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C
arbon nanotubes (CNTs) have unique
physical and chemical properties that
make them promising for advancing

and enabling a broad range of existing and
emerging applications. At various stages
during their synthesis, processing, and use
in applications, their interactions with sur-
faces and in confined environments deter-
mine their transport properties andwhether
they become reversibly or irreversibly de-
posited. For example, CNT transport and
deposition on surfaces and in confined geo-
metries is important in material and device
fabrication,1 in vivodrugdelivery or imaging
applications,2 and their transport and fate in
the environment.3 As a result, the ability to
measure CNT interactions and transport in
interfacial and confined geometries pro-
vides fundamental information that can be
used to interpret and predict their behavior
in a broad range of technologies.
While numerous analytical techniques are

available to characterize CNT physicochem-
ical properties,4 relatively few methods are
available to directly measure interactions
betweenCNTs and surfaces on scales relevant
to transport and stability. For example, atomic
force microscopy (AFM) is one approach
capable of measuring CNT interactions. A
nonexhaustive review of some relevant ex-
amples using AFM to probe CNT interactions
includes measurements of CNTs interacting
with surfaces in water,5 polymers in air,6

alkane thiol-modified gold surfaces,7 and
different chemical moieties.8 However, the
mechanical nature of AFM measurements
limits their resolution to >piconewton forces
and energies.the thermal energy, kT. This
is important because kT is the inherent
energy scale of Brownian motion, and con-
sequently the magnitude of interactions
relative to kT determines whether particles
diffuse (with only hydrodynamic hindrance),
intermittently deposit and diffuse, or depos-
it irreversibly on surfaces. Although AFM

measurements of CNT�surface interactions
are “direct”, their mechanically intrusive
nature limits their applicability to under-
standing CNT diffusion and deposition on
surfaces in the absence of strong external
forces.
Likewise, few methods are available to

directly measure transport of individual CNTs
near surfaces and in confinement. Fluores-
cence imaging is one approach that has been
used to image single-walled CNTs (SWCNTs)
in confinement. Examples of such measure-
ments include studies of fluorescently la-
beled SWCNT rotation, translation, and
bending dynamics,9 which have also been
performed using unlabeled SWCNTs using
their intrinsic near-infrared fluorescence.10,11

This approach has recently been adapted to
image SWCNT Brownian motion in a macro-
molecular gelmatrixmedium,12where transla-
tional and rotational diffusion were cap-
tured by reptation13 models. While these
studies measure mechanisms of SWCNT
transport with connections to theirmechan-
ical properties, they do not capture the
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ABSTRACT We report optical microscopy measurements of three-dimensional trajectories of

individual multiwalled carbon nanotubes (MWCNTs) in nanoscale silica slit pores. Trajectories are

analyzed to nonintrusively measure MWCNT interactions, diffusion, and stability as a function of pH

and ionic strength. Evanescent wave scattering is used to track MWCNT positions normal to pore

walls with nanometer-scale resolution, and video microscopy is used to track lateral positions with

spatial resolution comparable to the diffraction limit. Analysis of MWCNT excursions normal to pore

walls yields particle�wall potentials that agree with theoretical electrostatic and van der Waals

potentials assuming a rotationally averaged potential of mean force. MWCNT lateral mean square

displacements are used to quantify translational diffusivities, which are comparable to predictions

based on the best available theories. Finally, measured MWCNT pH and ionic strength dependent

stabilities are in excellent agreement with predictions. Our findings demonstrate novel measure-

ment and modeling tools to understand the behavior of confined MWCNTs relevant to a broad range

of applications.

KEYWORDS: multiwalled carbon nanotubes . video microscopy . evanescent wave
scattering . interaction potentials . confined diffusion . single-particle measurements
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additional roles that conservative (e.g., electrostatic,
van der Waals) and dissipative (e.g., hydrodynamic)
forces between CNTs and rigid surfaces contribute in
determining CNT transport or deposition.
In terms of the precedent for measuring interactions

and dynamics of confined nanoparticles other than
CNTs, we briefly summarize our recent measure-
ments of direct relevance to this paper. In previous
papers,14,15 we measured three-dimensional trajec-
tories of 50�250 nm Au spherical nanoparticles in slit
pores using integrated evanescent wave (EW) and
video microscopy (VM) methods that we originally
developed for micrometer-sized colloids.16,17 For low
ionic strength aqueous media, Au nanoparticle inter-
actions with confining surfaces were well described by
DLVO electrostatic potentials.14 However, in these
same measurements, translational diffusivities were
lower than expected based on predicted hydro-
dynamic interactions with the confining surfaces. This
discrepancy was attributed to an additional electro-
viscous dissipation associated with thick and strongly
overlapping electrostatic double layers.18 For protein-
stabilized Au nanoparticles in high ionic strength
physiological media, macromolecular and van der
Waals interactions and translational diffusion were all
well described by existing theoretical models.15 The
success of these measurements and predictions pro-
vide a basis to move onto the more complex case of
confined anisotropic CNTs.
In this work, we adapt and extend the experimental

