodic boundary conditions are employed.
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Definition of Relevant Quantities

The cluster size distribution for adsorbed surfactant clusters is defined here as the
(canonical ensemble average of the) probability mass function
P( N ) =

-

Nn N
∞
∑ N =0 Nn N

.

,

(7.8)

where n N is the instantaneous number of adsorbed clusters of size N and *·+ denotes

the canonical ensemble average .

To investigate the structure of the adsorbed phase, radial density profiles are defined
as
ρr ( r ) =

/

N ads

∑ δ (r − r i )

i=1

0

,

(7.9)

where N ads is the number of adsorbed beads and ri is the distance between bead i and
the tube axis and the bead must be part of an adsorbed molecule [91]. A molecule is
considered to be an adsorbed molecule if either the molecule itself or one molecule of
the same cluster has a bead that is located at a distance from the tube surface no greater
than 1.5. Two molecules are considered to belong to the same cluster, if the distance of
a tail bead of the first molecule to at least one tail bead of the second molecule is no
greater than 1.5. The radial density profile of a bulk micelle is defined in a similar way
but in this case r is the distance to the center-of-mass of the hydrophobic core.
We also study the location of micelles adsorbed along the tubes. To specify the position
of a micelle J we use the center of mass of its hydrophobic core C J . The 1D density of
adsorbed micelles is then given as:

ρl ( l ) =

/

M ads

∑

J =1

δ (l − C J )

0

,

(7.10)

where C J is the projection of C J onto the tube axis, l the position along the tube, and
M ads is the instantaneous number of adsorbed micelles. Accordingly, the pair correlation between adsorbed micelles is defined as
g( l ) =

/

1
ads
M ( M ads − 1)

∑ δ(l − |CI − C J |)
IJ

0

(7.11)
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where the sum runs over all M ads ( M ads − 1) pairs of adsorbed micelles.

7.2.4

Reduced Units

Throughout we use reduced quantities: lengths are given in units of the LJ length
parameter σ, the energy is scaled with the well depth of the bead/bead LJ interaction
&, the temperature scale is given in terms of &/k B and time is represented in units of
√
mσ2 /&, where m is the mass of a bead. Concentrations are defined as molecular
number densities and given in units of 1/σ3 .

7.2.5

Bulk Properties of the Surfactants Used in the Adsorption Studies

Both surfactants used in this study (H5 T5 , H10 T5 ) form spherical micelles in bulk solution at concentrations beyond the respective CMCs of CMC H5 T5 = 5.2 · 10−5 , and
CMC H10 T5 = 1.2 · 10−4 .
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Distance from micelle center of mass, r
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Figure 7.1: The structure of spherical bulk micelles of H5 T5 (red) and H10 T5 (black)
at C ≈ CMC shown as the radial density of head (dashed lines) and tail beads (solid

lines) as a function of the distances from the center of mass. H10 T5 , the surfactant
with longer head group has a smaller core but a larger corona of head groups. Only
micelles with sizes deviating by less than 25% from the mean aggregation number are
considered.
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CMC H5 T5 < CMC H10 T5 is expected since a smaller head makes the surfactant less hydrophilic. As commonly done [92] we define the micellar radius rmic , by the inflection point in the radial density profile of the tails beads eq. (7.9) (Fig. 7.1). We find
mic
rmic
H5 T5 ≈ 3.65 , and r H10 T5 ≈ 3.125. The smaller core radius of H10 T5 is consistent with

the expected stronger steric repulsion between the longer head groups, requiring aggregates with a larger curvature. The mean cluster size of a H5 T5 bulk micelle was
found to be N = 41, whereas for a H10 T5 is N = 30.

7.3

Results and Discussion

Previously we found that surfactant molecules can self-assemble into a micelle-like
central aggregate covering the junction formed by two crossing CNTs (Fig. 7.2) [64].
At low enough concentrations, well below the CMC, no significant adsorption is found
on the tube surface [46]. However the high hydrophobic potential at the crossing due
to the presence of two hydrophobic surfaces stabilizes the central aggregate. The surfactant mediated forces between the tubes are mostly attractive (Fig. 7.4(a)). Thus, the
central aggregate “glues” the tubes together. When the distance between the tubes becomes too large the aggregate ruptures leaving two independent tubes with essentially
empty surfaces. As expected, no tube/tube force is detected in this state.

.

Figure 7.2: Snapshot of the system showing a central aggregate covering the crossing
point. The distance between the tube axes is d = 3.0 and C ≈ 0.20 · CMC. Hydrophobic tails are shown in purple and hydrophilic heads in green.
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Curiously, surfactants are widely used to hinder tube re-bundling in CNT dispersions.
The key difference between the two situations – gluing versus shielding– is the difference in concentration. For dispersion, surfactant concentrations are much higher
than in the case where we observe gluing – usually well above the CMC. At these concentrations adsorption and aggregation also occurs on individual tubes and not only
at the crossing point. The resulting surfactant “coating” is expected to stabilize the
dispersion by preventing re-bundling.
The goal of this study is to reveal the origin of the two regimes (attraction versus repulsion) and develop understanding of the intricate details of the dispersion mechanism.
Comprehension of these details will enable informed optimization of dispersion stability and thus, dispersion quality.

7.3.1

Surfactant Mediated Force Between CNTs

In vacuum two CNT interact via vdW forces. Even though the strength of this force
depends on the tube diameter [36, 68], it is always short ranged. For example, the vdW
minumum of two parallel CNTs of rCNT = 0.95nm is rmin = 0.32nm [131]. Due to their
hydrophobic nature, tubes interact also via an effective hydrophobic interaction when
in aqueous solution. In this case, the total force between the tubes becomes slightly
longer ranged than in vacuum, i.e rmin ≈ 1.1nm for the example above [38].
In surfactant solutions surfactant molecules adsorb and self-assemble along the CNTs
(Fig.7.3), adding an additional force contribution. In the canonical ensemble the sur-

(a)

(b)

Figure 7.3: Snapshots of isolated tubes covered with surfactants at C ≈ CMC. (a)

H5 T5 and (b) H10 T5 . Adsorbed molecules of both surfactants aggregate into spherical micelles. The longer head groups of H10 T5 reach further away from the tube and
cause micellar cores to be smaller in size. Hydrophobic tails are shown in purple and
hydrophilic heads are are shown in green.
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factant mediated force between the tubes is given as
F=

