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Wall-drag effect on diffusion of colloidal particles near surfaces: A photon correlation study
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The reduction of the diffusion coefficient of latex spheres near glass surfaces was measured by photon
correlation spectroscopy. Theory and experiment are not in agreement; possible causes for the
discrepancy are discussed. In addition, the diffusion coefficient of sedimented latex spheres on a glass
surface decreases with decreasing Debye length of the solution. This shows that the mean particle-
surface separation distance decreases as the strength of the double-layer repulsion between the latex
spheres and the glass surface is weakened. The utility of photon correlation spectroscopy for studies of
interactions between colloidal particles and surfaces is discussed.

PACS number(s): 68.45.—v, 05.40.+j, 82.65.—i

I. INTRODUCTION

Our interest in the study of Brownian motion of large
particles near surfaces was initially motivated by recent
photon correlation experiments at growing crystal-melt
interfaces [1]. One of the models to explain the anoma-
lously large light scattering observed at the boundary lay-
er of liquid adjacent to the growing fronts was based on
the diffusion of gaseous microbubbles near the crystal
surfaces [2]. However, a better understanding of
diffusion of large particles near surfaces is needed. Pho-
ton correlation spectroscopy can be used to measure the
diffusion coefficient of the diffusing particles. If the
motion is in the bulk liquid, the well-known Einstein-
Stokes equation for free diffusion of spherical particles
can be used to obtain the particle sizes from the measured
diffusion coefficients. However, if the particles approach
a surface, the Stokes viscous force increases, resulting in
a reduction of the diffusion coefficient. This “wall-drag
effect” becomes important when the particle radius R is
comparable with the distance of its center Z from the
surface (R/Z=~1). Thus, to obtain the particle size,
corrections must be introduced in the usual Einstein-
Stokes relation. Lan, Ostrowsky, and Sornette [3] have
studied the dynamic behavior of Brownian particles close
to a glass surface by using photon correlation spectrosco-
py from an evanescent wave with variable penetration
depth £. They used a water suspension of calibrated latex
spheres with radius R =45 nm. Surface correlation spec-
tra strongly differed from the bulk measurements and
were completely interpreted in terms of the wall’s mirror
effect and the evanescent wave geometry. In this experi-
ment the wall-drag effect was neglected because
R /7§ <<1. Since there are no experiments in Brownian
motion near surfaces where the wall-drag effect is dom-
inant, we have made measurements of the diffusion
coefficient of calibrated latex spheres with radius R =1.0
pum suspended in water as a function of their distance
from the surfaces of two optical glass flats. We observed
the reduction of the diffusion coefficient due to the wall-
drag effect and compared the experimental results with
available theories.

44

The forces between surfaces and colloidal particles are
also important. The competition between double-layer
repulsion and van der Waals attraction determines
whether particles will be adsorbed onto surfaces. This is
the basis of the Derjaguin-Landau-Verwey-Overbeeck
(DLVO) theory of colloidal stability [4]. Recently, Prieve
and collaborators [5,6] have reported remarkable experi-
mental studies of these interactions. In these experi-
ments, the goal was to obtain the mean particle-surface
separation distance between large latex spheres suspend-
ed in water and water-glycerol solutions, and a glass sur-
face. For a certain range of solution ionic strengths the
particles remained at finite distances away from the glass
surface without adsorption due to the double-layer repul-
sion. In Ref. [5] the instantaneous particle-surface sepa-
ration distance was deduced from the measured transla-
tion speed of a large latex sphere (R =7.5 um) in linear
shear flow along the surface. To obtain the relation be-
tween separation distance and translation speed, the
creeping flow approximation of the hydrodynamic equa-
tions was used. In some cases, the separation distance
was unexpectedly found to be dependent on the flow rate,
a result which casts some doubts upon this method. In
Ref. [6], Prieve, Luo, and Lanni used total internal
reflection microscopy (TRIM) to determine the instan-
taneous separation distance between sedimented particles
and a glass surface. By using an evanescent wave
geometry with variable penetration depth, they restricted
the scattering to particles very near the surface. The
scattered intensity increased as the particles approached
the surface. This technique had excellent spatial resolu-
tion, but the actual value for the particle-surface separa-
tion distance could not be obtained.