methods and analyses used for spherical Au nanopar-
ticles to study the interactions, diffusion, and stability
of CNTs in nanoscale slit pores. In particular, we report
the use of EW and VM to measure real-space, real-
time 3D subdiffraction-limit-sized multiwalled CNT
(MWCNT) trajectories confined between glass micro-
scope slides separated by 300 nm (see Figure 1).
Dispersed MWCNTs were created by direct covalent
attachment of oxygen-containing functional groups
onto the sidewalls.19 Statistical mechanical and dy-
namic analyses20 of these trajectories are used in a
self-consistent fashion to obtain potentials of mean
force and translational diffusivities that we compare
with theoretical predictions. Information obtained in
these analyses is used to predict CNT stability as a
function of solution ionic strength and pH dependent
surface charge, in excellent agreement with direct
measurements. These results demonstrate direct,
label-free, nonintrusive measurements of CNT interac-
tions in nanopores on the kT and nanometer scales
for time scales spanning milliseconds to hours.
These measurements and associated analysis provide
fundamental information to interpret and predict CNT
transport and stability as a function of solution med-
ium and surface chemistries that are likely to be
encountered in a variety of processing and application
environments.

THEORY

Potential Energy Profiles. MWCNT interactions in this
work are considered to be averaged over all rotational
degrees of freedom so that they can be treated using
spherical potentials of mean force. Steric interactions
are not considered in the net potential in this work
since oligomeric or macromolecular surfactants were
not employed for MWCNT stabilization.

Based on these assumptions, we compute the net
MWCNT potential energy profile as the sum of surface
forces acting on a spherical nanoparticle confined
between charged parallel planar surfaces as

u(z) ¼ uE, LW(z)þ uE,UW(δ � z)þ uvdW, LW(z)

þ uvdW,UW(δ � z) (1)

where z is the bottomwall surface-to-nanoparticle center
separation, δ is the distance between the parallel planar
pore wall surfaces, δ � z is the upper wall surface-to-
nanoparticle center separation, and the subscripts “LW”

and “UW” refer to the lower and upper walls. Other
important length scales include the effective spherical
nanoparticle radius, a, and the effective bottom wall
surface-to-nanoparticle surface separation, h = z � a.

For thick double layers (κa ≈ 1) that experience
significant overlap (κh ≈ 1),21 the electrostatic poten-
tial, uE(z), is given as22

uE(z) ¼ 4πεaψPψW exp[�K(z � a)] (2)

where a is the nanoparticle radius, ε is the dielectric
permittivity of water, κ�1 is the Debye length, and ψP

and ψW are the Stern potentials of the particle and the
wall. The Stern potentials can be obtained by either
equating them with the ζ potential obtained from
electrophoretic mobility, ν, measurements using the
Smoluchowski equation,

ψSM ¼ ζ ¼ (μ=ε)ν (3)

where μ is the continuousmedium viscosity, or relating
them to surface charge density, σ, measurements
using the Guoy�Chapman equation,

ψGC ¼ (2kT=e)sinh�1 σe

2kTεK

� �
(4)

The van der Waals interaction potential, uvdW(z), is
given by23

uvdW(z) ¼ A

6
2a

(z � a)
z

zþ a

� �
� ln

zþ a

z � a

� �" #
(5)

where A is the Hamaker constant.
Thenetpotential energyprofile in eq1 is related to the

distribution of heights sampled within the gap between
parallel walls, p(z), given by Boltzmann's equation as

p(z) ¼ pn exp[�u(z)=kT] (6)

where pn is a normalization constant related to the
number of height observations,16,17 k is Boltzmann's
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constant, and T is the absolute temperature. Equation 6
canbe inverted to obtain the interaction potential from
a measured height histogram as

u(z) � u(zm)
kT

¼ ln
p(zm)
p(z)

� �
(7)

where zm is the most probable height.
Confined Lateral Diffusion. The translational diffusion

coefficient of a spherical nanoparticle far from any
other particles or boundaries is given as21

D0 ¼ kT=6πμa (8)

For a single spherical nanoparticle confined be-
tween two parallel planar surfaces, the hydrodynamic
hindrance to lateral diffusion can be accounted for at
any given elevation with the gap using

D )(z, a, δ) ¼ D0f )(z, a, δ) (9)

where analytical solutions are available for f )(z,a,δ).
24,25

The average lateral diffusion coefficient, ÆD )æ, can be
obtained as an average over the equilibrium height
distribution (eq 6) as given by26

ÆD )æ ¼

Z
D )(z, a, δ) p(z) dzZ

p(z) dz
(10)

For comparison, the translational diffusion coeffi-
cient of a rod-shaped nanoparticle far from any other
particles or boundaries is given as27,28

DT, Rod ¼ kT

3πμL
(ln(γ)þ 0:312þ 0:565γ�1 � 0:100γ�2)

(11)

where L is the rod length,d is the roddiameter, andγ= L/d.
Stability Ratio. The stability ratio, W, which is the

reciprocal of the rate of rapid deposition compared
to the deposition rate in the presence of electrostatic
energy barriers, can be predicted using Fuchs's theory29

with hydrodynamic interactions30,31 as given by21

W ¼ 2a
Z ¥

0
[D0=D^(z)] exp[u(z)](z � a)�2 dz (12)

where the hydrodynamic hindrance to diffusion nor-
mal to the confining walls is given by

D^(z, a, δ) ¼ D0f^(z, a, δ) (13)

where analytical solutions are available for f^(z,a,δ).
26,32

RESULTS AND DISCUSSION

Experimental Configuration. Figure 1 provides a sche-
matic depiction of the experimental configuration for
EW and VM imaging of oxidized MWCNTs confined
between parallel glass (silica) coverslips separated by
several hundred nanometers. Figure 1A shows the
apparatus (not to scale) including an upright micro-
scope with a CCD camera for digital imaging and
analysis and a small batch cell optically coupled to a
dovetail prism for generating the EW via total internal
reflection of a laser. The cell is oriented and leveled so
that the direction of gravity is normal to and toward the
bottom slide. However, gravity has minimal influence
on the measurements in this work given the negligible
buoyant weight of the MWCNTs via their low density
and small dimensions.

