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Direct measurements of constrained Brownian motion of an isolated sphere between two walls
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We report the results of direct measurements, using video microscopy in combination with optical tweezers,
of constrained diffusion of an isolated uncharged PMMA sphere in a density-matched fluid confined between
two parallel flat walls. Our experimental methodology allows us to study the hindered diffusion of the sphere
as an explicit function of its distance from the walls, without interference from sedimentation or from elec-
trostatic interaction between the particle and the walls. The measured diffusion coefficients are used to test the
predictions of the wall drag effect predicted by several approximate theoretical analyses. We find a quantitative
agreement with the behavior predicted using a hydrodynamic analysis that independently superimposes the
wall drag effects arising from each wall. Our results imply, indirectly, that neglect of multiple interactions with
the colloid sphere of the perturbations of the pressure and velocity fields induced by each wall leads to an
underestimate of the influence of the wall on the drag force experienced by the particle.

PACS numbg(s): 82.70.Dd, 83.70.Hq, 66.10.Cb, 65.4Q

[. INTRODUCTION the Stokes equations, the drag force on the sphere can be
separated into independent components parallel and perpen-
When a colloidal sphere suspended in a quiescent fluid idicular to the wall[4]. Although there are some exact solu-
close to a flat wall, the Stokes drag force acting on it istions to these equatiori4,5—8, these are applicable only to
increased relative to that when far from the wall and, therespecial particle-wall configurations; they are also compli-
fore, its diffusion coefficient is smaller than that when far cated and difficult to apply. For this reason most investiga-
from the wall. The increase of the drag force is attributed totors have analyzed experimental data using approximate so-
the alteration of the hydrodynamic interaction between thdutions for the modified drag force, based on the so-called
colloid particle and the fluid generated by the boundary con“method of reflections”[4,9]. One of the goals of this paper
dition imposed by the nearby wall. The motion of the sphereis to provide a detailed test of the predictions made by these
also becomes anisotropic because the drag force parallel &pproximate solutions of the dependence of the diffusion co-
the wall is less than that perpendicular to the wall. Similarefficient on the wall-particle separation.
effects occur when a colloidal sphere is confined in a small We have been able to measure the diffusion coefficients
gap between two flat walls. of a PMMA sphere parallel to and perpendicular to the walls
Although a simple phenomenon, constrained diffusion ofas a function of both the distance of the sphere from the
an isolated microscopic sphere between two walls providesvalls and the separation of the walls. The results of these
us with a model system with which to understand the behavexperiments provide a detailed test of the behavior predicted
ior of more complex systems whose boundaries can be modising hydrodynamic analyses of the perturbation of the flow
eled as effective walls. Some examples of those more comaround a sphere by a nearby wall. Specifically, we find that a
plex systems are fine particles migrating in porous mediahydrodynamic analysis that assumes an independent super-
macromolecules diffusing in membrardg, and cells inter-  position of the extra drag effects associated with each wall
acting with surfaceg2]. Constrained diffusion also influ- provides an accurate representation of the experimental data.
ences the settling of colloidal particles near fluid-solid Our results imply, indirectly, that neglect of multiple inter-
boundaries, and other processes that depend on the balaraxgtions with the colloid sphere of the perturbations of the
between inter-particle and hydrodynamic for¢8% Clearly,  pressure and velocity fields induced by each wall leads to an
a detailed understanding of the wall-drag effect that acts omnderestimate of the influence of the wall on the drag force
an isolated sphere is necessary to distinguish between hydrexperienced by the particle.
dynamic effects due to sphere-wall interaction and those due Several reports of tests of the available theoretical predic-
to sphere-sphere interaction. tions for the influence of hydrodynamic interference on the
The basic theoretical analysis of the influence of a flatbehavior of a particle near a boundary have been published.
wall (or walls) on the hydrodynamic drag force acting on a Consider, first, the case of macroscopic particles. For ex-
nearby isolated object was developed many years ago. It ismple, an increase in the drag force on a macroscopic sphere
based on the solution to the linear hydrodynamic equationmoving near a wall implies that the settling rate of a sphere
obtained under the creeping motion approximatiGhe is decreased. This wall effect was investigated directly by
Stokes equations and is applicable in the regime of low using a multiple image technigue to film the sedimentation of
Reynolds number hydrodynamics. Because of the linearity o& nylon spherdéa few millimeters in diametgr approaching
a bottom plane in a quiescent flUie,10—13. The drag force
on the sphere that is deduced from its sedimentation rate
*Corresponding author. Email address: agrees very well with that given by Brenner’s exact solution
binhua@cars.uchicago.edu for this geometrysee Eq.6)] [5].
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Consider, now, the case of microscopic particles subjecticate cavities that are a few microns in spacing, and uniform
to Brownian motion. The particle diffusion coefficient, rep- over a distance of several millimeters. Errors in the cell
resented in the Stokes-Einstein form, can be used to monitahickness, hence also the particle distance from a wall, are
the hydrodynamic wall effects if suitable experiments can benasked by the integration over particle position used to in-
carried out. Colloidal suspensions are ideal for such experiterpret the measurements.
ments, because the particles are small enough to be subject to
Brownian motion, yet large enough that the motion of the
host fluid can be described in the hydrodynamic limit. Sev- Il WA%&?\IIT:'IAI\?EEF;ES\-/FVSNSA\NN AS‘IEL'SEORLEATED
eral experimental studies of the constrained diffusion of col-
loidal spheres near a flat plate or between two flat plates have A hard sphere with radius, moving with velocityU in an
been reported, all of which used charged colloids. In most ofnpounded quiescent fluid of viscosity experiences a hy-
these experiments photon correlation spectroscopy was usgygynamic drag force opposite to its direction of motion. If
to obtain the ensemble averaged diffusion coefficient in gnere is no slip at the boundary between the hard sphere and
dilute solution, by extrapolation of the concentration depen—,[he fluid, in the low Reynolds number limit this drag force is
dence of measurements of the intensity autocorrelation funC('Stokes’Lav)/
tion[9,13-14. In some of the experiments the diffusive mo-
tion of an isolated colloidal sphere was studied by imaging Fo=—6mnaU. (1)
and analyzing its motion using total internal reflection mi-
croscopy[17,18, digital video microscopy(19], reflection  The diffusion coefficienD, of the sphere is then given by
interference contrast microscog0], photonic force mi- the Stokes-Einstein relation
croscopy 2], and atomic force and optical force microscopy
[21]. All of these experiments have shown that the diffusion kgT
of a particle, or particles, near a wall is hindered, and all of
the observations are qualitatively consistent with the theoret-
ical predictions. However, none of the experiments reporte
to date provide aletailed directtest of the variation of the
particle diffusion coefficient with distance from the walls.

