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ABSTRACT: We analyze the motion of multiwalled carbon
nanotubes clusters in water or ethanol upon irradiation with a
975 and 1550 nm laser beam guided by an optical fiber. Upon
measuring the velocities of the nanotube clusters in and out of
the laser beam cone, we were able to identify thermophoresis,
convection and radiation pressure as the main driving forces
that determine the equilibrium position of the dispersion at low
optical powers: while thermophoresis and convection pull the
clusters toward the laser beam axis (negative Soret coefficient),
radiation pressure pushes the clusters away from the fiber tip. A
theoretical solution for the thermophoretic velocity, which
considers interfacial motion and a repulsive potential interaction
between the nanotubes and the solvent (hydrophobic
interaction), shows that the main mechanism implicated in
this type of thermophoresis is the thermal expansion of the fluid, and that the clusters migrate to hotter regions with a
characteristic thermal diffusion coefficient DT of 9 × 10−7 cm2 K−1 s−1. We further show that the characteristic length associated
with thermophoresis is not that of the nanotube clusters size, (1) μm, but that corresponding to the microstructure of the
clusters, (1) nm. We finally discuss the role of the formation of gas−liquid interfaces (microbubbles) at high optical powers on
the deposition of carbon nanotubes on the optical fiber end faces.

■ INTRODUCTION

In the realm of hydrodynamics and surface phenomena, it is
possible to study micro- and macrosystems indistinctively if one
considers the right scale parameters. Such is the case for the
Reynolds and Bond numbers criteria. There are, however, other
set of phenomena that appear exclusively at the microscale
without having analogous macroscaled counterparts. Typical
examples of these are the Brownian and phoretic motions.1−3

Phoretic transport has received especial interest because it
allows the manipulation, characterization, separation or increase
of concentration (against diffusive transport) of many kinds of
particle dispersions, including colloidal, macromolecular or
living cell suspensions.4−8 Prediction of the particle’s migration
velocity usually requires the knowledge of specific interactions
with the surrounding liquid,9−11 and sometimes even different
types of transport pathways may participate in a single
experimental realization.12 For example, if one uses laser
beams to manipulate particles, the electromagnetic radiation
can induce motion either by direct momentum transfer or by
triggering different heat transfer modes due to light absorption.
The goal of the present paper is to distinguish the different

transport mechanisms implicated in the motion of multiwalled
carbon nanotube (MWCN) dispersions in liquids irradiated by
a laser beam. We aim at elucidating the origin of the
thermophoretic motion of the MWCN clusters using interfacial
transport theory. We pursued as well in identifying the roles of
radiation pressure and convection currents on the motion of
such dispersions.
Thermophoresis refers to the particle motion in response to

a temperature gradient, and it considers motion either toward
the colder (positive thermophoresis) or hotter (negative
thermophoresis) regions.9,13 It is characterized by a thermal
diffusion coefficient DT, which is usually scaled by the common
diffusion coefficient D yielding the so-called Soret coefficient ST
= DT/D. In the case of charged colloids, the mechanisms
implicated in thermophoresis are usually explained in terms of
thermodynamic functions, such as the entropic cost of
maintaining the structure of the electrical double layer at a
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given temperature.14−16 In the case of noncharged particles, the
thermophoretic velocity has been estimated by solving the flow
generated in the interfacial layer by means of particle−solvent
interactions.9,10,13 If such interactions between particle and
solvent are important in describing thermophoresis in such
kinds of systems, it has been further shown that thermal
expansion of the fluid due to local temperature increments is as
important as the interaction potentials. The argument of
Brenner and Bielenberg17 that thermophoresis is just a result of
a background “volume velocity” of the fluid due to thermal
expansion has shown to be valid in some experiments.12 In this
report we found, as Brenner and Bielenberg17 and Semenov
and Schimpf,10,18 that thermal expansion is indeed the most
important driving mechanism of the thermophoretic motion
observed in this work.
We must mention that other mechanisms have been

proposed as well to explain thermophoresis in noncharged
particle suspensions.11,19−21 Würger,11 for example, conceived
thermophoresis of soft particles as a scaled version of the
thermocapillary flow, where surface tension gradients constitute
a key factor in defining the particle velocity.
Photophoresis and Radiation Pressure. These two

phenomena are generated by the same effect: electromagnetic
radiation, usually in the form of a coherent laser beam,
impinging on a particle having a different complex refractive
index with respect to the surrounding medium.22 It is actually a
common practice to use both terms indistinctively.23,24