Figure1Bshowsamagnifiedschematic (approximately
to scale) of aMWCNTwith arbitrary orientation scattering
the EW within the slit pore. The slit pore gap was fixed
to a known value by the addition of monodisperse
320 nm silica colloidal spacers. These were added at
a sufficiently low concentration so that imaging of
MWCNTs could be performed without any spacers
being present or scattering within a given imaging
window. The EW illuminates a patch within the cell
with lateral dimensions comparable to the 1 mm laser
beam diameter. The EW penetration depth of β�1 =
113 nm (3β�1 = 339 nm) essentially illuminates the
entire depth of the 320 nm slit pore. No significant
increase in background was observed from EW scatter-
ing from the top microscope slide. Complete EW
illumination of the slit pore allows for continuous
monitoring of MWCNT trajectories normal to the con-
fining silica surfaces with nanometer resolution33 and
lateral diffusion within half a pixel (i.e., ∼300�600 nm
in the present work).

Figure 1. Schematics and images of experimental setup and confined MWCNT scattering in an evanescent wave.
(A) Schematic of digital video optical microscopy setup to monitor scattering from single MWCNTs confined between cover-
slips separated by ∼320 nm silica colloid spacers. (B) Illustration of elevation-dependent scattering of MWCNT in exponen-
tially decaying evanescent wave (EW) formed by total internal reflection (TIR) at SiO2/water interface. (C) CCD camera images of
elevation- and orientation-dependent scattering of an individual MWCNT with a length greater than the optical diffraction limit.
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Figure 1C shows representative static images ob-
tained from a movie (included in the Supporting
Information) of a relatively large MWCNT with trans-
mitted light illumination in addition to EW scattering.
This particular MWCNT has a length greater than the
optical diffraction limit, which allows its orientation to
be visible from the both the transmitted light image as
well as the anisotropic EW scattering pattern. The
greatest scattering is observed when the orientation
and elevation of the MWCNT cause it to encounter the
greatest EW intensity near the bottom surface (e.g.,
Figure 1C lower, right panel). The least scattering is
observed for positions near the top confining surface
(e.g., Figure 1C top, left panel).

While the images in Figure 1C demonstrate the
ability to dynamically imageMWCNTs with at least one
dimension greater than the optical diffraction limit, the
remainder of this paper measures MWCNTs with all
dimensions below the diffraction limit. The significant
optical contrast34 of MWCNTs compared to the aqu-
eous medium produces sufficient EW scattering inten-
sity, despite their small size, to allow for quantitative
tracking measurements using a standard CCD camera
and optics. The subdiffraction limit dimensions of the
MWCNTs measured in this study are evident because
EW illumination shows only isotropic patterns that are
not characteristic of rod shapes (scattering anisotropy
could not be detected within the spatiotemporal
resolution of our CCD camera and using a randomly
polarized HeNe laser). This suggests that all MWCNT
dimensions are <200 nm (i.e., a standard estimate of
the optical diffraction limit for visible wavelengths).
The Supporting Information includes a movie of sev-
eral subdiffraction limit sized MWCNTs displaying iso-
tropic scattering in contrast to the anisotropic
scattering of the superdiffraction limit sized MWCNT
shown in Figure 1C.

Because we select only small-length rods (L ≈
200 nm), their EW scattering signal is isotropic and
they should be able to rotate within the slit pores (i.e.,
they do not physically touch the pore walls although
orientation-dependent hydrodynamic interactions can
influence their diffusion). Based on this information, as
a first approximation, we analyze their scattering and
physical interactions based on models for spherical
nanoparticles in slit pores.14,15 Theories for rod�wall
interactions are available,35�37 but the authors are not
aware of a theory for EW scattering of rods at arbitrary
orientations. We use theories for spherical nanoparti-
cles by consideringMWCNTpotentials ofmean force to
be averaged over all orientations and as effective
sphere�wall interactions. For interpretation of their
scattering, we apply similar reasoning in that different
orientations sampled by rotational diffusion are aver-
aged in the scattering signal obtained during the CCD
camera exposure time.15 Despite the lack of exact
theories for rod-shaped particle�wall interactions or

EW scattering, we believe the internal consistency of
our findings in the final analysis justifies our approach
as an important first step, even in the presence of some
uncertainties. As a result, we proceed by interpreting
MWCNT scattering and measurements using sphere
models and discuss their appropriateness later in the
context of our results.