In this paper we report the results of an experimenta
study, using digital video microscopy, of constrained Brown-
ian motion of an isolated uncharged PMMA sphésel um
diametey confined between two parallel flat walls. The
PMMA spheres were suspended in a density-matched flui
to eliminate sedimentation. The position of a sphere wit
respect to the walls and its diffusion range were controlle
with optical tweezers. The separation of the walls was mea-
suredin situ by the use of reference spheres fixed on the
walls.

Our experimental method avoids the following difficulties
in the previous experiments. First, in the experiments re-
ported to date, neither the distance of the colloidal sphere
from the boundary nor its extent of motion were controlled.
Consequently, the diffusion coefficient was not measured as
an explicit function of the sphere-wall separation. What has
been measured, instead, is an average of the diffusion coef- %
ficient along the direction perpendicular to the walls, (a)
weighted using a model distribution function for the posi-

tions of the colloid particles under the influence of both the '
walls and gravity{9,14,19. Moreover, in the analyses of the 7/////////%
data reported to date, despite the use of charged colloid Z

spheres, the effect of electrostatic interaction between the 23 7
charged spheres and the walls was neglected. This neglect
compromises the interpretation of the data, because the
charged colloid-wall interaction depends on the effectiveness
of ionic screening, the existence of charges on the walls, the
mobility of those wall charges, et¢22-24. Clearly, the
measurements reported test the integrated effect of the wall X
proximity on the particle diffusion coefficient, but not the
distance dependence of that effect. / //
Second, in all of the reported experiments the size of the
confining cavity was assumed to be the same as that of the

spacers used to make the cavity. Large errors may be intro- FIG. 1. Schematic representation of a Brownian particle close to
duced by this assumption because it is very difficult to fab-one flat wall(a) or confined between two flat wal(®).
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Hith kg the Boltzmann constant affdthe temperature of the
system.

When the sphere is close to a flat wall or is confined
between two flat walls, the drag force increases and its dif-
fusion is hindered. Because of the linearity of the Stokes
equations, the drag force can be separated into independent

omponents for motion parallel and perpendicular to the
all. The expressions for the parallel and perpendicular com-
onents of the wall-drag force are conventionally represented
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in the form of correction factors; and\, , multiplying the kT .
drag force in an unbounded liquid. These expressions are DH—W—M Do,
FHZ - 677773U)\||= FQ)\” (3) kBT -1
DL—W—KL DO' (5)
and

However, even in the low Reynolds number limit, the
exact solutions for the effective wall drag force typically do
not have a closed analytical form, and they are difficult to
apply [1,6—8. One exception is the exact solution far
Consequently, the diffusion coefficients for parallel and per-derived by Brennel5] for a sphere moving near one flat wall
pendicular motion of the sphere relative to the wall are [ilustrated in Fig. 1a)], namely,