/

N Nbeads

∑ ∑

f z (i, k)

i=1 k=1

0

(7.12)

where f z (i, k) is the z-component of the force, i.e the component of the force that is perpendicular to the tube axes, exerted by bead k in chain i on the nanotube, *· · · + denotes
the canonical ensemble average, the first sum runs over all N surfactant molecules and
the second over all Nbeads in the respective chain.
The force between two perpendicular tubes mediated by the surfactant H5 T5 at the
CMC is presented in Fig. 7.4(b) . The force curve consists of two distinct regions: An
essentially attractive region (blue) for distances between the tube axes d ≤ 8.75 and a

strictly repulsive regime (red) for d ≥ 6.25. It is also obvious that these two regions

overlap for 6.25 ≤ d ≤ 8.75.
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The shape of the attractive force regime of the curve obtained at C ≈ CMC (Fig.7.4
(b)) is nearly identical to that found at C = 0.2 · CMC (Fig. 7.4(a)). The overall attrac-

tive nature is caused by a force opposing the deformation of the central aggregate. It
originates from increasing steric repulsion between head groups due to the reduced
curvature of the central aggregate in the stretched regions. This causes the surfactant
heads to pull the tails out of the center of the aggregate between the tubes. As the tails
are attracted by the tubes this results in an effective tube/tube attraction. The oscillations in the force is a direct consequence of layering of the tail beads between the tubes
(Fig. 7.5).
It is instructive to compare the range of the surfacant mediated forces to that of the
vdW and the hydrophobic force. The range of the surfactant mediated attraction is
roughly equal to the diameter of the core of a bulk micelle while the length scale of the
hydrophobic force is related to the size of a water molecule. If we assume the diameter
of one of our beads to be the same as the vdW diameter of one of the water molecules
used in [38] the length scale of the hydrophobic interaction is similar to that of the
first layer of beads. The vdW interaction is even shorter ranged. Thus, both the vdW
and the hydrophobic force influence only the short range part of the attractive-regime
essentially by making it more attractive.
At a large enough distance between the tubes the central aggregate ruptures. While
at low surfactant concentration rupture leads to empty tube; at C ≈ CMC the tubes
are covered with surfactants. As a consequence, the surfactant mediated force jumps
to zero when the tubes are uncovered and to a repulsive force in the case of covered
tubes.

7.3.2

The Repulsive Barrier

The repulsive region of the force curve for H5 T5 is re-plotted for clarity in Fig. 7.6
(red points). The magnitude of the repulsive force decays monotonically without any
obvious distinctive features and vanishes at a tube/tube distance d f orce ≈ 16.3. As
one would expect, the point where the surfactant mediated force approaches zero is
related to the distance ddensity = 8.1 where the radial head-head density around an
isolated tube vanishes (Fig. 7.7), i.e d f orce ≈ 2ddensity .
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Inspection of Fig. 7.7 also reveals that the radial density of tail beads vanishes at
tail
rdensity
≈ 3.5 . Thus, the repulsive regime is not affected by tail/tail interactions. It

extends over tube/tube distances where the head densities overlap down to distances
where the tail densities begin to overlap.
Clearly, the repulsive regime of the surfactant mediated tube/tube force prevents a
pair of approaching tubes from reaching the attractive regime including vdW, hydrophobic and also surfactant mediated interactoins, provided the repulsion barrier
is strong enough. As the repulsive regime is correlated with the radial density of head
beads it should be controllable via the properties of the surfactant head group. To test
this we repeat the study for another surfactant H10 T5 with a longer head group. The
head group of H10 T5 consists of 10 hydrophilic beads, i.e. it is twice as long as that of
H5 T5 ; otherwise the two surfactants are identical.
Comparison of the repulsive regime of the two surfactants (Fig. 7.6) reveals that increasing the length of the head group has two effects. Firstly, as one expects from the
head density profiles (Fig. 7.7), it makes the repulsive region longer ranged and secondly, it leads to a larger force (at all distances). It is immediately obvious that H10 T5
shields the tube better than the H5 T5 .
To analyze how much better H10 T5 shields the tubes, we estimate the time scale for
rebundling which should give a good indication of dispersion stability. As re-bundling
can be viewed as a thermally activated process, its rate scales as (7.13)
R ∼ e− B/kT

(7.13)

where B is the activation energy. The activation energy is equal to the work required
to overcome the repulsive barrier. This work is given by the maximum of the potential
of mean force:
PMF (d) = −

1 d
∞

F (d$ )dd$ ,

(7.14)

where d is the CNT-CNT distance measured from their axes and F (d) is the surfactant mediated force (Fig. 7.6). The PMFs are shown in Fig. 7.8 and have been obtained by numerical integration of the simulation raw data (Fig. 7.6). Both PMFs are
monotonous functions of approximately parabolic shape, in agreement to the ones obtained by Xu et al. in [61] for SDS on two parralel CNT. They are also very similar
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to the PMF curves obtained by Cohen et al. [47] obtained for grafted polymers on
nanotubes by single chain mean field theory.
The repulsive barrier for H10 T5 and H5 T5 is found to be B H5 T5 = 7.14kT, and B H10 T5 =
9.40kT, respectively. The surfactants with the larger head group shows, expectantly,
a higher barrier. Although the difference in the barrier height is small, the difference
in the associated time scales for re-bundling can be quite significant. Using (7.13) we
estimate that the re-bundling rate of tubes shielded by H10 T5 is 10 times lower than in
the case of H5 T5 . Thus H10 T5 would produce significantly better dispersions compared
to H5 T5 .

7.3.3

Structural Origin of the Barrier

To enable an informed optimization process of the repulsive barrier it is essential that
its structural origin is understood in detail. By inspecting the snapshot in Fig. 7.3(a)
it is immediately obvious that the adsorbed phase of H5 T5 consists of micelles reminiscent of the sperical micelles the surfactant forms in the bulk. The cluster size distribution in Fig.7.9(a) indicates that the average aggregation number of the adsorbed
micelles N ads ≈ 50 is somewhat larger then the bulk value of N bulk ≈ 41. The distinct tail in the cluster size distribution in Fig. 7.9 (a) and the secondary maximum at
N ≈ 100 are caused by occational connections between neighboring adsorbed micelles.
As indicated by the 1D micelle/micelle correlation function in Fig. 7.9(b) the adsorbed
micelles are correlated along the tubes. The origin of the correlation is the competition between adsorption trying to increase the number of adsorbed micelles and micelle/micelle repulsion trying to increase the distance between adsorbed micelles. The
average distance between neighbooring H5 T5 adsorbed micelles is given by the position of the first maximum in the correlation curve l = 16. The curious ”secondary
peaks“ in Fig. 7.9(b) located at distances l = l + 1/2 · l ≈ 24 and l = 2l + 1/2 · l ≈ 42
are caused by the random connections between adsorbed micelles of the H5 T5 surfctant. As two connecting micelles are considered to be one aggregate the center of mass
of the ”new“ aggregate is located halfway between the two original micelles. Since
these connections are not too frequent, the respective peaks in Fig. 7.9(b) are weaker
than the primary peaks.
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Also H10 T5 forms adsorbed spherical micelles. However, they have a smaller aggregation number of N ads ≈ 30 which is identical to the bulk value N ads = N bulk adsorbed
micelles rarely connect to their neighbours illustrated by the much less pronouced tail
in the cluster size distribution (Fig. 7.9 (a)) and the lack of secondary peaks in gl (Fig.
7.9(b)).
At this point we shall note that our box size is too small to avoid finite size effects.
Clearly, the micelle/micelle correlation function in Fig. 7.9(b) does not decay within
the simulation box. To quantify the impact of this finite size effect we have studied
the system at tube/tube distance of d = 7.10 varying the relevant box dimensions in
several steps by up to l which should make any finite size effects apparent. Increasing
the box size by ≈ 14σ leads to an increase in the adsorbed amount but no change in

the number of aggregates, i.e micelles grow from N = 30 to N = 35. Further increase
led to an increase of the number of adsorbed aggregates by 2 (one one each tube) and

a reduction of the aggregate size to N ≈ 30. Most importantly the surfactant mediated
tube/tube force was unaltered , i.e no change beyond the expected sampling error of