However, in this work we adopt the original meaning for
each term in order to emphasize their difference. Radiation
pressure is the direct momentum transfer from electromagnetic
radiation to a surface interacting via light absorption or
reflection.22 For instance, in the case of a plane light wave, the
force exerted on a spherical particle with radius r0 via light
absorption is22
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1, where κabs is the absorption coefficient of the
particle. The derivation of this formula relies on the simple
assumption that the power per unit area absorbed by the
particle obeys the Beer−Lambert law, where the zero and
maximum optical lengths lie on the surface and center of the
spherical particle, respectively.
Besides motion generation, part of the absorbed light is

usually dissipated as heat in the surrounding medium. If the
particles are suspended in a gas, this increase in temperature
rises the kinetic energy of the gas molecules, and since the
incident radiation is nonevenly distributed on a spherical
particle, there will be an asymmetric distribution of pressure in
the gas that will ultimately move the particle on a resultant
direction: this is what is known as photophoresis22,25,26 and
constitute the thermophoretic version in gases.13 It has been
observed that photophoresis actually overcomes, by several
orders of magnitude, the effects of radiation pressure in aerosols
and nanofoams (particle dispersions in gases).22,26 We will
show, on the other hand, that photophoresis does not play any
significant role in the motion of particles in liquids. It is worth
mentioning that Soong et al.27 have used the term “photo-
phoresis” to denote a variety of thermophoresis in liquids in

which the temperature gradient is generated by the particle
itself thanks to light absorption. The formulation of their
proposal, which uses the so-called asymmetry factor for
spherical particles, is capable to predict either positive or
negative Soret coefficients. In this work, we will see that the
regular thermophoresis (temperature gradients imposed by the
liquid) suffice to explain the observed motions of the MWCN
clusters.
In the following section, we will describe the experimental

setup used to study the motion of MWCN clusters followed by
the main results of this work. The Discussion section includes a
theoretical description of thermophoresis based on interfacial
motion and a new velocity equation is obtained in order to
explain thermophoresis in these kinds of dispersions. We
conclude the discussion by pointing out the role of the
formation of gas−liquid interfaces at high optical powers on the
deposition of MWCN on optical fiber end faces.

■ EXPERIMENTAL SECTION
Multiwalled carbon nanotubes (Sigma-Aldrich, O.D. of 6−9 nm) were
dispersed in water or ethanol at a concentration of 2 ppm; the
suspensions were sonicated for 8 min before experiments. These
highly diluted dispersions were prepared in order to avoid the
formation of dense clusters and overheating of the visualization cell.
The suspensions were placed in a 1 × 1 cm2 cell placed between a
microscope slide and coverslip using 150 μm mica sheets as spacers.
An optical fiber (Corning SMF-28e, numerical aperture NA = 0.14)
with diameters of 8.2 and 125 μm in core and cladding, respectively,
was introduced through a lateral wall and placed at the center of the
cell. The optical fiber was connected to two laser diodes, one emitting
at 975 nm and another at 1550 nm in order to test the motion of the
MWCN clusters at two optical wavelengths. In order to ensure a
single-mode output with a Gaussian intensity profile, a mode stripper
was used near the output end of the fiber. Since the laser beam was not
collimated, the optical intensity varies with the distance with respect to
the fiber tip. Hence, most of the measurements were done at a distance
of d ∼ 500 μm from the fiber tip, which corresponds roughly to the
distance at which the laser cone attains an area corresponding to that
of the fiber end face.

It is well-known that carbon nanotube dispersions in polar solvents
tend to cluster,28,29 this feature allowed us to visualize the motion of
individual clusters using a digital microscope (DinoLite AD7013MZT)
placed perpendicularly to the cell plane and having a typical resolution
of 1 μm/pixel. Tan et al.30 have shown that it is possible to quantify
the collective motion of individual carbon nanotubes employing
fluorescence microscopy and using functionalized nanotubes to
improve their dispersion in polar solvents. We do not, however,
pursued such experimental treatment in this work. The average size of
the clusters was estimated by image processing in MatLab while
particle tracking was performed with ImageJ. Typically, the motion of
the clusters was very slow to observe a significant displacement in a
real time movie; we therefore decided to take pictures of the
dispersion every minute for time periods ranging from 12 to 60 min
and then obtain the displacements by superimposing the individual
images.

■ RESULTS
Figure 1a shows a “panoramic” photo of the MWCN dispersion
formed in ethanol. The picture shows the general trend
observed in all the experiments (for both wavelengths and both
liquids): the MWCN clusters travel toward the laser axis
forming an entangled array some distance apart from the fiber
tip. Similar arrays have been observed in other kinds of
suspensions using optical fibers as well.31 The average
equivalent cluster radius in ethanol was found to be 2.4 μm,
while in water it was 6 μm. Figure 1b and c shows
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superimposed images acquired 1 min apart in order to visualize
the displacements of the clusters for two laser wavelengths.
Clearly, the particles tend to group along the laser beam axis.
The red lines illustrate the divergence cone of the laser beam
drawn according to the numerical aperture of the fiber. It is
important to note that motion occurs both, inside and outside
the laser cone, hence, motion is driven by direct laser
irradiation but also by thermal effects. If we look carefully at
images b and c, an interesting difference is observed between
the motion produced using a wavelength of 975 nm and that
produced with the laser operating at 1550 nm. In both cases
and at short distances from the fiber tip, the clusters tend to
move away from the fiber end face. Notice however that farther
away from the fiber tip, the trajectories of the clusters differ in
direction: while for 975 nm the clusters move away from the
laser tip, the opposite occurs with the 1550 nm light source
(see the right side of Figure 1b and c). These differences arise
from the interplay between thermophoresis and radiative
pressure in the region located inside the laser cone, the first

dominating at 1550 nm owing to a stronger optical absorption
in the liquids at this wavelength (see Table1), and the last one
dominating at 975 nm due to strong absorption of the carbon