We report the use of photon correlation spectroscopy
to study the double-layer repulsion between calibrated la-
tex spheres (R =1.0 um) and a glass surface. The mean
particle-surface separation distance was obtained by
measuring the reduction of the diffusion coefficient due to
the wall-drag effect for solutions with different ionic
strengths. Our method is experimentally simpler than
the previous methods and the creeping motion approxi-
mation is more suited to our case. The drawbacks of our
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method are the following: (1) We cannot obtain from the
measurements the particle potential-energy profile. Ac-
tually, we have to model it to extract the particle-surface
separation distances from diffusion measurements. (2) At
present, there is no exact analytical solution for the
intensity-time autocorrelation function of the scattered
light by Brownian particles when the wall-drag effect is
included. In order to analyze the data, we had to use an
approximate solution for the correlation function.

In spite of the limitations of the method described in
this paper, we believe this work opens up new possibili-
ties for the theoretical and experimental study of Browni-
an motion and interactions between colloidal particles
and surfaces.

II. THEORETICAL BACKGROUND
ON DIFFUSION

A. Free diffusion

Let us consider a spherical particle of radius R execut-
ing Brownian motion in a liquid of viscosity 7. The par-
ticle of interest is far from any surface. By ‘“far” we
mean that the particle-surface separation distance Z is
very large compared with R (R /Z <<1). The motion of
the particle is described by the diffusion equation [7]

dP(r,7|r’,0)

ot
where P(r,7|r’,0) is the conditional probability of finding
the particle at position r at time ¢ =7 if at t =0 it was at

position r’; D, is the free-particle diffusion coefficient.
The Stokes viscous force on the particle is given by

Fy=pv=6mmRv , (2)

=D,V?P(r,7|r',0) (1

where v is the speed of the particle and p is a friction
coefficient. The Einstein-Stokes equation is written as
kgT  kgT

= =—, 3

where kjp is Boltzmann’s constant and T is the absolute
temperature. A solution to Eq. (1) can be written as

exp(—|r—r'|2/4Dy7)

(4mDy7)>

P(r,7|r',0)= , 7=0. (4)

B. The wall’s mirror effect

Let us consider the Brownian motion of a very small
particle near a reflecting plane surface placed at Z=0. If
the particle is sufficiently small such that the change in its
diffusion coefficient occurs in a very thin boundary layer
adjacent to the surface, and can be neglected in the
overall motion, the only effect due to the wall is to break
the translation symmetry of the problem. The motion of
the particle is described by the same equation (1) but with
reflection boundary conditions at Z =0, then [7]

M. I. M. FEITOSA AND O. N. MESQUITA

bS

exp(— |ry—r'||>/4Dy7)

P(r,7|r',0)=
i (4wDy7)*"?
(z—2')
X _——
exp 4Dyr
(Z ZI)Z
+ —_— , T 5
exp 4Dy7 J 720 (5)

where ry and r|’| are the particle position coordinates in
the x-y plane parallel to the surface, and Z and Z' are the
coordinates normal to the surface.

C. The wall-drag effect

Let us consider now the Brownian motion of a large
particle near a reflecting surface. In addition to the
wall’s mirror effect described in Sec. II B, we have to
take into account the change in diffusion coefficient due
to the wall-drag effect as the particle approaches the sur-
face. In order to determine the change in diffusion
coefficient, one has to determine the change in the Stokes
viscous force. This problem has an old history initiating
with Lorentz in 1907 and Faxen in 1927, as mentioned in
a more recent paper by Brenner [8]. Brenner undertook
the calculation of the Stokes viscous force Fg, for a
spherical particle moving normal to a flat surface. Using
the creeping-flow approximation for the hydrodynamic
equations he obtained

Fg,=FoA,, 6)
where
A, =4sinha
hd nin+1)
X e ——— e
nzl (2n—1)(2n +3)

2sinh[(2n +1)a]+(2n +1)sinh(2a)
4sinh?[(n +1)a]—(2n +1)*sinh’a

N

with a=cosh™Y(Z /R), where as before R is the particle
radius and Z is the distance from its center to a surface.
The complicated expression (7) can be replaced by a
simpler one,

A=1+ % R (8)
where S=Z —R. for S/R =0.1 the error made when we
use Eq. (8) is around 5% and decreases as S /R increases.