-1
1 ] : (6)

where a=cosh {(za) (z is the distance from the center of are used to analyze experimental data.
the sphere with radiua to the wal). Figure 2 displays the predicted values Df /D, and
The most commonly used representations\pfand \ | D, /Dy as functions ofz/a for an isolated sphere near one
are approximate. These representations are derived using tfiat wall. The differences between the respective exact and
so-called “method of reflections.” The motion of a sphere approximate values db;/Dy andD, /D are insignificant
near a wall induces a pressure and velocity distribution in thé<1%) when (z/a)>1.5. The inset in Fig. 2, plotted in a
adjacent fluid. The method of reflections is an iterative serietog-log representation, magnifies the differences between the
solution technique that decomposes the velocity and theorrection factors calculated from E@) and Eqs(8)—(10).
pressure fields into a linear superposition of terms of succesFhe first order approximations, with their appealing simple
sively higher order in the number of wall and sphere boundforms, are sufficiently accurate except when the sphere is
ary interactions. The terms in the expansion are constrainegery close to the wall.
to alternately satisfy the boundary conditions on the sphere The method of reflections fails to yield an analytical so-
and on the confining wallésee Refs[4,9] for detaily. The lution for the drag force acting on a sphere located at an
solutions forA; and\ , obtained with this method are usually arbitrary point between two parallel flat wallas illustrated
expressed as a power series@&iZ). For\, one finds, fora in Fig. 1(b)] except for very limited special casg4]. For
sphege moving near one flat wall, inclusive of terms to orderexample, if the sphere is located exactly in the midplane
(a/2)” [4],

FJ_:_67T77aU)\J_:FO)\J_. (4)

D 4 ”
—-1_ -1 ] i
N =D, 3SInha

n(n+1) 2sinin+1)a+(2n+1)sinha
“4(2n—1)(2n+3) |4 sinf(n+1/2)a—(2n+1)?sinff 2a

N loDtog S(a) Lla 3+o a)* 7) o
L TR =i gl T5 35 -
Dg 8\z) 2\z z 0.8l
Using the same method, fay; one finds, for a sphere mov- Qo 061
ing near one flat wall, inclusive of terms to ordex/'£)° [4], 5 )
., D 9/a| 1/a\® 45(a\* 1/a\° 0.41
MTD, ' 1elz) Talz] T 2melz) "6z
0.21
a 6
+0[5] . 8 0.0 : : . ' '
0 5 10 15 20 25 30

z/a
Frequently, only the first order approximatio@25)|

FIG. 2. Predicted values dp, andD, for an isolated sphere

1 D, 9 /a a\3 near one flat wall, normalized b9,. The solid and dashed lines
! :D_ =1- 16|z +0 7 C) are the more accurate values®f/D, andD, /Dg calculated from
0 Egs.(8) and(6), respectively. The solid and dashed lines with sym-
and[4.9] bols are the values d, /D, andD, /D, calculated from the first
! approximations given in Eq$9) and (10), respectively. The inset
3 with log-log scales magnifies the difference between the first order
A l= D, _ 2 E + E (10) approximation and the more accurate result¥pfD, andD, /Dy
N =
Do 8z z whenz/a~1.
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D,/Dg as a function ofz/a, calculated using Eq11). The

1.0¢ deviation between the approximate vallesing Eq.(13)]
and exact valuefusing Eq.(11)] of D /Dy, is less than 1%
0.8¢ whenz/a=1.7. This comparison provides a test of the linear
o superposition approximation.
5 0.61 When the sphere is not very close to the walls, simpler
. expressions for the two-wall hydrodynamic correction fac-
0.4 tors can be obtained from the combination of Et3) and
0.2 Egs.(9) and(10). It is found that[4]
NIRRT PRI | o Y I | s
0.0 D)=, =" 16|\ 2 T\ a=2 zla
(14
FIG. 3. Predicted values, using the LS8ee text, of D,/D, and
and D, /Dy for an isolated sphere in the midplane<(d/2) be- D 9 2
tween two parallel flat walls. The solid and dashed linestyréD ()\u 71:_“%1_ - E + a +0l —
and D, /D,, respectively, calculated using Eq®) and (8) as L Do 8|\z (d—2) Z/a
single wall correction factors. The solid and dashed lines with sym- (15

bols are the results obtained using the first order approximations .
[Egs. (9) and (10)] as single wall correction factors. For compari- Calculated values db; /Do andD, /Dg using Egs(14) and

son, theD, /D calculated from the method of reflectiofisg. (11)]
is plotted as a dotted line.

between two flat walls separated a distartz=d/2),

(15) are also plotted in Fig. 3. When the plate separation is
only slightly greater than the sphere diameter, the first order
approximations overestimate the wall effects much more
than the higher order approximations do. Note, however, that

Faxen[4] showed that the correction factor for the drag forcewhenz/a>4, the error in\|| is less than 5%.

due to two WaIIs,Al'", is given as A seemingly superior approximation for the hydrody-
namic drag induced on a particle by the presence of two
3 4
a a
+0.412{— +0.2](—)
z z
11

()\”)’lzﬂzl—l 004 >
I Do : Z

a
—0.169(—
z

Several approximate analyses of the hydrodynamic drag
on a sphere situated between two walls have been based on
the use of a linear superposition of single-wall effects. The
simplest of these analyses assumes it is adequénelépen-
dentlysuperimpose the effects of the drag force on the sphere

from each wall[4,14]. In this case the drag force on the __ . . . I .
sphere,F! (either parallel or perpendicular to the walis This expression, derived far; only [9], will also be used to

taken to be the sum of the force on the sphere in an urfepresentjl in this paper; the resulting expressions are re-
bounded fluidF, plus the correction terms, at the position €red to as the coherent superposition approximaisA).