Independent MWCNT Characterization. To aid the inter-
pretation of our microscopy measurements, we per-
formed independent characterization of the MWCNTs
prior to any size fractionation as part of ourmicroscopy
measurements. Figure 2A and B include AFM charac-
terization of rod lengths with a representative raw
image and length distribution histogram. This shows
some rods are as long as 5 μm, but most are∼200 nm.
Because the persistence length of MWCNTs is on the
order of LP ≈ 300 nm,38 MWCNTs with lengths of L <
300 nm can be considered as essentially rigid. As
already mentioned, rods with lengths greater than
the optical diffraction limit can be identified from their
anisotropic scattering pattern and are not included in
our analysis. Figure 2C shows a representative TEM
cross-sectional image of a MWCNT that indicates a rod
diameter of ∼15 nm. Dynamic light scattering (DLS)
measurements performed on the MWCNTs used in the
present study yielded translational diffusion coeffi-
cients that correspond to spherical particles with hy-
drodynamic diameters of 2a = 43�1340 nm (eq 8). For
rods with 15 nm cross sections, these hydrodynamic
diameters correspond to lengths of L = 100�10340 nm
(eq 11). The rod lengths inferred from DLS are consis-
tent with the AFM measurements when considering
the flexibility of MWCNTs with L > LP as well as their
greater statistical sampling and size-dependent inten-
sity contributions in DLS measurements.

Figure 2D shows properties related to the pH-
dependent MWCNT surface charge and surface poten-
tial for use in models of electrostatic interactions
between MWCNTs and silica surfaces. The solid line is
the pH-dependent surface potential for silica.39,40

Using published results for MWCNTs prepared in a
manner similar to the ones used here,19 Figure 2D
shows pH-dependent zeta potentials (circles) com-
puted from measured mobilities using the Smolu-
chowski equation (eq 3) and Stern potentials (dashed
line) computed from measured surface charge densi-
ties using the Guoy�Chapman equation (eq 4). The
zeta and Stern potentials are equivalent if ∼10% of
surface charge groups are dissociated on the MWCNTs
(i.e., ∼90% of counterions are bound in a dynamic
equilibrium with the charged surface). For oxidized
MWCNTs, surface charge arises predominantly as a
result of carboxylic acid group deprotonation. From
these previous results, we predict a surface potential
of �40 mV at pH = 6 for the 7.9% oxygen MWCNTs
used in this study, which is in excellent agreement
with the zeta potential measured in this work at
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pH = 6. As a result, we use the pH-dependent Stern
potential in Figure 2D when analyzing electrostatic
interactions.

Potential Energy Profiles vs pH and Ionic Strength. Using
the MWCNTs characterized in Figure 2, we now pro-
ceed with measurements and analysis of MWCNT�
silica wall interactions using the experimental con-
figuration described in Figure 1. We measure and
interpret MWCNT�silica wall interactions using the
methods and analyses we previously developed for
Au nanoparticle�silica interactions in slit pores.14,15 As
already noted, we use these methods without mod-
ification and then discuss their appropriateness for
MWCNTs in the context of our results. We begin by
measuring time-averaged potential energy profiles
(energy vs separation) between MWCNTs and confin-
ing silica pore wall surfaces that arise from super-
position of electrostatic and van der Waals forces.
When electrostatic repulsion between the negatively
charged MWCNTs and negatively charged silica sur-
faces dominates, MWCNTs experience Brownian ex-
cursions around the mechanical equilibrium position
in the middle of the slit pore. When van der Waals
attraction dominates, MWCNTs deposit irreversibly on

the top or bottom surfaces. While van der Waals
attraction dependsweakly on solution ionic strength,37

the dominant factors influencing the net MWCNT�
silica interaction are related to how solution chemistry
(i.e., ionic strength, pH) and surface chemistry (i.e.,
charge density, dissociation) increase or decrease elec-
trostatic repulsion.

In Figure 3, we use EW and VM to make a first
attempt to directly quantify MWCNT�silica potential
energy vs separation profiles, which to the authors'
knowledge has not been previously attempted using
any method. Figure 3A and B show theoretical predic-
tions and EW/VM measurements vs pH = 3, 6, and 9
with no added NaCl, and Figure 3C and D show
predictions and measurements vs [NaCl] = 0, 1, and
10 mM at pH = 6. The predicted potentials in Figure 3A
and C are shown on a separation scale relative to
contact with the bottom silica surface (z = 0), and the
measured potentials are reported on a scale, z�zm,
relative to the most probable height, zm. The predicted
and fit potentials are based on the parameters re-
ported in Table 1, which denotes whether parameters
were measured independently or obtained from the
literature.

Figure 2. Independent characterization of oxidized MWCNT physical and surface charge properties. (A) Representative AFM
image of MWCNTs dried on a TEM grid used tomeasure theMWCNT length distribution. (B) MWCNT length distribution from
AFM measurements. (C) Representative high-resolution TEM image of MWCNT cross section showing ∼15 nm diameter. (D)
Stern (dashed line) and zeta (circles) potentials for MWCNTs inferred from previous electrophoretic mobility and potentio-
metric titrationmeasurements19using theGuoy�Chapman (eq4) and Smoluchowski (eq 3) equations. The solid line is thepH-
dependent surface potential for silica.39,40
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To obtain fits in agreement with the measured
potentials, theoretical potentials were smoothed with
a Gaussian convolution integral. This smoothing pro-
cedure is used to account for uncertainty in MWCNT
elevations within the slit pore that result from inten-
sity variations due to different orientations sampled
by rotational diffusion at each elevation (which is
not encountered for isotropic spheres). To perform
smoothing, potentials were converted to height histo-
grams via Boltzmann's equation (i.e., eq 6), convoluted
with a Gaussian kernel, and then converted back to
potentials via inversion with Boltzmann's equation (i.e.,
eq 7). The standard deviations of the Gaussian kernels,
σ, are the only fitting parameter and are reported in
Table 1.