Figure 1. Pictures showing the dispersion of MWCN clusters in ethanol: (a) Joined images showing the overall length of the clusters arrayed under
laser irradiation; the optical fiber tip can be seen at the left side. (b,c) Superimposed images showing the cluster displacement for two different laser
wavelengths. The images are acquired 1 min apart. The red lines illustrate the light cone at the output of the fiber (approx. 6°), calculated with the
numerical aperture of the fiber (sin−1[0.14/ni], with ni being the refraction index of the fluid).

Table 1. Comparative Chart of the Relevant Physical
Parameters for Water and Ethanol

parameter water ethanol

MWCN cluster
radius

r0 6 μm 2.4 μm

absorption
coefficient at
975 nm38

κabs 40 m−1 6 m−1

absorption
coefficient at
1550 nm38

900 m−1 550 m−1

surface tension
temperature
coeff.39

σT −0.1477 mN/m·K −0.0832 mN/m·K

thermal expansion
coeff.

αv 2.07 × 10−4 K−1 7.5 × 10−4 K−1
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clusters at this wavelength.32 In the Supporting Information, we
have included a fast-motion video of the clusters dispersed in
water (60 frames taken in 1 h are shown in 5 s, 975 nm, 71.4
mW).
Figure 2 shows the mean velocity as a function of the optical

power registered at different positions with respect to the laser

cone (see the inset in Figure 2) for clusters dispersed in
ethanol. Circular symbols in Figure 2 correspond to the
resultant velocities measured outside the laser cone and can
give a direct measurement of the thermophoretic velocity. The
square symbols correspond to the y-component of such
velocities. The diamonds correspond to the x-component of
the velocities measured inside the cone and can give an
estimate of the motion produced by radiative pressure. The
maximum velocities registered in the experiments were around
1 μm/s. Note that the y-components of the velocities are close
to the resultant velocities except for the highest optical powers.
This indicates that the motion of the MWCN clusters is mainly
directed toward the beam axis. The lines in the figure
correspond to theoretical values and are discussed in the next
section.
Figure 3 shows a case of study where the velocities obtained

in ethanol and water are compared. We can see clearly that, for
the two wavelengths used, 975 and 1550 nm, the cluster
velocities are higher in ethanol than in water. Such differences
in velocities, which depend mainly on the kind of liquid used,
turned out to be a key observation that helped us define the
mechanism implicated in the thermophoretic motion, as
discussed in the next section.

At this point, one may argue that besides thermophoretic and
radiation pressure effects, optical intensity gradients and
convective currents could impose as well a net motion on the
MWCN clusters. Indeed, it has been shown that carbon
nanotubes can be trapped by optical intensity gradients at
similar wavelengths as those employed in this work.30,33 On the
other hand, local increments of the temperature inside a fluid
always produce convection currents due to the density
dependence on T, which certainly may compete with the
transport induced by thermophoresis if the cell height is not
small enough.34

In order to estimate the optical trapping contribution on the
clusters velocities, as a first approximation, we equate the
optical gradient forces with the Stokes drag force:

α πη∇ ̂
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where α is the polarizability of the MWCN clusters, ni is the
refraction index of the fluid and ϵ0 is the free space permittivity.
If we assume that the laser beam has a Gaussian intensity
profile, it is easy to show that the maximum intensity gradient
in the radial direction is
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where κabs is the absorption coefficient of the solvent, w is the
laser beam radius, and Po is the optical power. We took the
value of α from ref 35, which for an infinite 3D array of carbon
nanotubes α has a theoretical value of 479 Å3 (∼6 × 10−38 C2

m2 J−1 in SI units). Therefore, in ethanol (ni = 1.36, other
physical parameters are listed in Tables 1 and 2), at a depth of
∼500 μm from the fiber tip, having a beam radius of 50 μm and
an optical power of 115.3 mW, the estimated maximum particle
velocity due to optical trapping is about 1 × 10−8 μm/min,
evidently too small compared to the experimental values shown
in Figure 2. Hence, unlike those situations in which the laser
beam is collimated or focused, here the divergent cone of the
laser beam produce negligible trapping force. We can
confidently say, therefore, that MWCN aggregation at the
beam axis is solely due to thermophoresis.
We now focus on the convection flow issue. In order to

obtain the flow field and the temperature profiles inside the cell,
we solved numerically the 3D Stokes equations together with

Figure 2.Mean velocity as a function of the optical power registered at
different locations with respect to the laser cone (see inset). Data
correspond to the clusters dispersed in ethanol irradiated with the laser
of 975 nm; (solid black circle) resultant mean velocity uR measured
outside the laser cone; (open square) y-component, uy, of uR; (sold red
diamond) x-component, ux, of the mean velocities measured inside the
laser cone. The lines correspond to theoretical values: the solid black
line corresponds to eq 14 derived in this work for thermophoretic
transport; the blue solid line corresponds to the added contributions of
thermophoresis and convective flow; the dashed line corresponds to
Würger solution, eq 16, for thermophoresis driven by thermocapillary
flow;11 the dotted-dashed line corresponds to the motion produced by
radiative pressure; i.e., eq 1 equated with the Stokes drag force.