of the sphere, for each wall as if the other were absent. Thaf/€ note that in the derivation of E¢16) multiple interac-
is, tions of the perturbations of the pressure and velocity fields

induced by each wall are included, but multiple interactions
of these perturbations with the colloid sphere are not in-
cluded. That is, it is as if the perturbed fluid flow passes
through the colloid particle freely. An approximation of this
type, when applied to the calculation of the frequency depen-
In Eq. (12, \" is the two-wall correction factor, and dent friction coefficient for a Brownian particle, is known to
Moz @Nd N} are the single wall correction factors. This introduce some errof@6]. In particular, it is found that with
formulation of the drag force is referred to as the linear su+this approximation the friction coefficient for the case of slip
perposition approximatiofLSA) in this paper. The form boundary conditions is overestimated £5R instead of
taken by\" is 47yR), and the frequency dependence of the friction coef-
ficient for the case of stick boundary conditions is incorrect.
Figure 4 displays the predicted values®f/D, [using Egs.
(16) and (8)] and D, /D [using Egs.(16) and (6)] for an
Figure 3 display®,/Dy andD, /D, as functions of/a, isolated sphere confined to the midplane between two walls.
calculated using Eq$8) and(6) for )\"‘ and)\'L , respectively,  Also shown in this figure are the approximations By/D,
for the special case in which the sphere is in the midplan@andD, /Dy, given by the LSA. As shown, when the sepa-
between the two platez€ d/2). In this figure we also show ration of the two walls is comparable to the diameter of the

the influences of the single wall4,9]. The two-wall correc-

nearby flat walls is based on the coherent superposition of
tion factor is, in this approximation,
6

5
+0

a
z

[’

N(z2)=1+ 20 [N(z+nd)—1]

+ ZO [)\'(nd—z)—l]—ZZO [N(nd)—1].

(16)

f'=F\"=F+Fo\yaii— 1)+ FoMyain— 1)

=Fo(A\a1t Muaiz— 1)- (12

M'=Nyaint M~ 1=N (2 +A(d-2)—-1. (13
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SIDE VIEW
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D8 Reference PMMA spheres
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FIG. 4. Predicted values, using the C$gee texk, for D, /D,
(solid line) andD, /D (dashed lingfor an isolated sphere in the
midplane ¢=d/2) between two parallel flat walls. For comparison,
D,/DgandD, /Dy, predicted using the LSA, are also shogsolid
and dashed lines with symbols, respectiyeljhe single wall cor-
rection factors given in Eqg6) and (8) are used for calculations I:
presented in this figure.

TOP VIEW

(@)
sphere the LSA predicts a larger wall-drag force than does
the CSA. The discrepancy has a peak value of about 15%

nearz/a~2. _ o _ Reference PMMA spheres

Overall, the parallel and perpendicular diffusion coeffi-
cients of a sphere between two flat walls behave like those o i q
a sphere near one wall, in the sense that they decrease ai \\W S ~2-30 pm
become unequal aga approaches 1. As expected, for the -= 5 l
same value of/a the anisotropy of the diffusion coefficient .\\}b 6'
is exaggerated when the particle is confined between twc | T ';\ T A

walls. I_—iT'" - (—‘
(b)

IIl. EXPERIMENTAL DETAILS

FIG. 5. Schematic diagram of an isolated PMMA sphere con-
The system studied consisted of a dilute suspension Gfned in a thin glass cell. The location of the sphere with respect to
uncharged PMMA spherggliameter 0.93um, density 1.20  the walls is manipulated by optical tweezers. The spheres stuck to
g/cnt) confined in a thin glass cell, as depicted in Fig. 5; it iSthe walls are used as reference points to determine the cell spacing
described elsewhere in det§fl7]. To avoid aggregation of and the location of the moving sphere relative to the cell walls.
the uncharged PMMA spheres induced by van der Waals
forces, the surface of each sphere was covered with an olpendent of temperatursee Sec. )l Though each diffusion
gomeric brush(~300 A thick of poly(3-hydroxystearaje coefficient was measured at a slightly different temperature,
[28]. The glass cell was constructed from a microscope covethe fluctuation of the temperature during any one measure-
slip and a microscope slide, sealed together with UV sensiment was less thart0.7 °C. However, because it takes 20
tive glue and enclosing a very thin cavitg couple to a few min to measure one diffusion coefficiefdee belowy; this
tens of um). The cell was accessed through two pieces offluctuation in temperature contributes an error@f% to the
glass tubing sealed to two holes drilled through the microvalue of the diffusion coefficient.
scope slide. The walls of the cell were coated with triny- We used digital video microscopy to measure the parallel
droxyoctadecysilang¢United Chemical Technologies, Inc., and perpendicular diffusion coefficients of an isolated
PA). To eliminate the influence of sedimentation on ourPMMA sphere near a wall. As illustrated in Fig. 6, our ex-
measurements, the PMMA spheres were suspended in a 308erimental apparatus consists of an Olympus BH2 micro-
(by weighb sucrose solutiofdensity 1.13 g/cr), so that the scope with an oil immersion objective (180N.A.=1.40),
rate of sedimentation of a sphere is about Qud/s. Since  a Hitachi CCD video camera mounted on the microscope, a
the sphere of interest is only free férs intervals(see be- Sanyo GVR-S955 video cassette recorder, and a Macintosh
low), sedimentation is sensibly eliminated in our experi-computer with an LG-3 digital frame grabber. Real time
ments. movies of an isolated sphere moving in the cell were re-
Our measurements were carried out at temperatures beorded via the CCD camera. The analog movies were digi-
tween 20°C-0.7°C and 23°@0.7°C. When describing tized through the real-time frame grabber at a rate of 30
the results of our experiments, all of the relevant data ar¢rames per second. Our image process routine, implemented
plotted in the same figure because they are presented in termsing the IDL programming language, was developed by
of inverse correction factorh;“’l and )\Il, which are inde-  Crocker and Grief29]. Time-dependent trajectories of the
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FIG. 6. Schematic diagram of the experimental apparatus.

