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Forces between a Rigid Probe Particle and a Liquid
Interface: Comparison between Experiment and Theory
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Forces between asilica colloidal particle probe and an immobilized decane droplet in a range of surfactant
(sodium dodecyl sulfate, SDS) solution concentrations have been measured using the atomic force microscope.
Independent measurements of the droplet { potential, colloidal probe surface potential, contact angle,
interfacial tension, and probe radius are used as inputs into the interpretive theory developed by Chan
et al. (J. Colloid Interface Sci. 2001, 236, 141) to provide a quantitative understanding of the measured
forces operating at liquid—liquid interfaces. The theory is used to determine the true separation between
the solid and the deformable liquid interface. It provides the link between interfacial deformation and
disjoining pressure due to electrical double layer and van der Waals interactions in contributing to the
observed force in these experiments. Within experimental error, the theory is able to account for the force
vs displacement data obtained from atomic force microscopy measurements. It is shown that, in the presence
of SDS, the interaction is always repulsive. As a result of the deformation of the droplet shape, forces up
to 5 times larger than those observed between solid surfaces are seen. Variations in the interfacial tension

of the deformable droplet have the largest effect on the measured forces.

Introduction

The measurement of surface forces has, for many years,
been the focus of much interest in the field of colloid and
surface science;? the long-range interactions between
particles controls the stability of a dispersion against
coagulation or flocculation. In addition, the rheology of
dispersions can also be determined to a large degree by
interparticle forces. The interaction of solid colloidal
particles with deformable liquid interfaces is of funda-
mental interest in many technologically important areas
such as mineral processing, fluid—fluid processing, and
biomedical technologies. For example, a detailed under-
standing of the surface forces acting between solid—water
and oil—water interfaces is critical in order to control the
adhesion and transfer of particulate material in aqueous
and nonaqueous media.

The measurement of surface forces involving liquid
particles is complex due to interfacial fluidity and de-
formability. It is known that these two features can have
significant effects on hydrodynamic interactions and the
resulting dynamic properties of such systems,®8 which
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determine the kinetic stability of emulsions against
coalescence.®™> Interactions involving deformable inter-
faces are often interpreted in terms of measurable
properties such as contact angle, interfacial tension, and
electrophoretic mobility. Such measurements alone pro-
vide a qualitative correlation with long-range interactions
in such systems but do not furnish details about the
response of a deformable interface to the force field of an
approaching particle or surface.®

The surface force apparatus (SFA)! was originally
developed to measure interparticle forces between two
molecularly smooth mica surfaces. The SFA has contrib-
uted to the understanding of the forces down to separations
of molecular scale and their quantitative correlation with
surface properties.'? The development of the atomic force
microscope (AFM) has enabled measurement of in situ
interaction forces between any kind of surfaces and not
justmolecularly smooth ones. Ducker et al.*3first reported
the attachment of a colloidal particle, typically 5 um in
diameter, to the AFM cantilever and used this particle to
probe surface forces. Although the colloidal probe tech-
nique of atomic force microscopy is now a routine method
for exploring interfacial phenomena between two solid
surfaces,'®'* precise measurement of such forces when
one or both of the particles is deformable has been more
elusive.

The first direct measurements of particle-deformable
interface interactions were made by Butt.'®* He measured
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forces between a silica particle attached to the AFM
cantilever and an air bubble anchored to the piezo-driven
stage in an aqueous environment. Similar experiments
with air bubbles have been reported.'6~22 Measurements
of forces between a probe particle and sessile oil drops
submerged in water have been reported by Mulvaney et
al., Synder et al.,>* Hartley et al.,?®> Basu and Sharma,?®
and Aston and Berg.?":?8

The methodologies for the study of interactions between
nondeformable surfaces are well established, and for well-
characterized systems, experimental results are in good
agreement with theoretical predictions.?®=31 Unfortu-
nately, an interpretation of AFM interparticle-force
experiments is not straightforward when the surfaces can
deform during interaction. Because of such deformations,
the surface shapes and hence the effective interaction
areas are not known a priori, but they will vary with
surface separation. The other difficulty with measure-
ments involving a deformable surface is the lack of a
gquantitative theoretical model. Until recently, the inter-
pretation of these measurements requires the additional
assumption that the bubble/drop behaves either as an
elastic or a nondeformable solid. For instance, the work
of Ducker et al.’® requires the assumption that the air
bubble deforms in a linear manner in order to estimate
the separation between the two interfaces in AFM force
measurements.