Goldman, Cox, and Brenner [9] have discussed the
problem of the Stokes viscous force Fg; on a spherical
particle moving parallel to a flat surface. They made a
comparison between two approximate analytical solu-
tions and an exact numerical solution. In the region
S/R Z0.04 the approximate solution by Faxen gives
good results, with errors smaller than 5%. Faxen’s solu-
tion can be written as

Fg=Fohy , ©
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where
3
9 |R 1|R
= 1—.__ —_ — | =
A 6|z | 8|z
_4s [R|_1[R 10)
256 | Z 16 | Z

The diffusion coefficient of a particle near a surface can
then be written as

DO ‘DO
D,==2 =0
' A

}\l and .D” =

(11)

Besides the reduction effect, the diffusion coefficient be-
comes anisotropic as the particle approaches a surface
(Dﬁ&D“ ). The problem now is to calculate P(r,7|r’,0)
with a reflecting wall at Z =0 and the wall-drag effect in-
cluded. The equation for P(r,7|r’,0) then reads

ax? dy?

3P _
5 =D

2
+p, (232

(12)

This equation is not trivial to solve, and we shall pur-
sue an approximate solution in the next section.

III. TIME AUTOCORRELATION FUNCTION
OF THE SCATTERED LIGHT
BY BROWNIAN PARTICLES

With the technique of photon correlation spectroscopy
in a homodine detection scheme, one measures the time
autocorrelation function of the scattered light intensity
(I()I(t+7)). For a review on this subject see Refs. [10]

and [11]. For light scattered by many independent
Brownian particles one can write
INI(t+7))
) py= MOLEHT)) 4y o2 13)
¢ (1(0)? §
and
—iwyT
(1)(,’.)= € E-(r)E-(r')eiq'(r“")
g lEi|2 fv fu 1 1
X P(r,7|r',0)drdr’ , (14)

where w, is the frequency of the incident light, E;(r) and
E.(r') are the field amplitudes of the incident light for a
single polarization at positions 7 and r’, and q is the
scattering wave vector. If the scattering volume is uni-
formly illuminated one has

g(l)(r)=e_iw°ff feiq'("_‘)P(r,TIr’,O)drdr’ . (15)

A. Free diffusion

For free diffusion and uniform illumination one can use
Egs. (4), (15), and (13) to obtain

—iwyr —q2D,T
g WV(r)=e¢ e 170

9Z? 9Z dZ
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and

—2q2D0‘r

gP(r)=1+e (16)

If particles of different sizes are present there is a dis-
tribution of diffusion coefficients. In this case g%(7) is not
a single exponential but a superpositon of exponentials.
One of the methods to analyze such a correlation func-
tion is the method of cumulants [10,11], where
o —\m
In[g?(r)—1]= 3 L AL

!
m=1 m:

For a single exponential only the first cumulant
k,=2¢%D, is different from zero. In most practical situ-
ations we only keep the first two terms of the expansion
above. The ratio k, /k? is called polydispersity and gives
an estimate of the width of the diffusion coefficient distri-
bution. The polydispersity is a measure of how far the
correlation function is from a single exponential.

B. The wall’s mirror effect

Lan, Ostrowsky, and Sornette [3] have calculated
g(r) considering the wall’s mirror effect with an
evanescent wave geometry. In that case E;(r)=Eye /¢
and E;(r')=E,e "%, where £ is the penetration depth of
the evanescent wave. They obtained

—j — 2
g“)(T):e 1w0‘re qHDOT

X Re[efzerfc(f)] - ;l—é_lm[efzerfc(f)] ,
1

with f=[(Dy7)2/E](1+iq &), where g and g, are the
scattering wave vectors parallel and normal to the sur-

—n2
face. 1f ¢, =0, [g"" NP 1If £>>(Dyr)'? then

lg V()| =e ? Po”  In both cases the free diffusion
single-exponential behavior is obtained and the wall’s
mirror effect is lost. Therefore, if we want to isolate out
the wall-drag effect from the wall’s mirror effect it is
sufficient to work with g, =0 or with uniform illumina-
tion in a sample whose thickness is much larger than
(Dor)'2.

()| =e

C. The wall-drag effect

To obtain gV(7) including the wall-drag effect, one has

to calculate P(r,7|r’,0) from Eq. (12), plug the result into
Eq. (15), and solve the integral equation, which is a for-
midable task. In our experiments we have observed that
the correlation functions were most of the time reason-
able single exponentials with polydispersities about 30%
or less for large scattering angles (6 =90°). These results
encouraged us to write a zero-order approximation for
the correlation function as

gP(r)=1+exp(—2¢f(D|)7—2¢} (D )7+k,7),
17

where
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(p)=["P(2D(2)dZ ,
o (18)
<Dl)=f0 P(z)D,(Z)dZ ,

with P(Z) the normalized equilibrium distribution of par-
ticle positions along the direction normal to the surface.
What is behind our approximation is that we have a great
number of particles distributed along Z. In a short time
interval we can think that each of these particles executes
Brownian motion around different positions Z’, such that
during this motion the diffusion coefficients D(Z")
remain constant. This approximation is better for larger
scattering angles where the relaxation time of the correla-
tion function is shorter, such that during this time the
particles move very little around Z’. Therefore we ap-
proximate Eq. (12) for motion around Z' as

d’P
3Z?