While the Gaussian smoothing parameters cannot
be compared with independent quantitative predic-
tions (because they do not exist), the resulting poten-
tials and smoothing parameters coincide with known
limiting cases and display trends in agreement with
expectations. For example, MWCNTs irreversibly de-
posited on the silica walls at pH = 3, [NaCl] = 0 and

pH = 6, [NaCl] = 10 mM have σ = 4 nm. These small
widths in the profiles of deposited particles are due to
fluctuations in the lasers, detectors, apparatus, etc.,
rather than any real excursions due to Brownian trans-
lation or rotation. The signal-to-noise ratio in these
MWCNT measurements is slightly higher than experi-
ments involving micrometer-sized spheres, which
makes the deposited MWCNT profiles slightly wider.
In other words, irreversibly deposited particles should
have a delta function for their height distribution;
consequently, any apparent fluctuations in the ab-
sence of Brownian motion provide one way to char-
acterize the spatial resolution limit in EW scattering
measurements.

The remainder of the potentials display a trend of
increasing σ values for increasing widths of predicted
potential energy profiles (and experimentally mea-
sured height excursions). This is consistent with
MWCNTs sampling a greater range of elevations and
orientations as electrostatic repulsion is diminished
within the slit pores. Conversely, increasing electro-
static repulsion causes the MWCNTs to sample fewer

Figure 3. Predicted and measured potential energy profiles for MWCNTs interacting with parallel, confining glass (silica)
microscope coverlsips separated by 320 nm SiO2 colloids. (A) Predicted potentials using eq 1 for 200 nm spherical
nanoparticles with a fixed [NaCl] = 0 mM and pH = 3 (solid blue line), 6 (dash�dot green line), and 9 (dashed red line). The
separation scale is relative to the bottom microscope slide surface, and the energy scale is relative to the value at the most
probable separation, zm. (B) Measured potentials for the same conditions and color scale as (A) with symbols showing pH = 3
(circles), 6 (diamonds), and 9 (stars). The separation scale is relative to zm. Dashed curves are predicted potentials in (A)
convolutedwith Gaussian kernel with standard deviations in Table 1. (C) Predicted potentials using eq 1 for 200 nm spherical
nanoparticles with a fixed pH = 6 and [NaCl] = 0 mM (dash�dot green line), 1 mM (dashed pink line), and 10 mM (solid cyan
line) with the same scales as (A). (D) Measured potentials for same conditions and color scale as (C) with symbols showing
[NaCl] = 0 mM (hexagons), 1 mM (squares), and 10 mM (triangles) and the same scales as (B).
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orientations and elevations by confining them to the
center of the slit pore, hence less smoothing. In
principle, the width of the smoothing functions could
be predicted by averaging the EW scattering for all
MWCNT orientations and elevations with a Boltzmann
weighting based on the orientation and elevation-
dependent MWCNT�silica wall potential of mean
force. However, although suitable expressions are
available for the potential of mean force, the orienta-
tion-dependent scattering of rods in EW is not avail-
able. Future measurements and analyses will explore
more rigorous approaches to predicting and interpret-
ing these potentials.

The measured potentials appear to be consistent
with the predicted potentials within the resolution of
our measurements. As a result, the measurements also
display the expected trends based on the ionic
strength and pH dependence of electrostatic repul-
sion. In particular, screening electrostatic repulsion at
elevated ionic strengths or reducing the MWCNT and
silica surface potentials at low pHs weakens electro-
static repulsion relative to deionized water and CO2-
saturated water (i.e., pH = 6). Reducing electrostatic
repulsion by either mechanism first makes potential
energy profiles wider by allowing MWCNTs to sample
more orientations and elevations. However, further
weakening electrostatic repulsion lowers the potential
energy barrier, leading to irreversible deposition onto
the silica pore walls by van der Waals attraction. These
results demonstrate how sensitive, quantitative mea-
surements of MWCNT interactions with silica can be
related to changes in solution and surface chemistry.

Combined Effects of pH and Ionic Strength on Carbon Nano-
tube Diffusion. In addition to the equilibrium MWCNT�
silica wall interactions in Figure 3, Figure 4 shows
results characterizing MWCNT lateral dynamics within
pores as a function of pH and ionic strength. Figure 4A

shows the two-dimensional trajectories for conditions
corresponding to (1) stable MWCNTs that exhibit un-
biased 2D diffusion and (2) unstable MWCNTs that
show no motion due to their irreversible deposition
on one of the two microscope slide surfaces. To
quantify the 2D motion parallel to the confining walls,
Figure 4B shows mean squared displacements (MSDs)
vs time using the same 3D trajectory data (and hence
the same conditions) analyzed as equilibrium potential
energy profiles shown in Figure 3. To clarify and
emphasize this point, the integrated EW scattering
and VMmethod used in this work (see Figure 1) allows
for motion normal to the confining walls to be mea-
sured from the EW scattering signal at the same time
VM tracks motion parallel to the confining walls.
Indeed, to provide an internally consistent analysis,
the same trajectories used to produce the potential
energy profiles in Figure 3 via an equilibrium analysis of
normal excursions are used tomeasure lateral diffusion
in Figure 4 via a dynamic analysis of lateral excursions.