To avoid additional assumptions as to how an interface
may deform, it is necessary to model surface deformation
and surface forces in a consistent way. Miklavcic and co-
workers®?735 have recently addressed the mathematical
complexities associated with a deformable fluid interface
and a flat solid using the augmented Young—Laplace
equation to describe the drop profile evolution in a surface
force experiment. This theory has been tested against the
work of Horn et al.,?® who measured surface and hydro-
dynamic forces between a mercury drop and a flat mica
surface, using a modification of the SFA, and showed
reasonable agreement between experiment and theory.

Another theoretical model was developed by Bhatt et
al.3” Although they developed a way of comparing experi-
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ments to theoretical predictions, they did not give a direct
comparison between theory and experimental data.

Aston and Berg?"28 reported force measurements be-
tween a polystyrene particle and a hexadecane droplet at
varying salt concentrations and at a single sodium dodecyl
sulfate (SDS) concentration. There were two observations
that differ from the work reported here. They did not report
any engulfment of the colloidal probe by the droplet, which
we saw in all of the salt systems without the presence of
SDS. They also observed a dependence of their force curves
on speed if the piezoelectric stage was driven above 2 um/
s. We do not observe any systematic speed dependence in
the range 0.04—3.7 um/s.

Chan et al.! modeled the AFM measurement of forces
between a solid colloidal particle probe and a deformable
liqguid sessile drop on the piezo-driven stage. They
developed a theory to relate the observed force to the
known displacement of the stage while taking into account
deformations of the liquid interface. These experimentally
accessible quantities can be modeled in terms of the
disjoining pressure, I1, the surface potential of the colloidal
probe and the droplet at infinite separation, .1, Y2,
interfacial tension, y, Debye length, «~1, contact angle, 6,
particle probe radius, a, and the dielectric and spectro-
scopic properties of all media. From this theory, it is
possible to deduce a quantitative picture of the deformation
of the liquid interface as a function of separation.

In this paper, we investigate the force—distance profile
for a range of SDS concentrations. We compare our
experimental results with theory in some detail. Inde-
pendent measurements of droplet ¢ potential, colloidal
probe surface potential, contact angle, interfacial tension,
and probe radius are used as inputs into the interpretive
theory! to provide a quantitative understanding of the
measured forces operating at liquid—liquid interfaces. The
theory also allows the determination of the true separation
between the solid—liquid interface and provides an
understanding of the interplay between interfacial de-
formation and surface forces in this system and known
material properties needed to calculated electrical double
layer and van der Waals interactions with retardation
and salt-screening effects. The picture that emerges has
important implications in understanding both emulsion
stability and wetting phenomena.

Theory

To understand force measurements involving deform-
able surfaces, it is necessary to revisit details of the way
output from AFM measurements is processed to facilitate
comparison with theory. The schematic layout of the AFM
apparatus is given in Figure 1a for the case of a colloidal
probe particle of radius, a, interacting with a droplet.
During force measurements, the decane droplet is driven
toward the colloidal probe particle via the piezo displace-
ment, I, of the stage. The force, F, between the particle
and the droplet is obtained by monitoring the change in
the photodiode voltage that is proportional to the deflec-
tion, d, of the cantilever with known spring constant, K..
The application of Hooke’s law gives

F=Kd 1)

From the geometry of the apparatus, Figure 1a, the
cantilever deflection, d, the distance of closest approach
between the particle and the droplet, D,, and the height
of the apex of the drop, z,, are related by

d=1+D,+z,+2a—-L (2)
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Figure 1. (a) Schematic diagram of the interaction between
a colloidal probe particle attached to the AFM cantilever and
a deformable droplet. The undeformed (original) shape is
represented by the broken line. (b) Schematic illustration of
the variation of the cantilever deflection, d, with the displace-
ment, |, of the stage for repulsive interactions.