2 2
a12>+a1:
ox oy

oP _ ,

+D,(Z")

and as a consequence
g(Z)(T,Z')=l+exp[—2qﬁD“(Z’)'r—2qul(Z’)‘r] s
and finally,
g¥ ()= ["P(z"gP(r,z"dZ" .
0

We can then make a cumulant analysis of g‘?'() above
to obtain Eq. (17). For g, =0 the polydispersity 7 in this
approximation is given by P=( (Dﬁ Y—{(D ) /{D)*
and for ¢y =0, P=({D})— (D )*)/{(D;)*. From nu-
merical estimates based on this approximation applied to
our experiments we expect polydispersities of at most
5%.

IV. DOUBLE-LAYER REPULSION

Let us consider the interaction between equal-sign
large charged particles in an electrolyte. The presence of
mobile ions in the solution weakens the Coulomb repul-
sion by a process known as Debye screening. Ions of op-
posite charge form a diffuse cloud around the surface of
the charged particles, which has a net charge equal and
opposite to that of the surface. The thickness of this
cloud is called the Debye length L, and is given by [4],

L (19)
2@2’10 ’

D=

where € is the dielectric constant of the solution, n, is the
ionic strength, e is the proton charge, and kT is the
thermal energy. This diffuse cloud together with the lay-
er of fixed charges on the particle’s surface is called the
double layer. The Coulomb repulsion acts between two
particles if their double layer overlaps. As one increases
the ionic strength, L, decreases, then the particles can
get closer. If they approach sufficiently for the van der

Waals attraction to act, aggregation may occur. Typical- .

ly Lp can vary from 1 nm in physiological saline up to
about 1 pum in deionized water [5]. The same effect can
occur between charged particles and charged surfaces. If
L}, decreases, particles may be adsorbed onto surfaces.
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We can estimate the double-layer potential energy be-
tween a spherical particle and a flat surface using the
Derjaguin approximation [6]:
Up (S)=4de /|

where S =Z —R, with Z the distance from the center of
that particle to the surface and R the particle’s radius. A4
is a constant that depends on the surface potentials. If
the gravitational field is normal to the surface one can
write the gravitational potential energy as Ug(S)=GS,
with G =4%7R 3Apg, where g is the acceleration of gravity,
Ap=pp—p;, where pp is the particle density and p; is
the liquid density. Thus the total potential-energy profile
of sedimented charged particles on an equal-sign charged
surface is

—[(Up (YT ULS)/kyT
P(S)=Ce oS UetS7k

>

where C is a normalization constant. There is an equilib-
rium position S, such that (d/dS)[Up(S)
+ UG(S)]SO=0. If we write P(S) in terms of S, one has

—(S—=S4)/L

—(GLpe P +GS)/k, T

P(S,S,)=Ce (20)

P(S,S,) gives the probability of finding a particle at
position S. For typical L, P(S,S,) decays very abruptly
for §<S,. In this case we can think that there is a
reflecting wall at S,. In this approximate analysis we
have neglected the van der Waals force, which may be-
come important for very small particle-surface separation
distances.

V. EXPERIMENT

A. Sample preparation and experimental setup

All experiments are performed with deionized water
suspensions of calibrated latex spheres (R =1.0 um) from
Duke Scientific Co. Ionic strengths are varied by adding
small amounts of NaCl to the solutions. In the various
experiments the solutions are squeezed between two
right-angle glass prisms, forming thin films. The prisms
have optically polished surfaces with sides of 3 cm, and
the separation between them is determined by mica
spacers. The concentration of latex spheres is such that if
in a given experiment all the spheres come to form a
monolayer, the average separation distance between them
is always larger than 16 um. This assures that interac-
tions between the spheres are negligible. The prisms were
carefully cleaned in a sequence of baths: ultrasonic, tri-
chloroethylene, acetone, and ethanol; all chemical com-
pounds were spectroscopic grade. The working solution
is placed between the prisms inside of a clean plexiglas
box with a positive pressure of pure argon. Only after
clamping the prisms together is the sample taken out of
the clean box. This procedure is very important to avoid
dust particles and to have reproducible surface condi-
tions. To prevent evaporation of the solution film, the re-
gion of contact between the prisms is sealed around with
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heated beeswax.