MWCNT translational diffusivities obtained from
slopes of the MSDs vs time in Figure 4B display several
clear trends. In the simplest case, MWCNTs display no
lateral diffusionwhen they are deposited (i.e., unstable)
on one of the pore walls at low pHs and high ionic
strengths. While this might appear as a trivial result
since the particle�wall potentials in Figure 3 already
show these particles are deposited, particles deposited
on surfaces via normal forces should be free to move
laterally in the absence of tangential forces (i.e., by
rolling). In practice, finite tangential forces for depos-
ited particles (due to roughness, particle or surface
deformation, lateral heterogeneity) produce barriers
to lateral diffusion as observed for the deposited
(unstable) MWCNTs in Figure 4. In contrast, the stable
particles confined to the middle region of the slit pore
are free to diffuse laterally. For stableMWCNTs, analysis

TABLE 1. Parameters for Theoretical Potential Energy Profiles in Figures 3�5

1 2 3 4 5 6

2a/nma 200 200 200 200 200 200
[NaCl]/mMb 0 1 10 0 0 0
pHb 6 6 6 3 6 9
κ-1/nmc 13.6 7.9 3.0 9.6 13.6 13.5
δ/nmd 320 320 320 320 320 320
ψcnt/mV

e �36 �36 �36 �22 �36 �51
ψsio2/mV

e �30 �30 �30 5 �30 �65
A/kTf 28 28 28 28 28 28
2aDLS/nm

g 43�1348 43�1348 43�1348 43�1348 43�1348 43�1348
lDLS/nm

h 100�10340 100�10340 100�10340 100�10340 100�10340 100�10340
lAFM/nm

h 90�5810 90�5810 90�5810 90�5810 90�5810 90�5810
σ/nmi 84 122 4 4 45 34

a Effective sphere diameter (see text for explanation). b Prepared solution conditions. c Debye lengths computed from ionic strength (i.e., pH and electrolyte). d Slit pore gap
dimensions (i.e., nominal spacer diameter). e Values obtained from literature19,39 and shown in Figure 2D. f Average Hamaker constant from literature values for carbon black
across water43,44 and CNT�polystyrene across water (which should be close to CNT�silica).45 g Effective hydrodynamic radius range of MWCNTs in DI water from 20 DLS
measurements. h Effective MWCNT length DLS measured translational diffusivities. i Standard deviation in Gaussian convolution used to match measured and theoretical
potentials in Figure 3.
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of orthogonal 1D MSDs vs time did not show direc-
tional differences or parabolic upturns indicative of
anistropic transport or migration due to any non-
uniformities in slit pores.

To investigate whether the observed 2D transla-
tional diffusion coefficients are reasonable for stable
MWCNTs, Figure 4B shows a single dashed line corre-
sponding to a 200 nm spherical nanoparticle based on
our previous measurements of Au nanoparticles.14,15

This result includes a number of effects that influence
spherical nanoparticle diffusion in slit pores. The first is
the role of multibody hydrodynamic interactions that
produce increasing drag (decreasing mobility) on nano-
particles for positions closer to either of the slit pores
walls and produce the least drag (highest mobility) at
the midplane. It should be noted that the mobility at
the pore midplane is still much smaller compared to
the Stokes drag on a sphere in an unboundedmedium.
Because the degree of hydrodynamic hindrance de-
pends on the position normal to the wall surfaces, the
average lateral diffusion coefficient is obtained as an
integral average over the distribution of heights
sampled by nanoparticles within the gap (i.e., eq 10).
This height distribution was predicted in Figure 3 in
agreement with directly measured potential energy
profiles and can be used in conjunction with theoretical
expressions for hydrodynamic interactions to predict
the lateral diffusivity of a sphere in confinement.

The dashed line also includes the role of electro-
viscous effects on charged nanoparticle mobilities in
confinement (bymultiplying the prediction in eq 10 by
0.5 as observed in Au nanoparticle measurements14).
Electroviscous effects refer to the additional drag en-
countered for charged fluids moving relative to charged
surfaces.18 Electroviscous effects have an electrokinetic
origin distinct from the electrostatic interactions al-
ready included in the probability distribution in eq 10.

Evidence of such effects was observed in our previous
measurements and modeling of ∼200 nm Au nano-
particle diffusion in ∼300 nm slit pores. These mea-
surements showed that for relatively thick (i.e., κa ∼1)
and strongly overlapping (i.e., κh∼1) electrical double
layers, the rate of lateral diffusion was reduced by an
additional factor of 2 beyondwhat could be accounted
for by hydrodynamic interactions alone.14 The electro-
kinetic origin of this additional dissipative effect was
confirmed by recovering the expected theoretical
hindered diffusion coefficient in high ionic strength
media where the electroviscous contribution is ex-
pected to vanish.15

With these effects in mind, it is clear that the stable
MWCNTs in Figure 4 diffuse slower (by a further
30�70% reduction) than an equivalent 200 nm sphe-
rical nanoparticle. Although a 200 nm spherical nano-
particle provided a reasonable representation of the
angular averaged potentials of mean force in Figure 3,
it is perhaps unsurprising that it does not provide an
accurate model of the translational diffusion coeffi-
cient of a confined rod-shaped particle. In this regard, it
is worth noting that the dissipative hydrodynamic
interactions that influence lateral diffusion have a
different physical origin than the conservative electro-
static and van der Waals forces that contribute to the
particle�surface interaction potentials.