sphere in three dimensions were extracted from a sequence
of digitized images. The pixel size was calibrated by using a
transmission electron microscope grid; the pixel is square,
with a side length of 0.08:m. The imaging process meth-
odology developed by Crocker and Grier permits the loca- . : :
tion of the sphere center with a precision of 0.2 pixel. -0.5 0.0 0.5 1.0
Two features that were implemented in our experiment Depth (”m)
allowed us to measure the diffusion coefficient as a function
of distance from a wall directly. As already indicated, we  F|G. 7. Top: Images of the reference sphere as it is moved
utilized optical tweezers to control the location of the spheranrough the focal plane vertically. Bottom: The numerical conver-
relative to the walls, and to limit the displacement of thesjon curve used to derive the vertical trajectory from the image size
sphere with respect to the walls. Optical tweezers are formegf the spherdsee text
when a laser beam is directed into the back aperture of a high
numerical aperture objective lens, by which means it ismined that the cell thickness was uniform across the entire
brought to a tight focus at the focal plane of the microscopdield of view.
[30]. The focused beam generates an optical gradient force The distance between a sphere undergoing Brownian mo-
strong enough to trap a dielectric microsphere near the focuson and the wall was determined by use of the optical twee-
of the beam. Using the optical tweezers we can place theers. As illustrated in Fig. (), a sphere grabbed by the
sphere at a specified position relative to the walls. To limitoptical tweezers was first brought to the bottom of the cell
the displacement of the sphere along the vertical directionndicated by the reference sphere, and then moved to the
the optical tweezers were turned on and off at a rate of 1 Hzselected distance from the wall.
The sphere of interest was thereby captured for 0.5 s, set free We note that the colloids and the objective are in media
for 0.5 s, and then recaptured, etc., for many cycles. Becauseith different refractive indicesthe refractive index of the
the spheres were suspended in a viscous sucrose solutisacrose solutiomgy,, is 1.381, and the refractive index of
(79! Dyater=3-18), a sphere moved less tharl um in each  the immersion oil used with the objectivay;, is 1.518.
direction in the half a second it was free and, therefore, waf€onsequently, the apparent difference between focal planes
easily recaptured. We found that it was necessary to use aneasured directly with the mechanical fine focus control has
objective with N.A=1.4 to form an optical trap that is to be correctedmultiplied) by the ratio of refractive indices,
strong enough to capture and recapture a sphere in they;/ng,,=1.10; that is, the readings both for the cell spac-
middle of a cell thicker than 1m. ing and the sphere-wall separation have been multiplied by
The second feature implemented in our experiments is th&.10. In addition, because of the mismatch in refractive indi-
direct measurement of both the separation of the confininges, the spherical aberration of the microscope objective is a
walls and the location of the sphere with respect to the wallsfunction of the distance of the focal plane from the cell wall.
The cell spacing was determined as follows. A very smallAs a result, the reference spheres stuck to the top and bottom
fraction of the PMMA spheres stick to the coated cover slipof the cell do not “look” the same. Finally, the minimum of
and microscope slide, as illustrated in Figa)5thereby gen- the trap formed by optical tweezers is sensitive to spherical
erating natural reference locations on the confining wallsaberration. As the spherical aberration increases, the trap will
Two PMMA spheres that were stuck to the top and bottommove downstream relative to the focal plane. We do not
walls, respectively, and located within the field of view (40 know how to characterize the systematic error due to spheri-
X 50 um?) were used as reference locations for the measuresal aberration near a wall. However, we believe that this
ments(see Fig. 5. We determined the cell spacing by mea- error is no greater than the repeatability of our measurements
suring the separation between the top and bottom referende-0.2 um) because the distortion should not introduce an
spheres using the fine focus scale of the microscope. Therror greater than a fraction of the diameter of the sphere. In
readings of the separation were taken from the readout of principle, the variation of spherical aberration with position
motorized high precision rotational sta¢e0.029 mounted can be eliminated if the refractive index of the suspension is
on the focusing knob of the microscope. The repeatability ofnatched to that of the immersion fluid and that of the cell
the measurements of the cell separation is abod2 um.  wall.
With the help of the reference sphere locations, we deter- The diffusion coefficients of the sphere for motion paral-
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lel and perpendicular to the confining walldesignated as stage mounted on the focusing knob of the microscope. By
the xy plane andkz plane, respectivejywere calculated from synchronizing the movie with the motion of the rotational
the time-dependent trajectoriet), y(t), andz(t). These stage, we correlated the image size of the reference sphere
trajectories were directly extracted from the successive digiwith the vertical displacement of the sphere numerically.
tized images of the colloidal particles in the ¢gB]. Since  This numerical conversion was then used to convert the im-
the area of the projection of a sphere ontosxthiplane varies age size of the diffusing sphere intt). Since the optical