≈ 10% was observed. Thus, finite size effects on the forces seem to be insignificant.
We also like to remark that the confinement effect imposed by the periodicity of the
system might occur naturally in dense systems where a CNT might be contacted by
other tubes at several points along the tube.
As expected, at very large separations between the tubes where adsorbed molecules
do not interact with molecules adsorbed on the other tube, we do not observe any
correlation between the position of the crossing and the position of the micelles (Fig.
7.10 green curve) consequently micelles are mutually correlated (Fig. 7.9(b)) but otherwise free to move along the tubes. As the distance between the tubes is reduced and
their surfactant coatings start to interact, the lateral density ρl (l ) shown in Fig. 7.10(a)
changes dramatically. The most striking effect is that micelles close to the crossing are
no longer free to move but get pinned indicated by the peaks in ρl (l ). Their position is
now correlated with the position of the crossing located at l = 0. Simultaneously the
density plot indicates that micelles largely avoid the crossing. This is also illustrated
by the representative snapshot in Fig. 7.10 (b).
A more subtle but critical effect is that the distance between the pair of micelles closest
to the crossing (l ≈ 19) is considerably larger than the equilibrium distance of the
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undisturbed structure (l ≈ 16). Thus, the correlated micellar structure does not only
get pinned but micelles are repelled from the crossing. The repulsion is caused by
head/head repulsion between micelles adsorbed on different tubes. As a consequence,
the head density at the crossing is reduced (Fig. 7.11(a)) relieving some of the repulsive
forces between the surfactant covered tubes at the crossing.
However, the distance between the innermost micelles is not large enough to avoid
repulsive interactions completely. The overlap density in Fig 7.11(b) clearly shows
that there is a deformed torus around the crossing where head groups overlap.
The repulsive forces resulting from this overlap can sustain a repulsive force pushing
the inner micelles further away from the crossing. In order for the inner micelles to
move away from the crossing the other adsorbed micelles would have to make room.
An extreme possibility would be desorption of a complete micelle. This is not the
case, however, as comparison of Figs. 7.9(b) and 7.10(a) reveals, i.e. six micelles are
adsorbed whether the tubes are far apart or close together. This might not surprise
as the adsorption energy is fairly large. The required space at the crossing is instead
provided by compression of the remaining adsorbed phase, i.e. micelles move closer
together as the 1D density in Fig. 7.10(a) shows. The distance between micelles, except
at the crossing, is now 14 instead of 16
A near identical structure is observed for H10 T5 . However the longer head groups of
H10 T5 require more space at the crossing (Fig. 7.10(a)). This leads to stronger compression of the adsorbed micellar phase compared to the H5 T5 system. This stronger
compression must be expected to be the origin of the larger tube/tube repulsion because it is the only force that keeps the inner micelles from moving away from the
crossing.
From these observations we conclude that longer head groups and a lower lateral compressibility of the adsorbed phase should lead to a larger repulsive barrier.Our results
suggest, the larger heads lead to a longer range of the repulsive force and the lower
compressibility leads to a higher magnitude of the force.
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The Hysteresis in the Force Curve

Inspection of the force curves in Figs. 7.4(b) and (c) clearly reveals strong hysteresis for the transitions between the repulsive and the attractive regime. For a single
crossing this hysteresis closely resembles a first-order phase transition but lacks the
required scaling with system size.In the simulations this scaling with system size is
artificially created through the periodic boundary conditions. The transition is essentially morphological and causes only an insignificant change in the adsorbed amount
of less than 10 molecules. In the attractive state a central micelle connects both tubes
(Fig. 7.12 (a)), while in the repulsive state the it is replaced by two new micelles, one
adsorbed on each tube (Fig. 7.12 (c)).
For the transition from the attractive to the repulsive regime the central aggregate has
to be destroyed. As the adsorbed amount is essentially constant during this process
and because of the symmetry of the system one expects that the central aggregate is
split into two fragments, each one remaining on a different tube. However, this process
can occur only if the resulting fragments are large enough to be stable. At the relevant
tube/tube distances the aggregation number of the central aggregate is approximately
20 leading to two fragments of approximately 10 surfactant molecules. Comparison
with the cluster size distributions in Fig. 7.9 (a) reveals that adsorbed clusters of this
size are too small to be stable. Thus, rupture of the central aggregated can occur only
if more molecules are involved in the process.
Studying many rupturing events revealed that the process is initiated by simultaneous
extrusion of an extension towards the central aggregate by neighboring inner micelles
on both sides of the central aggregate. This forms a complex of three aggregates which
then ruptures near the center of the crossing, where the central aggregate has been,
forming two very big aggregates - one on each of the tubes. Subsequently, each of
these big aggregates ruptures into two normal size aggregates. After and also during
this process molecules are exchanged with the other adsorbed micelles until a new
equilibrium is reached. Interestingly, in the attractive state adsorbed micelles are in
average 5 chains larger than in the repulsive region (N ads ≈ 30) and in the case of

isolated tubes (N ads ≈ 30). This is consistent with our finite size analysis in Sec. 7.3.2

and seems to be a consequence of the reduced compression of the adsorbed phase in
the attractive state caused by the reduced space requirement of the central aggregate
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compared to a ”regular” adsorbed micelle.
The hysteretic nature of the transition has also consequences for rebundling, as it involves a transition of the system from the repulsive to the attractive state. This requires
sufficient approach of the two tubes and therefore, overcoming of the ”approach barrier” discussed in Sec. 3.2. This is necessary but not sufficient to reach the attractive
state as the hysteresis indicates that another barrier separating the repulsive and the
attractive states exists, which has to be overcome as well. Thus, the true barrier, i.e.
the actual activation energy for rebundling is the sum of the ”approach barrier” and
the barrier of the hysteretic force at the respective tube/tube distance.
The barrier associated with the hysteretic force cannot be determined within the present
simulation framework. However, the transition from the repulsive to the attractive region is thermally activated as is overcoming the approach barrier and this is the case in
the actual CNT suspension and in the present simulation system. For both surfactants
we observe that only very near the end of the repulsive branch the system jumps to
the attractive branch and does not return. This indicates that only in this very small
region the thermal energy is large enough to activate the transition. As the temperature is the same for both systems it can be concluded that at the tube/tube distance
where the two systems jump from the repulsive to the attractive regime the barriers
are similar. This indicates that it is the approach barrier that discriminates between
the two systems. In other words, the two systems require different amounts of energy
to reach the tube/tube distance where the transition occurs and approximately equal
amounts to activate the transition. Because the activation energy is additive eq. (7.13)
factorizes and the conclusions about the relative rebundling rate in Sec. 7.3.2 hold.

7.3.5

Conclusions

We have used DPD simulations of a coarse grain surfactant model to study the rebundling of a pair of surfactant coated and perpendicular CNTs. By detailed analysis
of the shielding mechanism we are able to identify the key parameters that influence
the surfactants shielding efficiency. We have used two surfactants with different head
group length both of which self-assemble into spherical micelles in the bulk and on
the tubes.
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As the distance between the pair of surfactant coated CNTs is reduced the surfactant
mediated tube/tube force changes sign from attractive to repulsive. In the two systems
studied this transition is first order but it would lead to a hysteric force even for a
single crossing. Reaching of the attractive regime is necessary for rebundling. Thus,
suspensions are stabilized if this can be prevented. Rebundling can be viewed as a
thermally activated process where in the present simulation system the barrier is the
sum of the approach barrier and the transition barrier. The transition barrier cannot
be determined within the present simulation framework but it can be argued that it is
very similar for the two surfactants (see Sec. 7.3.3).
The approach barrier is the integral of the repulsive surfactant mediated tube/tube
force. We found that longer head groups lead to a surfactant mediated repulsive
tube/tube force that is (i) longer ranged and (ii) stronger. Both effects result in a larger
rebundling barrier. The longer head groups cause a longer range of the force as these
molecules form an absorbed phase with a further reaching head corona. This leads to
overlap of the head coronas of a rebundling tube pair at larger distances. The larger
magnitude of the surfactant mediated force appears to be a consequence of the larger
compressive forces the adsorbed phase can sustain. This compressive force is the only
force preventing surfactant molecules to leave the overlap region near the crossing
where the surfactant mediated tube/tube force originates.
This results in a small but distinct difference in the rebundling barrier of the two surfactants of 2.5kT. Critically, this difference leads to a 10-fold lower rebundling rate of
the surfactant with the larger head groups. This indicates a significantly better dispersion stability for the surfactant with the larger head group.
Although the length of the head group might be an interesting control parameter, it is
the magnitude of compressive force the adsorbed phase can sustain along the tube axis
that appears to limit the repulsive tube/tube force. This suggests that the morphology
of the adsorbed phase is the critical factor.

