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Experimental observation of single-file
diffusion of Brownian particles

Abstract The self-diffusion of par-
ticles restricted to one-dimensional
channels is termed single-file diffu-
sion if individual particles are unable
to pass each other. We employ the
interference pattern of two coherent
laser beams to confine electrically
charged polystyrene colloids in par-
allel ““optical channels” formed by
light forces and study the particle
diffusion within these channels by
optical microscopy. For small chan-

channels and their mean square
displacement along these channels at
long observation times 7 is propor-
tional to ¢. For large channel spac-
ings, however, where the coupling of
particles is largely reduced, we find
the mean square displacement to

be proportional to (-3,which
signifies the occurrence of single-file
diffusion.
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Introduction

One-dimensional arrays of particles are referred to as
single-file systems when mutual passages of individual
particles are excluded owing to the geometrical confine-
ment of micropores or channels [1-4]. The diffusion of
tagged particles in such systems, widely called single-file
diffusion, which occurs in a variety of chemical, physical
and biological systems involving micropores such as
adsorbates in zeolites, Sine-Gordon chains, and super-
ionic conductors, as well as micropores on biomem-
branes, has intrigued researchers from various
disciplines [1-7]. Owing to the fact that the displacement
of a particle in a single-file system over long distances
requires also the diffusion of other particles in the same
direction, particle positions are highly correlated which
leads to dramatic differences in the self-diffusion prop-
erties.

It is well known that the self-diffusion of Brownian
particles obeys Einstein’s law, i.e. the mean square
displacement is proportional to the observation time ¢
and the diffusion coefficient D:

nel spacings the particles can elec- Brownian particles — Colloids —
trically couple between adjacent Light forces
(x*(£)) = 2Dt (1)

For short times (¢ > a*/2Dy), where the tagged particle
moves in the cage formed by neighboring particles, D is
called the short-time self-diffusion coefficient Dg, which,
for very dilute particle concentration, equals Dy, the
diffusion coefficient of a free particle of diameter a. In
contrast, for long times (¢ > az/ZDD), a particle feels the
presence of other particles and mutual interactions
reduce the diffusion coeflicient; D is thus called the
long-time self-diffusion coefficient Dy. The mean square
displacement of single-file diffusion, however, has been
shown theoretically to increase with the square root of
time [2—4]:

(x2(t)) = 2R%3 (2)

where F is the single-file mobility.

Although numerous theoretical investigations on this
topic were performed in the past, only recently has
single-file diffusion became experimentally accessible. A
crystalline zeolite such as AIPO,-5, which contains long
unconnected parallel channels with a diameter of 7.3 A,
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provides a good single-file system for adsorbates like
methane whose diameter is 3.8 A. In pulsed force
gradient nuclear magnetic resonance (PFG NMR)
experiments where the transport of methane and ethane
in these molecular sieves has been studied, evidence for
single-file diffusion has been found [8—11].

These results are not in agreement with very recent
quasi-elastic neutron scattering studies (QENS), how-
ever, which show that both methane and ethane diffuse
normally in AIPO4-5 molecular sieves [12]. Several
possible reasons have been proposed to explain this
controversy. Firstly, owing to defects in zeolites the
nano-channels in these materials are not infinitely long.
Additionally, some correlation between molecules in
neighboring channels may exist, as suggested to explain
the experimentally observed phase transition in this one-
dimensional system [13]. However, no detailed compar-
ison between theory and experimental results can be
made owing to the lack of the real space information of
these adsorbate molecules. Therefore, it is of greal
interest to perform self-consistent experimental studies
which can provide real space information of particles.

A monodisperse colloidal dispersion has been proven
to be a unique model system, not only because of its
similarity to atomic systems but also due to its
characteristic length and time scales which make colloids
accessible to optical microscopy [14]. In this paper, we
studied the diffusion behavior of charged monodisperse
polystyrene colloids which are confined between two
glass plates. To restrict the diffusion of the particles to
one dimension, we projected the interference pattern of
two coherent laser beams into the sample cell. Owing to
optical gradient forces these dielectric colloidal beads are
then trapped in the regions of highest intensity, i.e. along
a pattern of parallel lines. In this paper we will
demonstrate that the line spacing plays a crucial role
for the occurrence of single-file diffusion. For low line
spacings the particle mean square displacement along
these pores is found to increase proportional to ¢ because
the particles in neighboring lines do not diffuse inde-
pendently but are coupled due to electrostatic interac-
tions. Only when the spacing of adjacent lines is large
enough and electrostatic interactions across lines are
largely reduced does the mean square displacement
increase as 1”°, which is in agreement with single-file
diffusion.

Experimenta]

The experimental system has been described before [15]. We used
an aqueous suspension of highly charged polystyrene colloidal
particles with 3 pm diameter (IDC). The sample cell was composed
of two glass plates which were separated by about 20 um. This
narrow spacing is important to suppress thermal convection, which
is observed for spacings above a few hundred microns owing to
heating effects [16]. The tray ions in the cell are removed by

pumping the suspension through a circuit containing an ion
exchange vessel and an ionic conductivity probe. Additionally, a
certain amount of ion exchange resin particles were added to the
edge of the cell to stabilize our system at low salt concentration
during the experiments.

We used a setup similar to the Mach-Zender interferometer to
produce two parallel coherent laser beams with separation D from
an argon lon laser (TMO0 mode, A = 514 nm). The beams were
introduced to cross by a convergent lens and produced interference
fringes in the plane of the horizontally aligned sample. The fringe
spacing was adjusted by the spacing D which could be varied by the
position of a motor-driven mirror. An optical microscope system
attached to a CCD camera was used to observe the particles. White
light was used to illuminate the particles while the scattered intense
laser light was blocked with an optical high-pass filter. The images
were stored on videotape for further analysis.