Figure 3. Comparative graph showing the cluster velocities obtained in
two polar solvents: ethanol and water.
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the steady heat transfer equation using the Fluid Flow >
Nonisothermal laminar flow package of COMSOL Multi-
physics 5.0. We included a heat generation term Q of the form:

κ
π

κ= − + −
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where w = 2.7 [μm] + (tan6°)y due to the numerical aperture
of the optical fiber. An example of the velocity profiles obtained
in ethanol for Po = 115.3 mW (λ = 975 nm) is shown in Figure
4 (left image). The domain dimensions were 0.15 × 1 × 1 mm3,
and the fluid was sandwiched between two layers of glass
surrounded by air. We can see that the velocities develope
horizontal “8” shaped profiles that evinced the formation of
convection currents near the fiber axis. The figure at the right
side shows in detail the x-component of such velocities at a
depth of y = 442 μm with respect to the fiber tip. It is evident

that, close to the fiber axis, convection is high enough to move
the particles at speeds similar to those reported in Figure 2.
However, at distances larger than two fiber diameters (2Dfib in
the figure), the velocities are by much 14 μm/min. We
therefore can assert that while MWCN aggregation at the beam
axis is due exclusively to thermophoresis, its motion is a
combination of thermophoretic and convection currents effects;
later we will show that the former dominates the motion at low
optical powers. With this numerical calculation, we also
obtained the increments in temperature ΔT = Tmax−300 [K],
as well as the temperature gradients for a certain Po value.
These were calculated assuming that the gradients have a linear
profile, that is, that ∇T = ΔT/L, where L = 5 mm is the
approximated distance between the fiber tip and the cell walls
in the experimental setup.

■ DISCUSSION

Motion Outside the Laser Cone. Once we have define
that the motion observed in this region is caused by
temperature gradients alone, we will discuss now the nature
of the negative thermophoretic motion observed for the
MWCN clusters in polar solvents. It is well-known that carbon
nanotubes (graphene lattices) have hydrophobic interactions
with polar solvents such as water or ethanol.36,37 The surface
tension gradient mechanism, as explained by Würger,11 is
therefore a good candidate to explain the motion observed here
since the carbon nanotube-solvent interactions generate a gas/
liquid-like interface, as suggested by several molecular dynamic
simulations.36,37 This explanation will not, however, support the
experimental results since water has a larger surface tension

Table 2. Relevant Physical Parameters for Ethanol and for
the Repulsive Potential, Eq 13a

viscosity μ 0.9 mPa·s
molecular volume νo 98.7 Å3

thermal conductivity ks 0.15 W/m·K
thermal diffusivity αT 0.07 mm2/s
Hamaker constant 4.2 × 10−20 J

interaction potential constant C 1 × 10−20 J
hydrophobic characteristic length λr 1 nm−1

aThe molecular volume was calculated as νo = PM/ρNA, where for
pure ethanol the molecular weight is PM = 46.07 g/mol, the density ρ
= 0.775 g/cm3, and NA is the Avogadro number.

Figure 4. Numerical solutions of the velocity profiles obtained in ethanol irradiated by a 975 nm divergent laser beam; Po = 115.3 mW. The fluid
domain consists of a 0.15 × 1 × 1 mm3 box surrounded by glass with the same thickness, the y-coordinate coincides with the beam axis. The figure at
the left shows a 3D view of the velocity profiles, while the figure at the right side denotes the x-component of the velocities inside the cell. 2Dfib refers
to a distance two fiber diameters (2 × 125 μm) away from the cell center. The ΔT obtained in these numerical calculations ranged from 6 to 27 K
and ∇T from 1.4 to 8.5 K/mm, with both displaying a linear relation with Po.
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temperature coefficient than ethanol (see Table 1), and will
therefore produce larger displacements, contrary to what is
observed in the experiments.
The other possible mechanism provided for nonionic

particles is the thermal expansion of the solvent mediated by
particle−solvent interactions:10,17,18,40 this will be analyze in
detail in the following sections. The theoretical background that
we are going to use corresponds to that developed by Semenov
and Schimpf.10,18 The equations that they obtained were
specifically for the case of attractive interactions between the
particle and the solvent. Here we are going to extend the theory
to general interaction potentials.
Following the hydrodynamic approach, the starting point of

the theory consists of writing the equations of motion at the
interface using the thin film approximation. If we employ local

coordinates attached to the particle (x, z; see Figure 5), the
Stokes equations can be written as