Our light-scattering setup is standard for photon corre-
lation spectroscopy [10,11]. We used a He-Ne laser of
1 mW made by Opto-Eletronica—Sado Carlos (Brazil), and
a correlator made by Brookhaven Instruments Co. (mod-
el BI2030). The collection optics consists of two pinholes
(Py=2 mm and P, =200 um) and focusing lens L (f =20
cm), to illuminate the photomultiplier (RCA-C31034176)
under a coherence area. The optical system and sample
are mounted on a homemade vibration isolating table.
The whole system was checked against vibrations and the
sizes of latex spheres of diameter 85 nm were measured
by photon correlation, for comparison purposes. The
measured radius agreed with the factory value within
8%. An additional difficulty arises when we perform
light scattering near surfaces. In our case, since the in-
dices of refraction of the glass and water are different
(1.50 and 1.33), high-quality optical surfaces are needed
to avoid static scattering at the glass-solution interfaces.
In order to guarantee a homodine detection scheme, we
mapped out the intensity scattered statically by different
regions of the glass-water interface without the latex
spheres. The intensities measured were always about ten
times smaller than the scattered intensity by the solution
with the spheres. This residual static scattering caused a
slight increase in the polydispersity of the correlation
functions. As mentioned before, g'?’(7) is the quantity
measured in the homodine configuration. The scattering
wave vector is q=ky—kg, where ky and kg are the in-
cident and scattered light wave vectors, respectively. For
quasielastic scattering |k %lks|, then, g =2ksin(6/2),
where 0 (the scattering angle) is the angle between k, and
kg.

B. Measurements of the diffusion coefficient
with gravity g parallel to the surfaces

The experimental scheme used is shown in Fig. 1. The
working solution was placed between the two prisms,
which were clamped together with a mica spacer at one
end. The other ends of the prisms were kept in close con-

' SOLUTION

MICA SPACER
(a)

(b)

FIG. 1. Experimental geometry for measurements of the
diffusion coefficient of latex spheres between two glass surfaces
with gravity g parallel to the surfaces. (a) Detail of the wedged
gap with a solution; (b) scattering geometry; (c) scattering wave
vector q parallel to the surfaces.
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tact. This wedged gap with the solution was important,
because it allowed us to vary continuously the separation
distance h between the glass surfaces by moving the
whole system up and down without changing the optical
alignment. The vertical motion was provided by a pre-
cision stage attached to the prisms, such that the vertical
readings of the stage micrometer could be converted to
separation distance h between the glass surfaces. Typi-
cally a vertical displacement of 1 mm corresponded to a
variation in A of 0.8 um. The error in vertical readings
was of 5 um, resulting in a negligible error in A of 0.004
pm. The thickness of the mica spacers was measured
with a Mytutoyo digital micrometer with precision of
+0.5 um. Typically we used spacers of 20 um, and the
error in the measured thickness was about 5%. The
width of the laser beam at the surface was always smaller
than 300 um. The variation of & along the beam was at
most 0.24 um. The smallest 4 used in our experiments
was around & =4 um. The overall error was 10% for the
smallest 2 and decreased as 4 increased. In Fig. 1 we
show (a) the detail of the wedged gap with the solution,
(b) the scattering geometry, and (c) the scattering wave
vector parallel to the surfaces.

The measured correlation functions were analyzed by
the method of cumulants. Since g, =0 in these experi-
ments, from the first cuamulant one obtains the value for
(D). The polydispersities varied from 10% up to 30%,
with no clear correlation with h. Since Dy,=2.2X10"°
cm?/s we can obtain (A ')=(D;)/D,. A plot of
(k[ 1) as a function of % is shown in Fig. 2. The dots are
the experimental data and correspond to measurements
in the same run. Different runs presented essentially the
same results. In Sec. II C we developed the theory of the
wall-drag effect for colloidal particles near a single sur-
face. In our experiments we have the particles between
two surfaces. We will assume that the corrections to the

0601

045}

C30

000 L , . . , ‘
20 35 40 50 65 80 a5 1o 125

h (um)