7.3. RESULTS AND DISCUSSION

128

15

F(d)

10

5

0

−5

5

10

d

15

20

(a) H5 T5 , C ≈ CSAC
15

F(d)

10

5

0

−5

5

10

d

15

20

(b) H5 T5 , C ≈ CMC
15

F(d)

10

5

0

−5

5

10

d

15

20

(c) H10 T5 , C ≈ CMC

Figure 7.4: Force-distance curves for the surfactant mediated force between a pair of
perpendicular carbon nanotubes: (a) H5 T5 at low concentration C ≈ 0.2 · CMC (data
taken from Ref.[64]), (b) H5 T5 at C ≈ CMC and (c) H10 T5 at C ≈ CMC. For the two
systems at the CMC (part (b) and (c)) we find pronounced hysteresis between the attractive (blue) and repulsive branch (red). Note that at low concentrations (part (a)) the
repulsive region is replaced by a regime with vanishing force (red) as at large distances
no aggregation occurs on the tubes; possible hysteresis has not been investigated for
this case.

7.3. RESULTS AND DISCUSSION

129

Figure 7.5: Internal structure of a H5 T5 system in the attractive region at d = 6.20. The
local density of tail beads is shown by the (purple) isosurfaces at ρT = 0.8. Clearly
visible is the central aggreagte with its layered structure. The central aggregate is
surrounded by four adsorbed micelles. The local density of the head beads of these
H
micelles is shown as a color coded cloud. Blue indicates the lowest density ρmin
=
H
0.002 and red the highest density ρmax = 0.2. Between these two values the jet color
code is used. As neither tail nor head density of the inner most adsorbed micelles
overlap they don’t contribute to the surfactant mediated tube/tube interaction. The
head density of the central aggregate is not shown for clarity.
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Figure 7.6: Comparison of the repulsive regions of the force distance curves (Fig. 7.4)
for H5 T5 (red) and H10 T5 (black): Lines are a guide to the eye. The longer head groups
of H10 T5 lead to a longer ranged force of higher magnitude compared to H5 T5 .
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Figure 7.7: Average structure of the adsorbed phase of H5 T5 (red) and H10 T5 (black)
on isolated tubes as the radial density of head (dashed lines) and tail beads (solid lines)
as defined in eq. (7.9). The head density shows that the longer heads of H10 T5 reach
futher away from the tubes. Note that the adsorbed phase is inhomogeneous in the
lateral direction over which is averaged here (Fig. 7.3).
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Figure 7.8: The potential of mean force (PMF) versus distance d for the two different
surfactants: H10 T5 (red) and H5 T5 (blue). The PMF of H10 T5 is longer ranged and larger
in magnitude.
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Figure 7.9: Structure of the micellar adsorbed phase of H5 T5 (red) and H10 T5 (black)
on independent isolated tubes. (a) Cluster size distribution as the probability mass
function PN versus cluster size N. (b) 1D micelle/micelle correlation function along
the tubes gads (r) versus the micelle/micelle distance r, where the position of a micelle
is the projection of its center of mass onto the tube axis. Adsorbed micelles of H5 T5
frequently connect leading to the secondary maximum in PN at twice the mean aggregation number and to the secondary maxima halfway between the primary maximum
in gads (r).
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Figure 7.10: (a) 1D (one-particle) density of micelles adsorbed along the tubes ρl (l )
as defined in eq.(7.10), where the position of a micelle is the projection of its center of
mass onto the tube axis. The origin (l = 0) is chosen to be the center of the crossing.
At large distances between tubes (H10 T5 , d = 18.10, green curve) micelles are free to
move along the tubes. At close distances (d = 6.95) the crossing is depleted and the
structure get pinned: H5 T5 (red) and H10 T5 (black). (b) Snapshot of the H5 T5 system
at d = 6.95 indicating the depletion of the crossing and the pinning of four ”inner”
micelles surrounding it.
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Figure 7.11: Structure of the overlap region of H10 T5 in the repulsive regime. (a) Local
head and tail bead densities as in Fig.7.5. Clearly visible is the depletion of head groups
near the crossing. (b) Local density of repulsive contacts (per time step) between head
groups of molecules adsorbed on different tubes. Color code is the same as in Fig. 7.5
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Figure 7.12: Snapshots illustrating the transition between the attractive and the repulsive regime at d = 8.15 for H10 T5 . Purple beads indicate hydrophobic beads, hydrophilic beads have been omitted for clarity. (a) Attractive state with central aggregate (blue beads), (b) Transition state consisting of a complex of three aggregates just
before rupture (protrusions from micelles adjacent to the junction and central aggreagate in blue), (c) Repulsive state with no central aggregate.
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Dispersions of single-wall carbon nanotubes (SWCNTs) in surfactant solutions below the critical micelle
concentration (cmc) have been studied theoretically and experimentally. Dissipative particle dynamics (DPD)
simulations of a coarse-grained model predict that surfactant adsorption on small diameter tubes is dominated
by aggregation of the surfactant molecules into adsorbed micelles at C ≈ 0.3Ccmc. We also find that the
surfactant adsorption is nearly complete at a concentration of around C ≈ 0.5Ccmc. Further increase of the
surfactant concentration has only minor effects on the radial density of surfactant headgroups, indicating that
SWCNT may be fully stabilized in solutions below the cmc. SWCNT dispersions in solutions of anionic
surfactants sodium dodecyl sulfate (SDS) and sodium dodecylbenzenesulfonate (SDBS) below the cmc show
a significant fraction of dispersed individual tubes and small bundles, in agreement with the model calculations.
Introduction
Preparation of high-concentration stable dispersions of debundled carbon nanotubes (CNTs) is an important challenge
for a number of current and potential applications of CNTs,
e.g., mechanical reinforcement of polymer1,2 and metal3 matrices,
development of conducting polymeric materials,4-6 improvement
of thermal conductivity of composites,7-12 etc. Also, dispersion
of individual nanotubes is indispensable for separation of
SWCNT according to their electronic properties.13-18
However, due to strong van der Waals forces, carbon
nanotubes tend to form bundles. The general approach for
producing dispersions of unbundled nonfunctionalized CNTs
includes splitting bundles by input of energy (e.g., ultrasonication) in the presence of a stabilizing agent which would
prevent reagglomeration of the CNTs into bundles. Different
classes of stabilizing agents have been used such as (i) aqueous
solutions of numerous surfactants;19-24 (ii) solutions of
synthetic25-30 and biopolymers31-37 in appropriate solvents (in
this case stabilization of CNTs in solution proceeds due to
polymer wrapping around the tube along its axis); and (iii) ionic
liquids and solutions of organic salts.38-40 Recently, it was also
shown that a significant degree of dispersion can be achieved
by spontaneous debundling in common organic solvents such
as N-methyl-2-pyrrolidone41 and γ-butyrolactone.42 Covalent
functionalization also may be used to facilitate the dispersion
of CNTs.43-50 It must, however, be taken into account that