μ
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where f is a body force due to particle−solvent interactions and
νo is the specific volume occupied by the liquid molecule and
which has replaced the number density since the system is
“saturated” by the solvent.
If we consider an interaction potential of the form f = −∇Φ,

from eq 6, we get that p = −Φ/νo. If we consider only the
contribution of such conservative force f, after substituting the
value of the pressure in eq 5, we observe that the right-hand
side becomes zero due to the hydrodynamic equilibrium
condition (∇p − f/νo = 0). Therefore, the key point is to
consider that the specific volume νo is subject as well to spatial
variations upon imposing a certain temperature gradient. In this
way, the derivative of p = −Φ(r)̂/νo(r)̂ came out to be

ν
α∇ = Φ ∇ − ∇Φp T

1
[ ]v

o (7)

where αv is the thermal expansion coefficient of the solvent,
defined as αv = ∂ ln(νo)/∂T. After substituting this relation in
eq 5, we get the equation of motion in its thermophoretic
version:18
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The term on the right-hand side can be interpreted as an excess
pressure gradient at the interface, ∂xp* = Φαv(∂T/∂x)/νo, and
has the following consequence: for attractive interaction
potentials (Φ < 0), a ∇p* is established against the temperature
gradient ∇T, which produces an interfacial flow in the direction
of ∇T as seen from the particle frame of reference (see Figure
6). This results in a particle migration toward −∇T, that is,

toward colder regions, as seen from the laboratory frame of
reference. Exactly the opposite effect will happen if the
potentials are repulsive in nature; that is, the particle will
migrate toward the hotter regions (see Figure 6). This
mechanism has an implicit thermodynamic principle and is
related to a free energy minimization: for attractive potentials,
the particles migrate to colder regions because maximum
interactions per unit area with the solvent will occur there, that
is, νo has a minimum. Conversely, in the case of repulsive
potentials, the particles migrate to hotter regions because it is
there where it finds the minimum interactions/area with the
solvent; that is, νo has a maximum. Thus, we can see that the
particle motion is driven by spatial variations of the molecular
volume νo, but its direction is determined by the sign of the
interaction potential. The same relation between motion
direction and interactive potentials was found by Derjaguin
using a different approach.1,41

Once we have shown how ∇p* produces an interfacial flow,
we proceed to calculate it by double integration of eq 8, which
yields ux = −1/μ∫ 0

∞
∂xp*z dz. It is well-known that interfacial

motion can also be generated if interfacial stresses act on a
deformable surface, that is, if there is a characteristic slip length
l. Morthomas and Würger42 have considered the contribution
of such interfacial stresses, given by τ = −∫ 0

∞
∂xp* dz (the

negative sign comes from the definition of the interfacial stress,
which is zero at z → ∞ and attains a maximum value at z = 0),
to the slip velocity us:

τ μ
=

+
+

u
u l

l r
/

1 2 /
x

s
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Figure 5. Coordinate systems used to solve for the particle velocity U:
ex, ez are fixed spatial coordinates. Note that for the present problem
∇T = ∇Tzez. er, eθ, eϕ are spherical coordinates attached to the particle
with radius ro. x, z are local coordinates relevant to the flow generated
at the interface, represented in blue color.

Figure 6. Scheme showing the potential Φ dependent relation
between interfacial pressure and temperature gradients in eq 7. The
vertical red bars denote a heat source while the gray semicircles denote
half of a particle immersed in a fluid. The blue circles represent a
mesoscopic volume of the liquid that increases near the hotter region
due to thermal expansion; p* represents a hydrodynamic pressure at
the interface and liquid flows, as usual, from higher to lower values of
p*. In the case of attractive potentials (a), the direction of ∇p* makes
the particle migrate to colder regions, where the specific volume of the
liquid νo is found to acquire a minimum value. In the case of repulsive
potentials (b), the direction of ∇p* makes the particle migrate to
hotter regions, where νo finds a maximum value.
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Once the slip velocity us is known, the flow field in the liquid
bulk can be computed using us as the boundary condition. Here
we are only concerned in calculating the particle velocity U,
which is obtained by changing form the particle frame of
reference (x,z) to the fixed frame of reference (ex,ez), that is:

= −⟨ ⟩U us (10)

where ⟨...⟩ = 1/4π∫ 0
2π∫ 0

πsin θ(...)dθ dϕ is the orientational
average of the slip velocity,11 which can be computed using the
relation x = −cos θex + sin θez (see Figure 5). In order to
compute ∂xT in eq 8, we have considered the temperature field
formed around a spherical particle:10
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where ∇T = ∇Tzez is an overall thermal gradient in the liquid,
which is assumed to be stationary, To is the temperature at the
center of the particle, and n = kp/ks is the particle to solvent
thermal conductivity ratio. The temperature gradient along the
interface is therefore given by
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The last term we need to define is the interaction potential Φ.
As mentioned above, dispersions of carbon nanotubes in polar
solvents are characterized by having hydrophobic interac-
tions.36,37 This repulsive potential is a result of several
interactions occurring at the interface and include contributions
from carbon−carbon interactions, solvent−solvent molecule
interactions such as hydrogen bonds, and carbon−solvent
interactions including van der Waals forces.36 Despite the
complicated description that characterize these systems, it is
somewhat accepted that hydrophobic interactions decay
exponentially with the intermolecular distance.43 We therefore
assume a very simple phenomenological repulsive potential of
the form:

Φ = λ−C e zr (13)

We have assigned to C a value of 1 × 10−20 J, which originally
corresponds to the value of methane−methane attractive
interactions in water.43 For 1/λr, we designated a value of 1
nm, which has been observed to be a representative value for
the characteristic decay length of hydrophobic interactions.43

Taking into account eqs 8−10, 12, and 13, we finally obtain the
thermophoretic velocity for the system as

α
μν λ

λ
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+
+

+
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l r
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1 2 /
v r

o r
2
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The values of the constants appearing in this equation are listed
in Tables1 and 2. Note that the particle velocity points in the
same direction as the temperature gradient, i.e., the particle
moves toward the hotter region. In order to compare eq 14
with the experiments, we estimated ∇T from the numerical
simulations, as mentioned above. The solid black line in Figure
2 corresponds to the theoretical velocity, eq 14, for clusters
immersed in ethanol using n = 1 and (1 + lλr) /(1 + 2l/ro) =
1.6; eq 14 therefore estimates a thermal diffusion coefficient of
9 × 10−7 cm2 K−1 s−1 for the MWCN−ethanol system. The
assumption that the thermal diffusivity of ethanol and carbon
nanotubes are equal, that is, n = 1, seems to be flawed, since the
thermal diffusivity of the latter is at least 3 orders of magnitude

higher than that the former. Recall, however, that the moving
entities seen in Figure 1 are not solid particles but clusters of
nanotubes embedded by the solvent. In the case of carbon
nanoparticles dispersed in air (nanofoams),44 for example, the
effective thermal conductivity of the foams was considered to
be that of air, which constitutes the limiting conductivity. We
have assumed the same behavior for dispersions made in
liquids. Another interesting feature is that the (1+lλr) /(1 + 2l/
ro) term is of (1); this in turn has an interesting
interpretation, as discussed below. Suppose that we consider
that the slip length of the nanotubes-solvent system is indeed
very high due to the nature of the interaction potential; then
the terms in eq 14 involving l become:

λ λ+
+

=
→∞

l
lr

r1
1 2 2

l

r

o

r o

(15)

If we consider ro to be the size of the cluster, (1) μm, then the
actual theoretical values will be multiplied by a factor of ∼102,
resulting in very high velocities with respect to the experimental
values. However, if ro takes the value of a characteristic
microstructure length, say the MWCN radius of (1) nm, then
the term λrro/2 becomes of (1). These length scales imply
two important characteristics for the present system: the first
one is that the observed motion is not produced by interfacial
(thermocapillary) stresses, which correspond to the limit where
l → ∞.42 The MWCN-ethanol interface behaves rather as a
solid−liquid interface having a finite slip length. The other
important feature is that the relevant length scale for
thermophoresis does not corresponds to the cluster size itself
but rather on the microstructure length of the clusters. In terms
of the recent work published by Morozov and Köhler,45 this
means that thermophoretic motion happens in a thin outer
layer of the cluster, while the core behaves as a nondraining
medium that do not participate in thermophoretic mechanisms.
Considering that the MWCN have a mean radius of ro = 3.75
nm, for λr = 1 nm−1 a slip length of l = 4 nm yields the factor
1.6 mentioned above.
In Figure 2, we have also included the total velocity (blue

line) achieved if the theoretical thermophoretic velocity is
added with the x-component of the convective velocity at a
distance 2Dfib away from the cell center (see Figure 4). It
becomes clear that convective currents appear to be important
only at high optical powers, where its velocity become as high
as the thermophoretic one. Near the optical fiber axis, on the
other hand, an accelerated motion is expected to occur in all
cases due to highly local convection currents.
In order to compare our results with other theoretical

formulations, we have computed the thermophoretic velocity as
given by Benner and Bielenberg,17 which also considers the
effects of the liquid thermal expansion but without considering
any particle−solvent interactions; we computed as well the
thermophoretic velocity driven by Marangoni effects as given
by Würger.11 The Brenner−Bielenberg equation states that U =
−αTαv∇T/(1 + n/2), where αT is the thermal diffusivity of
ethanol (see Table 2) and again we have assumed that n = 1.
This equation gives the correct order of magnitude of the
thermophoretic velocity upon comparing with the experiments;
however, the direction of U is opposite to that seen in the
experiments and actually the Brenner−Bielenberg equation
dictates that thermophoresis will always occur in one direction:
toward the colder regions. We therefore highlight the comment
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that although the purely continuous approach followed by
Brenner and Bielenberg is correct in its own terms, in
thermophoretic motion we simply cannot ignore noncontin-
uum considerations, that is, molecular interaction potentials
and interfacial displacements.
The thermophoretic velocity driven by thermocapillary flow