In the absence of exact theories for the translational
diffusion of confined rods, the origin of the decreased
MWCNT diffusivity is not obvious. Various combina-
tions of rod dimensions, confinement, hydrodynamic
interactions, and electroviscous effects together could
all easily slow the MWCNT translational diffusion more
than the reference sphere. Although eq 11 is a well-
established result for unbounded rod translational diffu-
sion based on rod dimensions, rigorous theories do not
exist for the other effects (i.e., limited orientations via

Figure 4. Lateral diffusion of MWCNTs between parallel, confining glass microscope coverslips separated by 320 nm SiO2

colloids. (A) Two-dimensional random walk trajectories for conditions corresponding to stable MWCNTs that exhibiting
unbiased 2D diffusion and unstable MWCNTs that show no motion due to irreversible deposition on one of the pore wall
surfaces. (B) Mean square displacements for quasi 2D translational diffusion of MWCNTs. Conditions for each data set are as
follows: pH 3/0mM (blue circles), pH 6/10mM (cyan triangles), pH 6/1mM (pink squares), pH 6/0mM (dark green diamonds),
pH 6/0mM (green hexagons), and pH 9/0mM (red stars). Lines indicate predictedmean square displacement curves based on
diffusivities from eq 10 for a 200 nm sphere in a 320 nm gap using the theoretical potentials in Figure 3.
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confinement, hydrodynamic interactions, electrovis-
cous effects). Not being able to predict these other
contributions independently makes it difficult to say
how these parameters together slow rod diffusion
compared to a similar sized spherical nanoparticle. In
any case, the measured MWCNT translational diffusiv-
ities are of the correct order of magnitude based on
their similarity to previous measurements of Au
nanoparticles.14,15 In the future, new theoretical mod-
els will be required to understand the differences
between confined MWCNT diffusion and the well-
understood spherical nanoparticle reference case.15

pH and Ionic Strength Dependent Carbon Nanotube Stability
and Deposition in Slit Pores. With an understanding of the
pH and ionic strength dependent interactions and
dynamics of MWCNTs in slit pores, we now measure
the stability of MWCNTs and interpret the results in
light of the measured interactions and dynamics.
Figure 5 shows data indicating whether MWCNTs were
stable or unstable against deposition on one of the slit
pore walls for different solution chemistries pH = 3�9
and [NaCl] = 0�7 mM. This information was acquired
for the same conditions where potentials and diffusion
were measured in Figures 3 and 4. These conditions
were chosen a priori based on characterization show-
ing that the surface potentials vanish at low pH (e.g.,
Figure 2D) and the general expectation that electro-
statically stabilized colloids are not stable above 10mM
ionic strengths (without a steric stabilizer). Stability was
determined from EW scattering by measuring many
positions within a given batch cell over a period of
several hours (from a series of 20 min readings) that

showed either (green circles) the majority of MWCNTs
experiencing Brownian excursions about the slit pore
midplane (i.e., stable), (red squares) all MWCNTs irre-
versibly deposited (i.e., unstable), or (yellow triangles)
the presence of both stable and unstable MWCNTs.

A clear boundary exists between the stable and
unstable regions. To understand the pH and ionic
strength dependence of this boundary, and further
test the potentials directly measured in Figure 3, Fig-
ure 5 shows two lines for the stability ratio computed
using Fuchs theory eq 12 with hydrodynamic interac-
tions. The Fuchs theory calculation uses the same
angular averaged theoretical potentials used to fit
the directly measured potentials in Figure 3. The
stability ratio is defined as the reciprocal of the actual
rate of deposition compared to the rate of rapid
deposition. On the basis of this definition, W = 1
indicates rapid (i.e., diffusion limited) deposition of
MWCNTs in the absence of any repulsive barriers,
andW > 1 indicates slow (i.e., reaction limited) deposi-
tion due to finite energy barriers that result from a
sensitive balance of electrostatic repulsion and van der
Waals attraction. Hydrodynamic interactions slow
aggregation slightly in the rapid limit so that typically
W ≈ 1.5.21 As a result, Figure 5 shows lines forW = 1.5
andW = 100 to separate the conditions where particles
are expected to rapidly deposit on the slit pore walls
and conditions when deposition rates are on the order
of 100� slower.

Figure 5 shows that the predicted transition from
rapid to slow deposition kinetics coincides with the
measured stability boundary, which provides another
internal check suggesting the potentials measured in
Figure 3 are a reasonable representation of the angular
averaged potential of mean force. We include hydro-
dynamic hindrance in the Fuchs theory calculation
based on known results for multibody sphere�wall
interactions,25 although hydrodynamic hindrance
plays a minor role that becomes apparent only in the
rapid limit. In any case, given the sensitivity of the
energy barrier height to the functional form and para-
meters in the electrostatic and van derWaals attraction
potentials, the agreement between the experimen-
tal and predicted stability boundaries is impressive
within the resolution of the measurements and
predictions.