as it moves in and out of the focal plangt) can be ob- tweezers limit the vertical motion of the spherexd um,
tained through the relation between the projected area artthe portion of the conversion curve actually used for trans-
the distance of the sphere from the focal plane. We detedating image size to the distance of the diffusing sphere from
mined that relation as follows. A movie of the referencethe wall is approximately linear, as shown in Fig. 7. Conver-
sphere stuck to the wall was recorded as the sphere wason curves were constructed for each of the cells used. Each
moved vertically through the focal plarithe images at dif- conversion curve was valid for the data that were taken with
ferent depths are shown in Fig).. The vertical motion of the cells with gaps within a narrow randa few um).

reference sphere was affected by the motorized rotational To study the diffusion of a colloidal particle confined in

0.12 T o T 0.040 T T T
010l 1=33ms| 1=33ms
0.030r b
0.08+ ]
0.061 B 0.020+ B
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0.010F B
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FIG. 8. Histograms of the displacemerig, Ay, andAz along thex, y, andz directions for five time stepdrom 33 to 165 ms The
histograms forAx (solid line) and Ay (dashed lingare plotted on the same grafkft); the histograms foAz are on the right. The lines
are the fits of the histograms to E{.8).
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FIG. 8. (Continued.
the midplane between two flat walls, individual sample cells, (AX3(7))=2Dy,r, (17)

each with a different spacing, were made by using various

sizes of latex spheres as spacers. An alternative method waad (Ax?(7)), the mean-squared displacement, is obtained
occasionally used to control the spacing between the two flatom the probability distribution function

walls. The cell was attached to a vacuum manifold system

consisting of Tygon tubing and a hand pump. By applying a 1 |AX(7)— x|?

slight vacuum through the hand pump, the spacing of the cell P(AX(7))= expl’ - > ]
walls can be reduced threefold to fivefold. However, this V2m(AX(7)) 2(Ax%(m))
method of adjusting the cell thickness sometimes introduces (18

a slight but undesired flow of the fluid even though the sys- . . .
tem is airtight; therefore, it was not used for most of our | "€ Offséty in Eq. (18) is included to account for any drift
measurements. of the sphere in th& direction due to flow of the fluid in the

experimental cell. In our measurementavas insignificant
(<0.05 um during 0.5 &.

The value ofD, was obtained as follows. First, histo-
The diffusion coefficients of an isolated sphere parallel tograms ofAx(7) corresponding to different time stepsvere
and perpendicular to the walls of a cell were measured ovéiitted to Eq. (18), and (Ax*(7)) was derived through the
a wide range of distances between the sphere and the cofitting. Then D, was determined from the linear fit of
fining walls (1um<z<to35um). For each value of two  (Ax?(7)) to 7 [Eq. (17)]. The same method was used to

movies(each 20 min longof the sphere undergoing Brown- derive the diffusion coefficients along tliyeandz directions.
ian motion were recorded. By “isolated,” we mean that Histograms ofAx(7), Ay(7), and Az(7) for five time
aside from the reference spheres fixed on the confining wallsteps(from 33 to 165 my extracted from the trajectories,
there was only one sphere in an area ok3Dum?. Be-  Xx(t), y(t), andz(t), are shown in Fig. 8. The lines are fits
cause the optical tweezers were set to “blink” at 1 Hz, theof the data to Eq(18) and all the histograms are fit well with
Brownian motion of the sphere was free for only 0.&cen-  the Gaussian probability distribution function. Figurdg)9
sisting of 15 consecutive frames, separated by 33 ms bend 9b) show(Ax?(7)), (Ay?(7)), and(AZz?(7)) as func-
tween successive framelsefore being recaptured. This free tions of 7, separately. Note that the data in FighPare
motion is long enough for a calculation of the diffusion co- shifted vertically to eliminate an apparent nonzero intercept
efficient, and excellent statistics are achieved by accumulagt =0, which is due to the error in vertical tracking. The
ing more than 2000 repetitions of such motions. lines are fits of the data to E(L7). To eliminate any pinning
The diffusion coefficient in one dimension, e.g., in the effect due to the “blinking” optical tweezers, only nine con-
direction,D,, is defined by[ 3] secutive framegout of 15 during the tweezers off period

IV. RESULTS
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FIG. 9. Mean-squared displacemertsx?(7)) and (Ay?(7))
[in (@] and(AZ?(7)) [in (b)] as a function ofr. Note that the data
in (b) are shifted vertically to eliminate an apparent nonzero inter-
cept at7=0. The lines are fits of the data to a linear functionrof

[Eq. (17)].