sidewall functionalization of SWCNT changes their properties.51-57
For preparation of stable dispersions with relatively high
concentrations of CNTs it is generally recommended in the
literature to use surfactant concentrations equal to several critical
* Corresponding authors. E-mail: h.bock@hw.ac.uk (H.B.); a.v.gromov@
ed.ac.uk (A.G.).
†
Heriot-Watt University.
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micelle concentration (cmc) values.22,23,58-61 Even at the optimum concentration of surfactants, dispersions with a large
fraction of individual SWCNT have only been reported for low
concentrations of SWCNT. There are only a few publications
where CNT dispersions in surfactant solutions with concentrations close to or below cmc were reported,59,60,62,63 although,
without much emphasis on the properties of such dispersions.
Whether surfactant adsorption on CNTs leads to their
dispersion or not clearly depends on the adsorbed amount and
possibly also on the adsorbed structures. Both are difficult to
access experimentally but are available through computer
simulations. This potential of molecular simulations is demonstrated by a number of recent studies. In their coarse grained
molecular dynamics (CGMD) simulations Shvartzman-Cohen
et al.64 found that amphiphilic block-copolymers of the Pluronic
family form adsorbed random structures on CNTs. Wallace et
al.65,66 used CGMD to investigate adsorption of DPPC (dipalmitoylphosphatidylcholine) and DHPC (dihexanoylphosphatidylcholine) phospholipids and zwitterionic detergent LPC (lysophosphatidylcholine) on CNTs. They found a variety of adsorbed
structures including randomly arranged surfactant molecules and
encapsulation by spherical and cylindrical micelles, which
depend on the type of amphiphile as well as the number of
surfactant molecules in the simulation box. Tummala et al.67
used fully atomistic MD to show that the aggregation morphology of sodium dodecyl sulfate (SDS) molecules on SWCNTs
is influenced by the tube diameter, its chirality and the number
of SDS molecules placed in the simulation box. Specifically,
they find an increase in the adsorbed amount and variation from
“rings” of SDS molecules lying flat on the tube surfaces and
parallel to the tube axis to adsorbed micelles with disordered
internal structure when the number of surfactants in the
simulation box was increased.
Patel et al.68 studied the dispersion of two parallel nanotubes
with the surfactant DTMAC (n-decyltrimethylammonium chloride) using 2D density functional theory and a coarse-grained
model with implicit solvent. Their results indicate that SWCNT
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dispersions may occur below the cmc, since the surfactantmediated force overcomes the direct SWCNT-SWCNT attraction. This conclusion was drawn by studying the system below
the experimental cmc, thus, not taking into account likely
deviations of the model cmc compared to the bulk cmc.
While these studies demonstrate a dependence of the adsorbed
amount and the adsorbed structures on the number of molecules
in the simulation box, concentration control has not been
achieved. Consequently, knowledge and understanding of the
concentration dependence of surfactant adsorption on CNTs is
still lacking. This, however, is essential for the interpretation
of experimental findings as well as the optimization of technical
processes and applications.
Here we report on the preparation of stable aqueous dispersions with increased fraction of individual SWCNT in anionic
surfactant solutions below the cmc. In the simulation part of
this paper we use dissipative particle dynamics (DPD) and a
coarse-grained surfactant model to investigate the concentration
dependence of surfactant adsorption on CNTs. Specifically, we
study the adsorbed amount and the adsorbed structures. Using
the bulk cmc as a reference, we find good agreement between
the experimental and the simulation results. In particular, the
dispersion of CNTs below the cmc is demonstrated and
explained.
Experimental and Simulation Methods
Experiments. Typically 1 mg of SWCNTs (as produced
HiPco69 tubes from Carbon Nanotechnologies Inc., USA) was
dispersed in 10 mL of surfactant solution (concentration of
SWCNTs, cCNT ) 0.1 mg/mL). The following surfactant
solutions were used (see Table 2): SDS (sodium dodecyl sulfate,
cmcSDS value in water is 2.4 mg/mL70,71): 10 mg/mL, ∼4 cmc
(further denoted as SDS10); 3 mg/mL, ∼1.2 cmc (further
denoted as SDS3); 1 mg/mL, ∼0.4 cmc (further denoted as
SDS1); and 0.5 mg/mL, ∼0.2 cmc (further denoted as SDS05);
SDBS (sodium dodecylbenzenesulfonate, cmcSDBS value in water
is 0.35 mg/mL60): 10 mg/mL, ∼30 cmc (further denoted as
SDBS10); 3 mg/mL, 8-9 cmc further denoted as (SDBS3), 1
mg/mL, ∼3 cmc (further denoted as SDBS1); and 0.2 mg/mL,
∼0.6 cmc (further denoted as SDBS02).
The dispersions were sonicated with an ultrasonic tip (Bandelin Sonoplus ultrasonic homogenizer HD 2200 with titanium
tip KE76 with a diameter of 6 mm) in plastic test tubes at an
average power of 20 W for 6-7 min (in 1 min periods in order
not to overheat the sample) while cooling in an ice bath.
Subsequently, the dispersions were centrifuged for 2 × 30 min
at 20 500g. The supernatant fraction of each dispersion was
analyzed by AFM. As there was always some precipitant visible,
the actual concentrations of SWCNTs in the supernatant were
always lower than the original 0.1 mg/mL.
AFM measurements were performed using a Veeco DI
NanoMan VS instrument in tapping mode. For preparation of
samples for AFM a piece of polished Si wafer, surface modified
with (3-aminopropyl)triethoxysilane for better adhesion of
SWCNT,72-74 was completely covered with the supernatant part
of the SWCNT dispersion and left for 3 h in saturated water
vapor environment for prevention of liquid evaporation. Then
the substrate was rinsed in distilled water and blown dry with
nitrogen gas.
The concentrations of SWCNT in the original dispersions and
the dispersions after centrifugation were evaluated by Raman
spectroscopy. A Renishaw InVia Raman confocal microscope
with an excitation energy of 2.41 eV was used for the Raman

TABLE 1: Simulation Parameters in Reduced Units
no. of T-beads ) 5
ε ) 1.0
attractive: rcut ) 2.5
εbond ) 4.0
rCNT ) 1.0

Surfactants

Nanotubes
Simulation

T ) 0.7
nonconservative: rcut ) 2.5
equilibration ) 108∆t

no. of H-beads ) 5
σ ) 1.0
6
repulsive: rcut ) √2
σbond ) 1.2
εCNT ) 2.5
∆t ) 0.005
ξ)1
production ) 108∆t

studies. The dispersions were analyzed through a 90 µm thick
glass slide using backscattering geometry and a laser power of
3 mW.
Simulations. Model. The simulation method and the model
employed in this study have been used and discussed in detail
before75 and therefore we confine this section to a brief
overview. The surfactant molecules used in this study (H5T5)
are represented as chains of five hydrophilic head (H) beads
followed by five hydrophobic tail (T) beads. The solvent is
treated implicitly. The beads interact via effective potentials due
to the coarse-grained character of the surfactant beads along
with the implicit representation of the solvent. In this study,
we employ a common empirical model where the interaction
between hydrophobic beads is attractive, while all other bead/
bead interactions are repulsive. The force shifted Lennard-Jones
(LJ) (12,6) potential φij is used to represent attractive interactions
between beads i and j:
φ(rij) )