has the form:11

σ
μ

= − ∇U
r

T
3
T o

(16)

where σT is the surface tension temperature coefficient; see
Table 1. If we assume again that ro takes the microstructure
representative value of 3.75 nm, in connection with the
nondraining core argument of Morozov and Köhler,45 eq 16
also gives the correct magnitude, and direction, of the
thermophoretic velocity, as seen in Figure 2 (dashed line);
the correspondence is actually very good even though we have
considered the original surface tension temperature coefficient
of ethanol as is given in Table 1 for a liquid−gas interface.
Agreement between experiments and both equations, 14 and
16, gives us the possibility to reconcile the hydrophobic
interaction perspective taken in this work, with the surface
tension driven mechanism proposed by Würger. As mentioned
above, however, the only reason we have decided to adopt the
liquid thermal expansion mechanism rather than micro-
Marangoni effects (and thus assume that the system has as a
solid−liquid interface), is because eq 16 will predict higher
values of U in water than in ethanol, contrary to the
experimental observations (Figure 3).
Motion inside the Laser Cone: Radiative Pressure

Effects. We have seen in Figures 1 and 2 (red diamonds) that
when the clusters enter the laser cone, they are expelled in the
direction of the beam. The dashed-dotted line in Figure 2
corresponds to the velocities calculated using eq 1, that is,
equating the radiative pressure with the Stokes drag force FS =
6πμroU. Here μ is the viscosity of ethanol (Table 2), Io was
calculated at a distance d = 442 μm away from the fiber tip, the
absorption length of the carbon nanotubes was considered to
be = 40abs μm,22 and ro assumes this time the cluster radius,
which corresponds to the total area irradiated by the
electromagnetic radiation (external force). Equation 1 then
gives an upper bound to the velocity produced by a Gaussian
laser beam by means of radiative pressure. Again, the theoretical
velocities match the order of magnitude of the experimental
data ( (1) μm/s). Note in addition that the theoretical and
experimental velocities along the fiber axis are slightly higher
than the lateral, thermophoretic velocities. Similar to the later
case, we expect that convection currents will impact in some
degree the velocities along the fiber axis at high optical powers.
Motion at High Optical Powers. It has been well

documented that when the optical power output is high
enough, strong convective currents appear and heating of the
absorbing particles can produce microbubbles in the liquid; this
bubbles, in turn, migrate toward the light source by
thermocapillary flow at the gas−liquid interface and are
implicated in the deposition of particles on the surface of the
light source.46−48 This short section supports these exper-
imental results and discards any contribution from phoretic
transport in the deposition of nanoparticles (in fact, radiative
pressure keeps away the nanotubes from the fiber tip, as we saw
in the experiments). Figure 7a shows a bubble attached to the
fiber tip (109 mW). The thermocapillary flow on the bubble

surface generate a pair of quasi-2D microvortices at both side of
the fiber. The vortices are around 360 μm in diameter and can
be seen thanks to the superposition of images taken at different
times. The tangential velocity of the vortices is much higher
than any velocity obtained in the transport described in sections
above and is around 1.7 mm/s. Figure 7b shows a sequence of
images of a bubble approaching the fiber tip due to
thermocapillary forces; it carries with it an adsorbed nanotube
cluster (red arrow in Figure 7b), which ultimately reaches the
fiber thanks to the transport mediated by the bubble. This is
clear evidence that the deposition of carbon nanotubes is
mediated by the formation of a gas−liquid interface. Once the
nanotubes are deposited over the fiber surface, some attractive
forces between the nanoparticles and the fiber surface must
come into play in order to allow a long-term deposition, as
revealed by some experiments.49 This argument may sound
reasonable if one considers that the nanotubes and the fiber
surface contact each other having a gas phase in between.
The combination rule of the Hamaker constant (van der

Waals attractive potentials) between medium 1 and 3
i n t e r a c t i n g a c r o s s med i um 2 i s w r i t t e n a s 4 3

= − −( )( )123 11 22 33 22 . If the nanotubes
interact with the fiber through the solvent, in this case ethanol,
the Hamaker constant results in = × −1.47 10 J123

20 (
v a l u e f o r e t h a n o l i s s h o w n i n T a b l e 2 ,

= × −23.8 10 J11(MWCN)
20 ,

= ×‐
−6.6 10 J33(fused silica)

20 ).43,50 If they interact having a

gas phase in between ( ≈ 022 ), the resultant Hamaker
constant increases by 1 order of magnitude, that is,

= × − J1.25 10123
19 , which is a typical value for condensed

phases. We therefore suggest that the gas phase formed around
the nanotubes at high optical powers helps them adhere to the
surface of optical fibers.