FIG. 2. Dots are experimental data of the ratio (7»”' ') be-
tween the parallel diffusion coefficient near the surfaces and the
free diffusion coefficient of latex spheres as a function of the sep-
aration distance /4 between the glass surface for measurements
with gravity g parallel to the surfaces. Theoretical curves I, II,
and IIT are described in the text.
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Stokes force due to each surface can be added linearly.
Correction in the viscous Stokes force caused by surface 1
can be written as A;=FyA,—F,=Fy(A;—1); correction
due to surface 2 can be written as A,=Fy(A,—1). The
total correction will be A=A ;+A,=Fy(A4s—1), then
Agg=A;+A,—1. If the distance of the center of a particle
from surface 1 is Z, its distance from surface 2 is 4 —Z.
Then

R

hea =2 -z

+A

R
S — 21
7 1, 2D

with A given by Eq. (8) or (10). Our measurements must
then be compared with

A= [ “P(Dj4dZ . (22)

The linear superposition used is expected to give better
results for larger hs. For smaller hs, hydrodynamic in-
teractions between surface 1 and surface 2 mediated by
the motion of the particle can be important, thus this ap-
proximation should become worse. For comparison, let
us consider the result of Faxen [8], who calculated A for
a sphere between two flat surfaces when R/Z <<1.
When the particle is at the middle distance between the
two surfaces (h/2), Faxen’s complete solution gives
A” =1+1.004R /(h /2), whereas our linear superposition
gives A =1+1.125R /(h/2). The two solutions are
reasonably close, indicating that our approximation is not
too bad.

The theoretical curves I, I, and III indicated in Fig. 2
were obtained from Egs. (21), (10), and (22) for different
distributions P(Z). In curve I the particles were assumed
uniformly distributed along the solution. Therefore,

(h—2R)"!', R<Z=<h—R

PUZI=10 otherwise Z .

In curve II the particles were assumed to be centered be-
tween the surfaces; therefore Py (Z)=8(Z —h /2).

In curve III the particles were assumed uniformly dis-
tributed in the solution, but remained at position Sy =1
pm away from the surfaces for # >4 yum and at the mid-
dle of the solution for # <4 um. Therefore, for h >4 um,

(h—2R—25,)"', R+Sy<Z<h—R-—S,

P (2) [0 otherwise Z,

and P(Z)=8(Z —h /2) for h =4 um. The assumptions
behind curves I and III is that there is a strong repulsion
between the particles and surfaces: in curve II this repul-
sion is of long range and in curve III this repulsion acts
up to a distance of 1 um from the surfaces. If we look at
the data for large hs, we cannot decide between curves II
or IIl, but we can say that the particles remain at least
1 pm away from the surfaces. This distance (1 pum) is of
the order of the Debye length for deionized water, similar
to the one used in our experiments. We will show later
that, in fact, the particles remain away from the glass sur-
faces without adsorption due to the double-layer repul-
sion. For small values of A the discrepancy between all
theoretical curves and the experimental data is apparent.
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This discrepancy may be due to a failure of the superposi-
tion principle, and then may be of purely hydrodynamic
character. We note, however, that at least in the region
R /Z << 1, Faxen’s complete solution results in smaller
viscous forces than those given by our linear superposi-
tion approximation, which would increase the discrepan-
cy between our experimental data and theory for smaller
values of 4. In addition, we cannot disregard the possibil-
ity of an additional friction due to electrical interactions
between the particles, the electrolyte, and the glass sur-
faces [12]. If the scattered light is collected along the
direction of the reflected beam indicated in Fig. 1, the
scattering wave vector would be normal to the surfaces
and then we could measure {(A; !). Even though we tilt
the prisms slightly to avoid the reflected beam to enter
directly into the collection optics, a large amount of for-
ward scattering reflected at the second surface will be col-
lected together with the light of interest. Then we have a
mixture of light scattered at angle 6 and m—6. As a re-
sult the correlation functions are highly nonexponential.
In addition, at smaller scattering angles the relaxation
times of the correlation functions are larger and our ap-
proximation that D|(Z) and D (z) are constant during
this time becomes worse. As a rule, when a geometry is
good for measuring D, it is bad for measuring D and
vice versa.