{

φLJ(rij) + φ′LJ(rcut)(rij - rc) - φLJ(rcut) rij < rcut
rij g rcut
0
φLJ(rij) ) 4ε

[( ) ( ) ]
σ
rij

12

-

σ
rij

6

(1)

where φ′LJ(r) ) dφLJ/dr and rcut is the cutoff radius. In eq 1 ε
and δ are the well depth and the length parameter of the LJ
potential, respectively, rij ) |rij|, rij ) rj - ri, and ri and rj
are the positions of beads i and j, respectively. Repulsive
interactions are modeled using the WCA potential given by eq
1 with
2

rcut ) √6
Beads k and l which are nearest neighbors in a chain interact
via the bead/bead potentials and, additionally, via a quadratic
harmonic bond potential

φbond(rkl) ) εbond(rkl - σbond)2

(2)

where εbond and σbond are the well depth and the bond length,
respectively.
At the level of coarse graining of the surfactant molecules,
CNTs can be regarded as smooth cylinders. Their interactions
with surfactant beads are modeled via the force shifted LennardJones (12,6) potential in eq 1 which is also shifted to the surface
of the nanotubes

φCNT(ri) ) εCNTφ(ri - rCNT)
76

(3)

where ri is the shortest distance between bead i and the
nanotube axis and rCNT is the radius of the nanotube. All
simulation parameters are summarized in Table 1.
Simulation Methodology. We investigate the system in the
canonical ensemble using the dissipative particle dynamics

4 J. Phys. Chem. C, Vol. 114, No. 1, 2010

Figure 1. Simulation snapshot showing the simulation box (100σ ×
100σ × 200σ) and the system above the cmc.

(DPD) method.77 In DPD any two particles i and j interact via
a pair wise force Fij ) F Cij + F Rij + F Dij where F Cij , F Rij , and
F Dij are the conservative, the random, and the dissipative force,
respectively. The conservative force is given by the derivative
of the potentials discussed above. As the random and dissipative
forces should not affect the equilibrium results we chose them
to be the same as the ones commonly used in most studies (e.g.,
refs 75 and 78).
The simulation box is large which allows us to determine
and control the bulk surfactant concentration (Figure 1). To
determine the bulk concentration, a slice of the system of 50σ
width centered at the tube axis in the x-direction (perpendicular
to the tube axis) was excluded. The remaining volume is
considered bulklike. The size of the simulation box was chosen
such that there were typically 200 chains in the bulk control
volume but no less than 40 in uncritical cases and no less than
160 chains adsorbed. The concentration is adjusted in the initial
part of the equilibration period by insertion and deletion of
surfactant molecules if the actual concentration in the bulklike
region deviates by more than 5% from the target. The usual
periodic boundary conditions are also employed.
Reduced Units. When describing the simulations, we use
reduced quantities: lengths are given in units of the LJ length
parameter σ, the energy is scaled with the well depth of the
bead/bead LJ interaction ε, the temperature scale is given in
terms of ε/kB, and time is represented in units of [mσ2/ε]1/2,
where m is the mass of a bead. Concentrations are defined as
molecular number densities and given in units of 1/σ3.
Results and Discussion
Computer Simulations. Here we study adsorption of the
model surfactant H5T5 with 5 hydrophilic head beads (H) and
5 hydrophobic tail beads (T) on a SWCNT. We have determined
the cmc of this model surfactant in an earlier publication75 and
at a reduced temperature of T ) 0.7 found Ccmc ) 5.2 × 10-5.
We observed a rather sharp transition from C1 ) C to C1 )
constant at the cmc, where C1 is the concentration of free
surfactant molecules. This allowed us to define the cmc to be
the center of the very small transition region between the two
domains.75 For the further discussion it is interesting to note
that this model surfactant forms spherical micelles of approximately 41 chains in bulk solution.
Adsorption of Surfactants on Single-Wall Nanotubes. We
investigate adsorption of surfactants on SWCNTs using the bulk
concentration as the control parameter (Figure 2). At low
concentrations, the number of adsorbed surfactant molecules
increases linearly with increasing concentration (Figure 2b). We
then observe a steep increase in the adsorbed amount around C

Angelikopoulos et al.
) 2.0 × 10-5. Any further increase in the concentration leads
to only a very slight increase in the number of adsorbed chains.
(Observe the logarithmic concentration scale.) Thus, adsorption
is nearly complete at a concentration significantly smaller than
the cmc, i.e., around C ≈ 0.5Ccmc. Evidently, the leveling off
of the adsorbed amount is associated with saturating the surfaces
rather than with reaching the bulk cmc as in the case of
adsorption on hydrophilic surfaces (e.g., refs 79 and 80).
The initial linear region, C < 0.6 × 10-5, is consistent with
adsorption of individual molecules in the Henry’s law regime.
The evidence for adsorption of individual molecules is provided
by the respective cluster size distribution in Figure 3. The cluster
size distributions are defined here as the (canonical ensemble
average of the) probability mass function, i.e., the probability
that an adsorbed chain belongs to a cluster of aggregation
number N

P(N) )

〈 〉
NnN

∞

∑ NnN

(4)

N)1

where nN is the instantaneous number of clusters of size N
adsorbed on the CNT and 〈 · · · 〉 denotes the canonical ensemble
average. At C ) 0.51 × 10-5, P(N) in Figure 3 decays steeply,
thus demonstrating that at very low surfactant concentrations
adsorption is dominated by individual surfactant molecules.
As the bulk concentration increases, the adsorbed amount
increases faster than linear. This superlinear increase is a clear
sign of cooperative adsorption. At these still low concentrations
cluster size distributions (P(N) for C ) 1.35 × 10-5 in Figure
3) still decay exponentially indicating the formation of (small)
clusters of no preferred size (Figure 4a). Clusters in this regime
form statistically and, thus, grow in size with increasing
concentration.
As the concentration increases above a certain threshold, a
shoulder appears in P(N) (Figure 3, C ) 1.49 × 10-5). This
shoulder is indicative of the formation of clusters of preferred
size, that is, surfactant aggregation on the CNT. These adsorbed
aggregates are clearly visible in the snapshot in Figure 4b. At
even higher concentrations, the shoulder has developed into a
well-defined local maximum (Figure 3, C ) 2.39 × 10-5). This
indicates that adsorption is now dominated by adsorbed micelles
(Figure 4c-e). The concentration where this maximum first
appears is often used as a reference point for surface aggregation
called critical surface aggregation concentration (CSAC). In the
present case CCSAC ≈ 1.5 × 10-5 ≈ 0.3Ccmc. This surface
aggregation causes the adsorbed amount to increases steeply
and faster than in the initial linear regime (Figure 2). Thus,
surface aggregation dominates surfactant adsorption on the small
diameter tube studied here.
At concentrations immediately above the CSAC, aggregates
have a size of about 13 surfactant molecules. This is significantly
smaller than the aggregation number of bulk micelles which is
approximately 41. As the bulk concentration increases, the
aggregate size increases up to approximately 45 at C ) 33.1 ×
10-5. Moreover, at concentrations beyond C ≈ 2 × 10-5, cluster
size distributions have a tail at large cluster sizes which is caused
by temporary connection of two or more clusters. This tail grows
with increasing concentration. At the highest concentrations the
tail has maxima at integer multiples of the position of the first
peak implying the connection of two or more adsorbed micelles
(Figure 4c,d).
A final remark on the relevance of the simulation results for
the interpretation of the experimental measurements is appropri-
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Figure 2. Adsorption isotherm as number of adsorbed molecules per tube length Nads/Ltube versus bulk surfactant concentration: (a) complete
isotherm and (b) magnification of the low coverage regime. The solid line in part (a) is a guide to the eye, and the dashed line in part (b) is a linear
fit to the results for C < 0.6 × 10-5.