The schematic variation of cantilever deflection, d, with
the displacement, | for repulsive interactionsis illustrated
in Figure 1b.

If the droplet is a rigid body (where z, is a constant), a
plotof d vs I exhibits a linear compliance region (see Figure
1b) in which the distance of closest approach, D,, attains
some constant value D, that is independent of | and may
be regarded as the “zero” separation. By fitting a straight
line to this linear region

y=ml+c=1+D,+z+2a-L) (3

where mis equal to unity for arigid system, we can deduce
the separation between two interacting rigid bodies by
subtracting eq 3 from eq 2 to give

D,— D, =d—y (dropletas arigid body) (4)

If the droplet is treated as an effective linearly elastic
body with an elastic constant, Kq, the force will also be
proportional to the deformation of the droplet

F =Ky ~ 2,) ®)

where z; is the height of the apex of the undistorted
interface. Combining eqs 2 and 5, we have

K

ded+Kc

(I + D, +z°+2a—L) (6)

and the straight line fit to the linear compliance region
is
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Kg

y=ml+c Zm

(I+D,+zy+2a—1L) (7)

where the slope of this line, m = Ky/(Kq + K;), provides an
estimate of the effective elastic constant of the droplet.
The separation between the particle and the droplet can
be obtained from

Ky + K,
D, — D, :T(d—Y)

(droplet as an elastic body) (8)

which again facilitates the extraction of force vs separation
data from AFM measurements.

When the droplet deformation is governed by interfacial
tension and surface forces, it is necessary to know how
the droplet profile and, in particular, the droplet height,
Zo, Varies with separation, D,, in a self-consistent way. If
the disjoining pressure between the particle and the
droplet interface can be specified, the droplet shape and
the height, z,, can be calculated in terms of the separation,
D,, via the Young—Laplace equation augmented by the
specified disjoining pressure. Thus, for deformable drop-
lets, we compare experimental force data presented in
the form

[Fexpt =] Kd Vs A(d = Deype [= A(Dg + Zp)exprl ©

with the theory given in the form

F VS AXtheory [E A(Do + Zo)theory] (10)

theory

The arbitrary constant in the abscissa allows a one-off
horizontal relative translation of the experimental and
theoretical force curves to bring them into agreement.
This analysis is very similar to the case of a rigid droplet
except that because the droplet height, z,, is a function of
separation, the quantity A(d — 1) is no longer the change
in separation, AD,, between the particle and the droplet
surface.

For the experimental system we consider here, there
are large differences between the characteristic lengths
of the system: the separation, D, ~ 100 nm, the particle
radius, a ~ 2 um, and the undistorted radius of curvature
of the droplet, R, ~ 1 mm. For such small oil-in-water
droplets, gravitational effects are negligible. A detailed
theoretical analysis of the problem in this regime has been
given elsewhere!. The distance between the particle and
the fluid interface, D (see Figure 1a), was obtained in
terms of the solution of the differential equation

d’D(t) | 1dD(t) _ a ) all(D(t)
e +¥ at _D°(2(1+R_0) y ) (12)

where t = r/(a Dy)"? is an order 1 scaled variable over
which the interface is deformed as a result of surface
forces; TI(D) is the disjoining pressure that varies with
separation D, and y is the interfacial tension of the droplet.
The boundary conditions att =0 are D = D, and dD(t)/dt
=0. The solution of eq 11 is matched to the solution of the
Young—Laplace equation that determines the drop shape
in the region where effects due to surface forces may be
omitted. Although this outer region of the dropet does not
experience any direct surface force due to the colloid probe,
its shape is nonetheless deformed from that of the isolated
droplet because of the conservation of the droplet volume.
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The final expression for AX(D,) is given by

AX(D,) =

aDo)l/Z
D, + H(D,) + G(Dy) log 5R
(0]