Asillustrated by Ashkin et al. [17], the forces exerted by the laser
field on dielectric microparticles can be divided into two main
components. One, proportional to the light intensity, is the
scattering force that drives the particle in the direction of the light,
which in our system pushes the colloidal spheres into the bottom
glass plate and reduces particle fluctuation in the vertical direction,
making the system two dimensional. The other component.
proportional to intensity gradient, is the gradient force due to
diffraction which pulls the polystyrene particles into the regions of
high light intensity. The latter force from the parallel interference
fringes in our system results in a one-dimensional periodic external
potential for the colloidal spheres. With the particle finite size taken
into account, the modulation potential ¥(x) can be expressed as [16]:

Vi(x) = — ¥y cos(2mx/d) (3)

where ¥ = [3n Pai(n® — 1) fcri(n® +2)] [i(rop/d)d [2nay), with
P being the laser power, ¢ the velocity of light in a vacuum, n the
ratio of the refraction indices of polystyrene n, and water n, a,
the colloidal particle diameter, j, the first-order spherical Bessel
function, ry the waist radius of the Gaussian laser beam, and ¢ the
period of the potential corresponding to the fringe spacing.

Results

Figure la shows a typical real space configuration of
particles in our cell under the influence of an external
periodic light potential. Owing to the external potential,
the particles are not homogeneously distributed but
localized along parallel lines. This behavior indicates
that the external light potential provides a lateral
confinement of the particles and thus mimics, for
example, the pores in a zeolitic system. It is important
to mention that the line spacing in Fig. la is about
11 pm, which is within the interaction range of particles.
Accordingly, particles in neighboring lines diffuse not
independently from each other but are highly correlated
owing to the repulsive Coulomb interaction. This is
visible in more detail in the corresponding particle
distribution function g(x,y) averaged over 200 pictures,
which clearly shows a hexagonal symmetry (Fig. 1b).
To analyze the diffusion behavior of the particles,
we calculated the mean square displacement (5y%) of
particles along the lines. Figure 2 shows the results for
systems with high (closed symbols) and low (open
symbols) particle concentrations. It can be seen that
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Fig. 1 a Snapshot of the real space particle configuration of a two-
dimensional colloidal suspension in the presence of a modulated light
field, which localizes the particles along vertical lines. b The particle
pair distribution function corresponding to the particle concentration
of a. About 200 real space pictures were used to obtain this plot

(6y*) increases linearly with time, being typical for
diffusion in two and three dimensions. From the slopes
we obtained the long-time self-diffusion coefficients Dy
to be 0.09 um?/s and 0.02 um?/s for low and high
particle concentrations, respectively. The fact that (6)?)
increases linearly with time demonstrates that we were
not dealing with single-file diffusion. Obviously, the
coupling of particles in adjacent “‘channels™ gives rise to
a diffusion behavior which is identical to that in two or
three dimensions.

In the following we investigate the diffusion behavior
when the coupling between particles in adjacent lines is
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Fig. 2 The particle mean square displacements (5y?) along the
interference fringes in the case of strongly coupled lines. The open and
closed symbols correspond to a system with low and high particle
concentrations, respectively

largely reduced. Experimentally this can be achieved by
simply increasing the spacing between lines.

Figure 3a shows a snapshot of a colloidal system
where the period of the external potential is increased to
about 20 gm. From the corresponding, averaged two-
dimensional g(x,y) plot it can be seen that, at such large
line spacings, almost no correlation in adjacent lines is
visible.
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Fig. 3 a Snapshot of the real space particle configuration of a two-
dimensional colloidal suspension in the presence of a modulated light
field. The line spacing is about 20 um and largely reduces the
interactions of colloids in adjacent lines. b The corresponding particle
pair distribution function
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Fig. 4 The particle mean square displacement (dx%) perpendicular to
the lines demonstrates that the particles are confined in the x-
direction. The saturation value indicates that no mutual takeover of
individual particles within a row is possible

Figure 4 shows the mean square displacement (dx?)
of the particles perpendicular to the potential lines,
which saturates for long times at about 4 um”. Conse-
quently, the maximum particle excursion perpendicular
to the potential lines is less than the particle diameter
and thus, together with the strongly repulsive Coulomb
interaction, avoids the mutual takeover of particles
within a line. As already mentioned, this is essential for
the occurrence of single-file diffusion.

When analyzing the mean square displacement {6y?)
in this system we find no linear increase but a quite
different behavior, as shown in Fig. 5. The solid line
corresponds to a fit with a power law (6y%) = b*°, with
b being a fit parameter. As can be seen , our data above
t = 100 s can be described by this fit and thus indicates
that single-file diffusion can be also observed in colloidal
systems under the influence of an external light field.

It should be mentioned that perfect single-file diffu-
sion is only predicted for a very large system in the limit
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Fig. 5 Mean square displacement (d)°) along the interference
pattern. The sofid line corresponds to a ("~ fit, which is expected for
single-file diffusion

of long times. In finite channels as in our experiments,
however, the diffusion may be modified owing to
boundary conditions which may play a crucial role for
the diffusion characteristics [4]. Furthermore, although
electrostatic interactions across adjacent lines can be
ruled out by increasing the line spacing, there is also the
possibility of hydrodynamic interactions which can also
contribute to correlation effects. Further work is needed
to address this aspect.

In summary, we have studied the diffusion behavior
of colloidal particles confined in one-dimensional peri-
odic lines which are formed by the interference pattern
of two overlapping laser beams. We demonstrated that
the absence of correlation between particles in neigh-
boring lines is essential for the occurrence of single-file
diffusion.
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