Figure 3. Cluster size distributions at six different concentrations as indicated in part a: (a) linear N scale and (b) logarithmic N scale to emphasize
the tails at large concentrations.

ate. It must be expected that the adsorbed self-assembled
structures depend on the diameter of the CNTs.67,81 Clearly, if
the tube diameter is very large, adsorption of concentric micelles,
as shown in Figure 4d,e is not possible. Although very little is
known about this, the tube diameter is likely to influence the
adsorption isotherm.
However, in the experiments we are using single-wall CNTs
where the overwhelming majority of tubes has diameters
between 0.7 and 1.4 nm.82 Typical bulk micelles of the two
surfactants used in this study, SDS and SDBS, have diameters
of ∼4 nm83 and ∼6 nm,84 respectively. Thus, the diameters of
the SWCNTs in the sample are significantly smaller than the
diameter of the (bulk) micelles. This situation is well reproduced
by our model where the tube diameter is 2 and the diameter of
the hydrophobic core of the micelles is ∼4.6.75 Therefore, it
appears reasonable to assume that adsorption in the experimental
system results in structures which are similar to the ones we
find in the model system. Consequently, it is also reasonable to
make a qualitative comparison between the model and the
experimental system.
Stabilization of CNT Suspensions by Surfactants. Steric
repulsion between the head groups of surfactant molecules
adsorbed onto different tubes generates a barrier against CNT
rebundling. The strength of this repulsion between the coated
tubes depends on many parameters such as the strength of the
repulsive interaction between the head groups, the distance
dependence of this interaction, the flexibility of the head groups,
the temperature, etc. However, it is reasonable to assume that
the shielding against rebundling is better the higher the density
of the head groups is.

This is difficult to assess from snapshots such as the one
shown in Figure 4e. However, together with Figure 4d it shows
that, although surfactant molecules form adsorbed micelles and
thus generate a very heterogeneous structure of adsorbed
surfactant tails, surfactant head groups are much more evenly
distributed. Therefore, it is sensible to introduce a radial density
profile which is defined as the (canonical ensemble average of
the) local density of head beads at distance R from the tube
axis averaged over the length of the tube and rotation around
the tube axis. These density profiles are shown in Figure 5.
In the lower concentration regime, i.e., for values below the
CSAC, the density of head groups is low and increases only
slightly with increasing concentration. As the concentration
increases past the CSAC, the head density quickly increases.
This is consistent with the steep increase of the adsorbed amount
at the CSAC. As discussed above, adsorption is essentially
complete at C ≈ 2 × 10-5. Consequently, the head density
remains almost constant if the concentration is increased beyond
C ≈ 2 × 10-5. As the density profiles do not show significant
changes after the leveling-off of the adsorbed amount somewhat
above the CSAC, we do not expect significantly improved
shielding for surfactant concentrations well beyond the CSAC.
In other words, our results indicate that a concentration just
above the CSAC, and thus significantly lower than the cmc,
should be sufficient to stabilize the dispersion. If this is
insufficient for stabilization, any further concentration increase
should not improve the stabilization significantly.
Experimental Results. In order to verify the predictions of
the simulations we prepared a series of dispersions of SWCNTs
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Figure 6. G+-band area normalized to water peak (νO-H) versus
concentration. Dispersions with known concentrations are marked with
black squares and were used for creating the linear concentration
calibration curve. The unknown concentrations for dispersions after
centrifugation (small circles) were estimated on the basis of the
normalized area of the G+-band in the Raman spectra of corresponding
dispersions and the created calibration line.

Figure 4. Simulation snapshots at different bulk concentrations as
indicated in the figure. In parts a, b, and e the hydrophilic surfactant
head beads are shown in green and the hydrophobic tail beads in purple,
while in parts c and d only the hydrophobic tail beads are shown for
clarity.

Figure 5. Radial density distributions of head groups as the local
density of heads groups as a function of distance from the tube surface
at various concentrations indicated in the figure. Head densities are
low below the CSAC, increase quickly just after the CSAC, and remain
essentially unchanged when the adsorbed amount levels off at C ≈ 2
× 10-5.

in solutions of the anionic surfactants SDS and SDBS for a
wide range of concentrations above and below the cmc.
After centrifugation of the original dispersions, the resultant
supernatant fractions had different color densities. For the SDS
series the color density clearly decreased with decreasing
surfactant concentration, while for the SDBS series only sample
SDBS02 (C ) 0.53Ccmc) appeared less dense than dispersions
obtained with surfactant concentrations above the cmc. The
actual SWCNT concentrations in dispersions were determined

by means of Raman spectroscopy.85 The original dispersions
SDS10 and SDBS3 with concentration (c0) of 0.1 mg SWCNT
per mL were diluted with appropriate surfactant to a series of
concentrations (c/c0 of 0.75, 0.5, and 0.25) immediately after
ultrasonic treatment. These dispersions with known concentrations were then used for creation of the plot of concentration
vs G+ -peak area normalized to the water peak (νO-H).85 The
resulting calibration curve was then used for determination of
concentrations in dispersions after centrifugation (Figure 6). The
concentration values for the centrifuged dispersions are shown
in Table 2.
The diameter distributions of both individual SWCNT and
nanotube bundles in the obtained dispersions for different
surfactants after centrifugation were measured by AFM. In order
to obtain sufficient statistics, about 200 species were measured
for each dispersion sample. We assume that the process of
“sticking” of the SWCNT from dispersion to the functionalized
Si surface under normal gravity and after centrifugation is
random and governed only by the Brownian motion of tubes in
solution. Therefore, the diameter distribution of tubes/bundles
obtained from AFM height measurements should directly
represent the aggregation state of the SWCNT in dispersion. In
our SWCNT samples the diameter (i.e., the AFM profile height)
distributions for all concentrations of surfactants fitted well with
log-normal distributions, however, with different widths and
positions of maxima, as shown in Figures 7 and 8.
The AFM data (Figures 7 and 8) clearly exhibit a decrease
in diameter values in dispersions with surfactant concentrations
below the cmc as follows from a shift of distribution maxima
and its narrowing toward lower numbers. Additionally, the root
mean square of the diameter distribution (Drms ) (!〈D2〉) of
tubes in dispersion, previously used by Coleman et al.41,42,59,86-88
for estimation of the fraction of individual tubes per volume,
also shows a significant decrease for dispersions produced in
surfactant solutions below the cmc (Table 2). The difference in
experimental conditions during preparation of dispersions
(centrifugation carried out at 3000g by Sun et al.59 and 20 000g
in our case) resulted in our dispersions showing Drms values <2
(and even <1 for the solution SDS05), contrary to Sun’s data59
where Drms stabilized at values of ∼2.4 nm. Although still
significant, the mass fraction (concentration) of SWCNT in
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TABLE 2: Parameters of SWCNT Dispersions
dispersion

surfactant
concn (mg/mL)

surfactant
concn in cmc

SWCNT
concentration
(mg/mL) in supernatant

surfactant/SWCNT
ratio (w/w)