0 10 20 30 40 50 60 70 80
z/a

were used. Figure 9 indicates that the motion parallel to the

confining walls(thex-y plang is isotropic within our experi-

mental precision, andD, agree within 4%
The calculated effective wall-drag forces are expncitsphere confined in the midplane between two parallel flat walls,

functions of the separation of an isolated sphere from th&ompared with theoretical values calculated, not fitted, using the

wall and/or walls. In our experiments, because of the BrownLSA. The solid line is forD, /D, given by Egs(8) and(13), aver-

1.2

1.04
0.8¢1
0.61

D/D,

0.4}
0.2}

0.0
0

FIG. 10. The measured diffusion coefficiems (solid circleg

16 2I0 30 40 50 60
z/a

FIG. 11. (a) The measured diffusion coefficien3, (solid
circles andD, (solid triangle$ normalized byD, for an isolated

aged using Eq(20a. The dashed line is fdD, /D, given by Egs.

(6) and (13), averaged using Eq20b). The approximate width of
the distribution function used in EQ20) is 0.20um. (b) The mea-
sured diffusion coefficient®, (solid circle3 and D, (solid tri-
angle$, normalized byD, for an isolated sphere confined in the
midplane between two parallel flat walls, compared with theoretical
values calculated, not fitted, using the CSA. The solid line is for
D,/Dq given by Eqs.(8) and(16), averaged using Eq203. The
dashed line is foiD, /Dy given by Egs.(6) and (16), averaged
using Eq.(20b). The width of the distribution function used in Eq.
(20) is 0.20 um.

ian motion of the sphere, the distance of the sphere from the
wall(s) varies with time as the measurements were made. As
a result, a diffusion coefficient measured is an average
weighed by the distribution function for sphere-wall separa-
tions. To compare the predicted and measured values of the
diffusion coefficient, we compute

andD, (solid triangle$ for an isolated sphere near one flat wall,
normalized byD,. The solid line is the theoretical prediction for
D, /D, calculated(not fitted using Eg.(8), averaged using Eq.
(209. The dashed line is the theoretical prediction fior /D, cal-
culated (not fitted using Eq.(6), averaged using Eq20b). The
approximate width of the distribution function used in ERQ) is
0.25 um.

— d—a

and

d_aP(z))\H’l(z)dz

(193

a
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TABLE I. D, /D, for a sphere near a single flat plane. TABLE Ill. D,;/Dy for a sphere confined in the midplane be-
tween two flat walls.

zla D, /Dg (theory D, /D, (theory D, /Dy (data

Dy/Dy  Dy/Dy  Dy/Dy  Dy/Dy  Dy/Dg

2.3 0.77 0.74 0.57 za  LSA LSA CSA CSA data
4.7 0.88 0.87 0.81

7.0 0.92 0.91 0.87 2.0 0.57 0.54 0.64 0.59 0.64
12 0.95 0.93 0.94 2.7 0.66 0.65 0.73 0.72 0.73
16 0.97 0.96 0.93 4.7 0.79 0.79 0.84 0.84 0.69
21 0.97 0.97 0.93 6.0 0.83 0.83 0.87 0.87 0.83
28 0.98 0.98 1.0 6.9 0.85 0.85 0.89 0.89 0.85
35 0.98 0.98 1.0 9.8 0.89 0.89 0.92 0.92 0.86
58 0.99 0.99 1.0 16 0.93 0.93 0.95 0.95 0.91
19 0.94 0.94 0.96 0.96 0.97
23 0.95 0.95 0.97 0.97 0.94
— d-a d-a 1 30 0.96 0.96 0.97 0.97 0.96
D, = L P(Z)DL(Z)dZZDOL P(2)A " (2)dz, a1 097 0.97 0.98 0.98 0.96
(19b) 77 0.99 0.99 0.99 0.99 0.95

whered is the spacing of the cell, arfé((z) is the distribution
function for sphere-wall separatiorji4,19. Because the -
density difference between the PMMA sphere and the hodfetweenD andD drops to less than 1%. , _
fluid is very small(0.07 g/cni), we can neglect sedimenta-  1he most important limitation to our experimental preci-

D whenz/a approaches 1, but wheria=4 the difference

tion effects and use Eq18) for Az; we find sion whenz/a>4 arises from the fluctuation in temperature
(*£0.7°), which generates a 4% uncertainty in the diffusion
D,(2) d-a coefﬁcient..Whenz/a<4, the uncerta}in?y in the _diffusioq
D =f P(z'—2z)\; }(z')dZ coefficient increases te-10—-20 %. This increase in experi-
0 a mental uncertainty arises because the error due to the repeat-

1 ia 12— 7| ability of the measurements of the separatithe separation
f )\||l(2')exﬂ’ — > ]dz’ the center of the sphere from the wallz=+0.2 um, and
2mo 20 the wall-separationAd=+0.2 um) is larger (relatively)
whenz/a<4. The measured diffusion coefficients, with their
associated error estimates, are displayed in Figs. 10 and 11.
We first examine the results for the diffusion of a sphere
near one wall. Cells with a spacirdyfrom about 10 to 65
Bl(z) d—a . pum were used. Ir_l thig: range d_12_a(~10— 66) the p_redicte(_zl
:J P(z'—z)\ [ Y(2')dZ values for the diffusion coefficient of a sphere interacting
Do a with two walls differ by less than 4% from that fat/2a
.o =, which is less than our experimental precision. For this
)\l(zr)exp{ _ |z’ —2] ]dz’ reason, the data from all these cells were combined together,
L 207 and were considered to be that for a sphere confined near one
wall. Figure 10 shows the measured valuesDgiD, and
D, /Dy as a function ofz/a for an isolated sphere confined