C. Measurements of the diffusion coefficient
with gravity g normal to the surfaces

In this experiment we were mainly interested in observ-
ing sedimentation effects. The geometry used is shown in
Fig. 3. If we use laser 2, (¢, /g )>=6, therefore the decay
time of the correlation function is dominated by g2{D, )
in the region where D, =D|. For laser 1, (g,/q,)*=6,
then the decay time is dominated by qﬁ (D" ). In princi-
ple, in this way we could obtain both (D, ) and (D).
But due to the reasons pointed out in the last section, the
measurement of (D” ) in this geometry is very difficult to
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(a)

FIG. 3. Experimental geometry for measurements of the
diffusion coefficient of latex spheres between two glass surfaces
with gravity g normal to the surfaces. (a) Scattering geometry;
(b) scattering wave vector q if laser 1 is used; (c) scattering wave
vector q if laser 2 is used.
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FIG. 4. Experimental data for the perpendicular diffusion
coefficient (D, ) as a function of separation distance & between
the glass surfaces. Sedimentation of the latex spheres on a glass
surface is apparent, since for large values of 4, (D, ) saturates
at approximately D, /2. Theoretical curves I, II, III, and IV are
described in the text.

make and is not reproducible. The data shown in Fig. 4
are taken with laser 2. We then consider that the decay
of the correlation function was only due to g2{D, ). This
approximation becomes worse for small hs where
D <D,. This experiment then emphasizes the impor-
tance of having pure geometries, with the scattering wave
vector completely parallel or completely normal to the
surfaces. The theoretical curves indicated in Fig. 4 were
obtained for different P(Z). In curve I the particles are
assumed distributed uniformly in the solution; in curve II
the particles are assumed in the middle of the solution
film; curve III is the asymptotic (A =12 um) expression
obtained with P(Z,S;) from Eq. (20) with Ap=0.05
g/cm® and S,=0; curve IV is the same as curve III with
Ap=0.07 g/cm® and S, =1 um. The effect of sedimenta-
-tion is clearly seen for 4 > 12 um, where the experimental
data are well below curve I. The value Ap=0.05 g/cm3
is the accepted value for latex spheres in water. Prieve,
Luo, and Lanni [6] have observed that their experimental
data would agree better with theory if they had used
Ap=0.07 g/cm? rather than Ap=0.05 g/cm’. For some
reason that we do not understand, the discrepancy be-
tween experiment and theory for smaller values of 4 for
(D) was smaller than in the previous case of (D“ ).
Perhaps the assumption that the decay time was only
caused by the term g{D,) has introduced errors that
partially canceled the errors introduced by the other ap-
proximations. The important consequence of this experi-
ment is that it is possible to detect sedimentation by this
method. In the next section, though in a different
geometry, we will explore this possibility to study interfa-
cial forces.

D. Measurements related to the double-layer repulsion

In the last two sections the effect of repulsion between
the surfaces and particles as well as the effect of sedimen-
tation were clearly demonstrated. In this section we will
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FIG. 5. Experimental geometry for measurements of
particle-surface separation distances during sedimentation. (a)
Scattering geometry; (b) scattering wave vector parallel to the
surfaces; (c) detail of the scattering volume.

show that the interaction observed is due to the double-
layer repulsion and that photon correlation spectroscopy
can be used to study interaction forces between surfaces
and colloidal particles.

To avoid the linear superposition done before when we
dealt with particles between two surfaces, we used mica
spacers of 200 um, such that one glass surface was very
far apart from the other. For particles sedimented on one
of the surfaces the problem was then restricted to interac-
tions between particles and a single flat surface.

We have used suspensions of latex spheres (R=1.0
um) in deionized water. To vary the ionic strength of the
solution we added small amounts of NaCl in concentra-
tions from zero up to 40 mol/m>. In addition to NaCl,
0.5 mol/m? of SDS (C;,H,sNa0,S) was included in the
solution to inhibit sticking of particles to the glass sur-
face.

For the concentration of SDS used we have observed
some adsorption of particles on the glass surface for
NacCl concentrations higher than 40 mol/m>. The experi-
mental geometry is shown in Fig. 5: (a) scattering
geometry; (b) scattering wave vector parallel to the sur-
faces; (c) scattering volume. Here we do not have a
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FIG. 6. Measured linewidth I" of the light scattered by latex
spheres during sedimentation as a function of the time interval
after inversion of the prisms.



6684

50 T T T
o 40F .
> 30 e -
= °
= e o -
2 ° oW w e ®e®, 0o
8 o0 * 9w oe° .
) ° . e o °p o o m®we
° [
2 c e, " 2 o L 3
] [ J
g 10

o i 1 L

0 50 100 150 200
time (min)

FIG. 7. Polydispersity as a function of time for the data of
Fig. 6.