Figure 7. Formation of a gas−liquid interface at high optical powers.
(a) Superposition of images taken at different times showing a pair of
quasi-2D microvortices formed at the optical fiber tip thanks to the
thermocapillary flow generated at the bubble surface (975 nm, 109
mW). Note that the gas−liquid interface moves to the right, i.e., to
colder regions, where surface tension attains a maximum value. Red
arrows denote the direction of rotation of the vortices. (b) Sequence
of images showing a bubble moving toward the fiber tip and carrying
with it a MWCN cluster, indicated with the red arrow (975 nm, 115
mW). Note that the bubble coalesce with another one that forms
meanwhile at the fiber surface. The image sequence covers a total
period of 5 s.
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■ CONCLUSIONS

In this paper. we have analyzed the motion of multiwalled
carbon nanotube (MWCN) dispersions made with water or
ethanol upon laser irradiation with an optical fiber. It was
observed that motion occurs either inside or outside the laser
beam cone, that is, motion is generated by direct momentum
transfer from the electromagnetic radiation and also by thermal
gradients. Fast motion movies of the dispersions revealed that
MWCN clusters migrate toward the laser beam axis (hotter
regions) at a maximum rate of 1 μm/s, and motion occurs
faster in ethanol than in water (by a factor of 1.8−2.6).
Motivated by some theoretical works,10,13,17,18 we adopted a

simple explanation for noncharged particle thermophoretic
motion in order to obtain a suitable theoretical formulation for
the motion observed in this study. We proposed that
thermophoresis can be described in the following terms:
when a liquid is exposed to a temperature distribution, a
gradient of the specific volume of the liquid (νo) is established
due to a thermal expansion coefficient αv. Particle thermopho-
resis is therefore a thermodynamic consequence of having such
νo gradients: they will migrate to hotter regions if particle−
solvent interactions are repulsive in order to minimize the
interactions per unit area (regions where νo attains a maximum
value); on the other hand, particles will migrate to colder
regions if the interactions are attractive in nature in order to
maximize such interactions per unit area (regions where νo is a
minimum). Thermal expansion of the liquid is therefore the
main driving mechanism in these kinds of systems; on the other
hand, it is the interaction potential between the particle and
solvent that defines the thermophoretic direction. Using a
repulsive potential (hydrophobic interaction) between the
MWCN and the solvents, we obtained a thermophoretic
velocity equation that can give the correct magnitude, and
direction, of the negative thermophoretic motion observed in
the experiments. The Brenner−Bielenberg formula17 also gives
the correct magnitude of the velocity but the incorrect motion
direction. The formulation of Würger,11 which conceive
thermophoresis as a micro- nanoscaled version of thermocapil-
lary flows, also gives the right magnitude and direction for the
experimental velocities provided that the characteristic length ro
scales with the microstructure of the MWCN clusters ( (1)
nm) rather than with the whole cluster size ( (1) μm). The
reason why we have adopted the thermal expansion mechanism
rather than the surface tension gradient effects is because the
latter predicts a higher velocity in water than in ethanol (by a
factor of σT,water/σT,et ≈ 1.7), contrary to what is seen in the
experiments. The thermal expansion driven mechanisms
predicts, on the other hand a velocity ratio of (αv,water/νo,water)
/(αv,et/νo,et) ≈ 0.9. Notice that our assumptions support the
idea that negative thermophoresis is driven by hydrophobic
interactions, which is closely connected to the concept of
hydration entropy.14 Iacopini et al.40 have provided exper-
imental data that actually suggest that the hydrophobic
condition is not strictly necessary in order to obtain negative
Soret coefficients. Hence, there is still some debate whether
such negative values depend exclusively on the value of the
hydration entropy, or there are still other effects that have yet
to be found.
We also estimated the effects of other driving forces on the

motion of the MWCN clusters, and we found that as the optical
power increases, convection currents start to compete with
thermophoresis and increases the particle velocity near the

optical fiber axis. On the other hand, we estimated that the
contribution of optical gradient forces on the accumulation of
MWCN clusters at the beam axis is negligible at least in our
system where the beam is not focused not even collimated.
Regarding the motion observed inside the laser cone, we

found that radiative pressure is the mechanism responsible of
pushing away the MWCN clusters from the fiber tip at a rate of
1 μm/s (same order of magnitude as the thermophoretic
motion). In comparison, other driving forces based on light
irradiation that can generate particle motion yield much higher
velocities; for instance, thermophoresis driven by an asym-
metric particle heating due to light absorption (named
“photophoresis” in Soong et al.27) gives a velocity of (100)
μm/s. The photophoretic velocity of carbon nanoparticles
dispersed in air can actually be of order −(1000 10 000)
μm/s.26

Finally, we proposed that the formation of gas−liquid
interfaces (microbubbles) at high optical powers are respon-
sible for the deposition of carbon nanoparticles on the optical
fiber surfaces, as suggested by the computation of the hamaker
constant (van der Waals attractive forces) of multilayered
systems.
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