SDBS10
SDBS3
SDBS1
SDBS02
SDS10
SDS3
SDS1
SDS05

10
3
1
0.2
10
3
1
0.5

26.61
7.98
2.66
0.53
4.34
1.3
0.43
0.22

0.0325
0.032
0.0265
0.0095
0.0305
0.0225
0.0105
0.0032

307.7
93.8
37.7
21.1
327.9
133.3
95.2
156.3a

D

rms

(#〈D 〉) (nm)
2

1.818
2.051
1.714
1.250
1.503
2.105
1.342
0.815

fraction of
individual
tubes (%)b

max value
of dia obsd
in supernatant (nm)

35
22
47
67
52
32
63
98

4.3
4.4
4.5
2.7
3.3
4.9
2.8
1.5

a
This is an overevaluated number since it does not take into account the consumption of surfactant on air-liquid and liquid-solid (walls of
the container) interfaces. b Assuming that species with diameter <1.3 nm are individual tubes.

Figure 7. Diameter distribution of SWCNT species in centrifuged SDS
dispersions prepared at different surfactant concentrations: (a) 0.5 mg
SDS/mL of solution, (b) 1 mg SDS/mL, (c) 3 mg SDS/mL, and (d) 10
mg SDS/mL.

Figure 8. Diameter distribution of SWCNT species in centrifuged
SDBS dispersions prepared at different surfactant concentrations: (a)
0.2 mg SDBS/mL of solution, (b) 1 mg SDBS/mL, (c) 3 mg SDBS/
mL, and (d) 10 mg SDBS/mL.

surfactant solutions below cmc is lower than in solutions above
cmc, in general correspondence with literature data.59 It is
interesting to note that the w/w ratio of surfactant-to-SWCNT

shows the tendency to decrease along with the decrease of the
surfactant concentration (Table 2).
The HiPco individual SWCNT have diameters in the range
0.7-1.4 nm.82,89 Simple geometry considerations show that an
AFM height profile of 1.3 nm may be the result of a bundle
consisting of three tubes with diameter of 0.7 nm. Bundles
composed of thicker tubes and/or greater number of tubes should
have larger diameters. Therefore in further analysis of dispersions we assume that the species with heights <1.3 nm are
individual carbon nanotubes. (This could also include agglomerates of two carbon nanotubes lying flat on the substrate surface.)
Thus, from AFM-based height distributions it follows that for
dispersions SDBS02 and SDS1 (0.53 cmc and 0.43 cmc,
respectively) the content of individual tubes in dispersion is
around 65% at a fairly high concentration of tubes of approximately 0.01 mg/mL. The dispersion SDS05 (∼0.2 cmc)
consists almost completely of individual tubes (98%) with a
CNT concentration of 3 × 10-3 mg/mL. The SWCNT dispersions prepared from surfactant solutions above cmc exhibit an
individual tube content of only 22-52% (Table 2).
Additional information on the bundle size distribution in
SWCNT dispersions below cmc may be extracted from the
maximum diameter value of deposited species. It is obvious
from diameter distributions in our samples (Figures 7 and 8)
that centrifugation of dispersions at 20 000g completely removes
the species with diameters >5 nm. If it is assumed that the
sedimentation velocity of SWCNT aggregates in surfactant
solution depends on the number of tubes in the bundle (i.e.,
bundle size),90 then all examined dispersions should contain
species with diameters of no more than 5 nm. Indeed, a
significant amount of species with diameters 3.5 < dt < 5 nm is
observed for all dispersions with surfactant concentration above
cmc, except for SDS10 with a maximum diameter value of 3.3
nm (Table 2). It is, however, interesting that for SWCNT
dispersions, prepared in below-cmc surfactant solutions, the
maximum diameter values are 2.8 nm for SDS1, 2.25 nm for
SDBS02 and 1.5 nm for SDS05 dispersions. Thus, only small
aggregates are stabilized in dispersions with surfactant solutions
below the cmc. There are two possible explanations for this:
(i) surfactant adsorption is insufficient to prevent the reagglomeration of small to larger bundles or (ii) it is insufficient to
stabilize the small bundles in the suspension against the
centrifugal force. In any case, our results suggest that adsorption
on individual tubes and bundles might follow different surfactant
concentration dependencies and possibly different mechanisms.
Summary and Conclusions
In this paper, we present the results of an experimental/
theoretical study of the physical processes relevant to the
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dispersion of CNTs. In particular we have investigated the
dispersive capabilities of surfactant solutions below the cmc.
The experiments were carried out on HiPco SWCNTs with
two surfactants SDS and SDBS, with different cmc values
Ccmc(SDS) ≈ 6Ccmc(SDBS). The results obtained for both
surfactants are remarkably similar if the concentration scale is
normalized by the respective cmc. In both systems we find as
follows:
1. CNT may be dispersed in surfactant solutions below the
cmc.
2. A relatively small but significant fraction of tubes is
suspended in below-cmc dispersions.
3. SWCNT in surfactant solutions below cmc show a
tendency to be dispersed as individual tubes and small bundles.
4. Diameter distribution of SWCNT species in above-cmc
surfactant dispersions is significantly broader and is shifted to
larger diameters, compared to in below-cmc dispersions.
Using computer simulations of a coarse-grained model, we
studied the concentration dependence of surfactant adsorption
on a small individual SWCNT. The simulation results show as
follows:
1. Adsorption is essentially complete at approximately 0.5
cmc.
2. Above the cmc only minimal changes in the adsorbed
amount and the radial head density profile are observed.
3. Adsorption is dominated by surfactant self-assembly.
To develop an understanding of the experimentally obtained
diameter distributions it is important to realize that the experimental results are influenced by three processes: (i) ultrasonication, (ii) relaxation to equilibrium and (iii) centrifugation. The
latter, centrifugation, is also the last processing step before the
samples are measured and might, therefore, dominate the results.
Centrifugation separates objects with higher density (larger
agglomerates of SWCNT) out of solution. In the present case
these objects are CNT/surfactant composites. Although it is
difficult to determine the boundaries of these CNT/surfactant
composites as they are soft and have attractive interactions with
water, it is clear that a higher number of adsorbed surfactant
molecules reduces the over all density of the complex and makes
them more hydrophilic. Both effects support the dispersibility
of the CNT/surfactant composite.
The simulation results show that surfactant adsorption on
small tubes is essentially complete well below the cmc. This
means that increasing the concentration beyond the cmc should
not further improve the dispersibility of individual CNTs. This
is consistent with our experimental observation of dispersed
individual tubes below the cmc.
There remain a number of key questions that need further
clarification:
1. Why are small bundles dispersed only at higher concentration? This indicates a different adsorption mechanism compared
to individual tubes which might be caused by the different
surface morphologies and interaction energies of bundles
compared to individual tubes.
2. Why does the number of dispersed individual tubes increase
with concentration? This can only happen if the number of
exfoliated tubes depends on the concentration.
3. What is the actual surfactant concentration in the sample?
Surfactant adsorption on all available surfaces, including CNTs
as well as the containers, decreases the number of molecules in
solution and thus the concentration. However, for detailed
interpretation and comparability of the experimental results
knowledge of the actual concentration is essential.
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Further experimental and simulation studies are in progress
to provide answers.
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