wedged gap as in the previous sections, the separation
distance between the two glass surfaces being uniform
and equal to 200 um. After the solution is placed be-
tween the two prisms following the same procedure as be-
fore, we wait for about 1 h to assure that complete sedi-
mentation has occurred. After that we invert the prisms,
and the particles start to move towards the other surface.
We then start to record correlation functions. The
linewidth I' increases as the particles go towards the
center of the sample away from the surfaces. Since the
surfaces are far enough apart, these measurements give us
the bulk value for the diffusion coefficient. As the parti-
cles approach a surface, the linewidth I' decreases until a
stationary value is achieved, when most of the particles
have sedimented. The variation of I' as a function of
time during sedimentation is shown in Fig. 6. The po-
lydispersity is shown in Fig. 7. The polydispersity was al-
ways smaller than 30%, with no correlation with the sep-
aration distance between the particles and the surface.
By averaging the maximum values of I' one obtains
(I'y), and by averaging the minimum values of I" one ob-
tains (I';). From the ratio (T')/(Ty)=(D;)/(Dy)
=(7L"_ 1), We repeat the experiment by inverting the
prisms again, then one can do a few runs with the same
sample. The thickness of the mica spacer (200 um) was
chosen such that complete sedimentation occurred in
about 1 h. The advantage of this method is that (A ')
was obtained from a relative measurement, where we do
not need to know the exact value for the scattering angle,
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FIG. 8. Variation of (I} /{To)=(Dy)/{Dy)=(A[ ') asa
function of the concentration of NaCl in the solution of latex
spheres. The data indicate that the spheres approach the glass
surface for smaller Debye lengths.

the exact viscosity of the solution, or the exact index of
refraction. We have done experiments for different con-
centrations of NaCl, and consequently different Debye
lengths. In Fig. 8 we show the plot of (A ') as a func-
tion of NaCl concentration in the solution. The error
bars are the standard deviation of the data from two runs
(we inverted the prisms twice) and data collected from
different regions of the surface after complete sedimenta-
tion. This was done for each solution with different L.
It is clearly seen that the particles get closer to the sur-
face as one decreases the Debye length of the solution by
adding NaCl. This is a manifestation of the Debye
screening of the Coulomb repulsion between the particles
and surfaces due to the presence of an electrolyte. The
next step is to obtain the particle-surface separation dis-
tance as a function of the Debye length. To do that we
solved numerically the following integral equation by
varying the value of S:

<)\'|I~1 >measured: fowk“_l(z)P(Z,So )dzZ N

with k”_](Z) from Eq. (10) and P(Z,S,) from Eq. (20),
replacing S by Z—R. In Table I we show the positions
S, obtained as a function of the Debye length L, for
both Ap=0.05 and 0.07 g/cm? for various concentrations
of NaCl. Some of the data could not be fitted adequately.
This possibly indicates some partial adsorption, or

TABLE 1. Average particle-surface separation distances S, as a function and NaCl concentration in
the 0.5-mol/m? solution of SDS for Ap=0.05 and 0.07 g/cm>.

Crnaci So (um) So (um)
(mol)/m? Lp (nm) (A Ap=0.05 g/cm? Ap=0.07 g/cm?
0 4.3 0.81 0.61 0.88
2 3.7 0.78 0.29 0.53
5 3.1 0.77 0.22 0.45
20 1.9 0.73 0.20

40 1.4 0.63
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perhaps that Faxen’s solution is no longer accurate for
such short distances. In addition, van der Waals forces
and ionic friction, which were neglected in the present
description, may be important at such small separation
distances. Spatial resolution can be increased by using
larger particles such that P(Z,S,;) becomes much nar-
rower.

VI. CONCLUSIONS

In the first part of this work we reported the observa-
tion by photon correlation spectroscopy of the reduction
of the diffusion coefficient of colloidal particles near sur-
faces due to the wall-drag effect. We were able to give an
interpretation of the data for large particle-surface sepa-
ration distances based on known theories of the wall-drag
effect. At smaller separation distances the values for
(D| ) were considerably smaller than the theoretical pre-
dictions. Possible sources for this discrepancy are the use
of linear superposition for hydrodynamic interactions or
other effects not considered, such as ionic friction due to
electrical interactions between the colloidal particles,
electrolyte, and surfaces. For reasons that we do not un-
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derstand the measured values for (D) agreed better
with the hydrodynamic theory used than those for (D” ).

In the second part of this work we reported the use of
photon correlation spectroscopy to study double-layer
repulsion between colloidal particles and surfaces. The
experimental results clearly show that the colloidal parti-
cles approached the glass surface as the Debye length of
the solution was decreased, a manifestation of Debye
screening.

As our work indicates, additional theoretical and ex-
perimental work is necessary to utilize this technique ful-
ly for further investigations of Brownian motion of col-
loidal particles near surfaces.
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