(208

and

d—a

(20b)

The data displayed in Fig. 8 imply that~0.25um for  TABLE IV. D, /D, for a sphere confined in the midplane between
single-wall measurements ang~0.2um for double-wall  two flat walls.

measurements, respectively.is significantly different from

D, /D, D,/D, D,/D, D,/D, D,ID,

TABLE Il. D, /D, for a sphere near a single flat plane. zla LSA LSA CSA CSA data

zla D, /D, (theory D, /D, (theory D, /D, (data 2.0 0.31 0.28 0.37 0.34 0.29

2.7 0.43 0.41 0.50 0.47 0.34
23 0.55 0.52 0.48 4.7 0.62 0.62 0.69 0.69 0.64
4.7 0.77 0.76 0.76 6.0 0.69 0.69 0.76 0.76 0.70
7.0 0.84 0.84 0.84 6.9 0.72 0.72 0.78 0.78 0.71
12 0.90 0.90 0.88 9.8 0.80 0.80 0.85 0.85 0.86
16 0.93 0.93 0.91 16 0.87 0.87 0.90 0.90 0.85
21 0.95 0.94 1.0 19 0.89 0.89 0.92 0.92 0.92
28 0.96 0.96 0.91 30 0.93 0.93 0.95 0.95 0.97
35 0.97 0.97 1.0 41 0.95 0.95 0.96 0.96 0.96

58 0.98 0.98 0.95 1 0.97 0.97 0.98 0.98 0.95
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near a single wall, compared with the values calculated frondiffusion coefficients predicted using the LSA and the CSA
Egs. (8) and (6), respectively, for the range-2.1<z/a  are less than our experimental precision.

<54. The in-plane diffusion coefficiem, is the average of
Dy andD,. As shown in Tables | and Il, for a sphereuin
away from the wall g/a~2.1) the measured values DX, We have demonstrated that digital video microscopy, in
andD, drop to~0.5™D, and 0.4®, respectively. When a combination with optical tweezers, provides us with a
sphere is about &«m away from the wall ¢a~19) it be- method to directly determine, for an isolated Brownian par-
haves like a free Brownian particle within our experimentalticle confined between two flat walls, the diffusion coeffi-

precision. Our data agree with the theoretical prediction§i€nts parallel and perpendicular to the walls. The method is
within the experimental precision ased on tracking, and then analyzing, the time-dependent

We now examine the results for the diffusion of a spheretraJeCtory of the sphere. Our results yield these diffusion co-

. . . . efficients as an explicit function of the separation of the
confined in the midplane between two walls<(d/2). Fig-  gphere from a wall. Overall, for the case of a sphere confined

ure 11 shows the measured valuegfDo andD, /Do for  petween two flat walls, our results are in quantitative agree-
the range~2.0<z/a<78, and Tables Ill and IV list the ment, within the experimental precision, with the behavior
experimental and theoretical values /Dy andD, /Dgy.  predicted using a hydrodynamic analysis that independently
Whenz/a~2.0, the measured values Df andD, drop to  superposes the wall drag effects arising from each wall. Our
~0.64Dy and 0.2, respectively. Wher/a>20, a sphere results imply, indirectly, that neglect of multiple interactions
behaves like a free Brownian particle within our experimen-of the perturbations of the pressure and velocity fields in-
tal precision. A comparison of the measured and predicteduced by each wall with the colloid sphere leads to an un-
diffusion coefficients using the LSPwith Egs.(6) and(8) as  derestimate of the influence of the wall on the drag force
single wall correction factolss shown in Fig. 1(a), and a  experienced by the particle.

similar comparison using the CAlso with Eqs(6) and(8)
as single wall correction factdrss shown in Fig. 1(b). We

note that the values dd, calculated using the linear super-  \We thank Professor David Grier, Professor John Crocker,
position approximation are very close to those given by Faxpr. Eric Dufresne, and Juanita Mora for their generous help
en’s analytical solutioisee Eq(11) and Fig. 3. in setting up the video microscope system. We also thank
In the range 4.% z/a<16, our data appear to agree much Professor Mark Schlossman and Dr. James Viccaro for many
better with the values calculated using the LSA than thoséelpful discussions. This work was supported by a grant
calculated using the CSA. Fava<2.7, the uncertainty in from the NSF POWRE prograrNo. DMR-9870437. We
the measured values of the diffusion coefficients prevents ulsave also benefited from support provided by the NSF Ma-
from discriminating between the different theoretical predic-terials Research Science and Engineering Center at The Uni-
tions. Forz/a=19 the differences between the values of theversity of Chicaggd MRSEC-543038

V. SUMMARY
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