CONCLUSIONS

In conclusion, we have demonstrated a unique
capability using EW and VM together to image and
measure interactions, diffusion, and stability of indivi-
dual MWCNTs in model slit pores as a functions of
solution and surface chemistry. By approximating the
average interaction between MWCNTs as a spherical
potential of mean force, we are able to obtain qualita-
tive and quantitative agreement between measured
potential energy profiles and deposition behavior.

Figure 5. MWCNT stability against deposition on confining
SiO2 walls vs [NaCl] and pH. Points indicate cases where
>80%ofMWCNTs displayed stable potential energyprofiles
and quasi 2D translational diffusion (green circles), 100% of
MWCNTs were irreversibly deposited on SiO2 substrates
(red squares), and ∼50% of MWCNT were stable (yellow
triangle). Lines indicate predicted stability ratios from eq 12
using the theoretical potentials in Figure 3 (that are in
agreement with the measured potentials in Figure 3). The
solid line corresponds to W = 1.5 (i.e., the rapid deposition
limit in the presence of hydrodynamic interactions), and the
dashed line corresponds toW=100 (i.e.,∼100� slower than
the rapid limit; MWCNTs that are stable with respect to
deposition on SiO2).

A
RTIC

LE



EICHMANN ET AL . VOL. 5 ’ NO. 7 ’ 5909–5919 ’ 2011

www.acsnano.org

5918

Although spherical models for hydrodynamic interac-
tions do not accurately capture lateral diffusion of
MWCNTs within the slit pores, they show the correct
order of magnitude and qualitative trends in agree-
ment with previousmeasurements of spherical Au nano-
particles. The ability tomeasure and predict the pH and
ionic strength dependent stability boundaries provides a
useful tool for understanding how electrostatic and

van der Waals interactions determine the transport
and stability of MWCNTs in confined geometries.
Future work will focus on MWCNTs and slit pore
surfaces with different chemistries as well as more
accurate measurements and analyses by including
more rigorous models of anisotropic rod scattering,
interaction potentials, and confined hydrodynamic
interactions.

MATERIALS AND METHODS
MWCNTs were purchased from NanoLab Inc. (Waltham, MA),

and their surfaces were oxidized using strong acids as pre-
viously described.19 The MWCNTs used in this work exhibited
7.9% surface oxygen as determined by XPS and contained a
predominance of carboxylic acid groups. Transmission electron
microscopy (TEM) was performed by dipping a holey-carbon
TEM grid into a dispersion of MWCNTs and imaging with a
Philips CM 300 field-emission gun at 297 kV. Images were
collected using a CCD camera mounted on a GIF 200 electron
energy loss spectrometer. To prepare stable dispersions, a
known mass of MWCNTs was sonicated in 200 mL of deionized
water for 20 h. After sonication, the pH was adjusted by adding
NaOH or HCl. MWCNT dimensions were measured by atomic
force microscopy (Pico SPM LE, Agilent). The bulk translational
diffusion coefficients and electrophoretic mobilities were mea-
sured using a Malvern Zetasizer (Westborough, MA). Prior to
their use in slit pore microscopy measurements, MWCNTs were
allowed to sediment for several days. This left only the shortest
ones suspended at higher elevations within the vial from which
samples were extracted for measurements.
Slit pore cells with MWCNTs dispersed in nanoscale gaps for

optical microscopy measurements were prepared in the same
way as previous cells used to measure Au nanoparticles.14,15 In
brief, silica spacer particles with a nominal diameter of 320 nm
were purchased from Bangs Laboratories, Inc. (Fishers, IN). Glass
coverslips (Corning Inc., Corning, NY) were cleaned by soaking
in Nochromix (Godax Laboratories, Takoma Park, MD) for 1 h,
sonicating in 1 mM KOH for 30 min, rinsing with deionized (DI)
water, and drying with nitrogen. Coverslips were assembled
into confined cells immediately after cleaning and just prior to
experiments. A ∼15 μL drop of the MWCNT/spacer colloid
mixture (with a large excess of MWCNTs compared to spacers)
was placed in themiddle of a coverslip (24� 50mm), and then a
smaller coverslip (18 � 18 mm) was suspended on top of the
drop via surface tension. Excess solution was wicked from the
coverslip edges, and the cell was sealed with fast-drying epoxy.
The cell was optically coupled with index matching oil to a
dovetail prism (see Figure 1A).
Particle trajectories were measured using EW and VM

(Axioplan 2, Zeiss, Germany), which is described in detail
elsewhere.16,17,20 A randomly polarized 15 mW, 632.8 nm
helium�neon laser (Melles Griot, Carlsbad, CA) was used to
generate an evanescent wave decay length of β�1 = 113 nm
(68� incident angle) at the bottom coverslip/solution interface.
A schematic of the experimental setup is shown in Figure 1B.
Images were obtained using a 40� (Achroplan, NA = 0.65)
objective (Zeiss, Germany) in conjunction with a 12 bit CCD
camera (ORCA-ER, Hamamatsu, Japan) operated at 27 frames/s
in 4-binning (336 � 256 pixels, 204 � 155 μm2, 607 nm/pixel).
Instantaneous particle heights, z, were obtained via their ex-
ponential dependence on evanescent wave scattering inten-
sity, I(z) = I0 exp(�βz).41,42 Image analysis algorithms coded in
FORTRAN were used to track lateral particle coordinates and
integrate the evanescent wave scattering intensity for each
particle.
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