+ P(GC)] (12)

where
aD, ..
G(D,) = S Jo dttTI(D(t) (13)
aD,
H(D,) = J. dt t(log HII(D(t)) (14)

and the total force between the particle and the droplet
is

F(D,) = 2myG(D,) (15)

The quantity P(6.) depends on the equilibrium contact
angle, 6,, measured through the oil phase, at the oil—
water—piezo stage three-phase contact line. The function
P(6.) depends on assumptions about the behavior of this
three-phase contact line during particle—droplet inter-
action. Two plausible limits of behavior are either the
contact line remains immobile during interaction (and
the contact angle will therefore change) or the contact
angle will remain constant at the equilibrium contact
angle, 0. (and the three phase contact line will move). In
these two limits, P(6;) will be given by38

C

P09 =1+ L tog[r—2* %) immobil l
(CAS 51097 =050 (immobile contact |2’11e6))

or

1+ cos GC) 1 (1 + cos ec)
log

PO = (1 +2cosf,] 2 °\1—cos 6,

(constant contact angle) (17)

If during droplet deformation, the droplet and the
substrate can maintain equilibrium conditions at the three
phase contact line, then the constant contact angle
condition will apply and eq 17 should be used. However,
if the three phase contact line is pinned by surface
roughness or there is contact angle hysteresis effect, eq
16 is more appropriate. However, the contact angles
encounted in the present experiments are close to 90° so
the difference between eq 16 and eq 17 is not large.

Thus, the task is to solve eq 11 numerically for a given
model of the disjoining pressure, I1(D), and then use the
result in eqs 12—17 to generate theoretical results in the
form of eq 10 suitable for comparison with experimental
data in the form of eq 9. This provides a test of the
parameters in the model for the disjoining pressure.

If the disjoining pressure, II(D), is made up of the
familiar electrical double layer repulsion and van der
Waals attraction, there will be a maximum in I1(D) (see
Figure 2, TI(D) > 0 denotes repulsive interactions). An
approximate criterion for stability is as follows. If this
maximum is less than 2y(1/a + 1/R,) (curve U in Figure
2), the particle probe will be engulfed by the droplet at
sufficiently small separations and the particle—droplet
interaction will be unstable. However, if the maximum in

(38) The original expression for P(6.) in Chan et al.! for the immobile
contact line case is incorrect.
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I(D)

Figure 2. Schematic forms of the maxima in the disjoining
pressure, I1(D), relative to the Laplace pressure, 2y (1/a+ 1/R,),
and the location of the position, Dy. (IT(D) > 0 corresponds to
repulsion.)

II(D) is greater than 2y(1/a + 1/R,) (curve S in Figure 2),
the disjoining pressure will be sufficient to balance the
Laplace pressure of the curved droplet interface that will
be wrapped around the particle, and the particle—droplet
interaction is stable. Strictly the stability condition
requires that the magnitude of the slope of TI(D) be
sufficiently large at D,,, defined by the equation

no,) = 2y (i + Rio) (18)

so that the distance of closest approach between the
particle and the droplet interface will always be larger
than D,, (see later).

At large separations where the deformation of the
droplet interface is small, an approximate analytical
expression for the force is

FD)  27E(D,)
U

(19)
1—%hmo

where E(D,) is the interaction free energy per unit area
between the solid particle and the droplet under the
assumption that they are both parallel flat surfaces. The
disjoining pressure I1(D,) and E(D,) are related by

dE(D,)

100 =~ ~45
(o]

(20)

The numerator on the right-hand side of eq 19 is the
familiar Derjaguin approximation assuming that the
droplet has a fixed (nondeformable) radius of curvature,
R, > a. The denominator can be interpreted as a factor
that expresses the increase in the effective area of
interaction due to deformations of the droplet interface.
Clearly eq 19 can only be afforded this physical inter-
pretation when

D,> D, or II(D,) <« 2;/(%l + Ri)
0

In the present theoretical model, we have not included
the possibility of dynamical effects due for example to the
relative viscosities of the electrolyte and the droplet and
the rate of approach of the droplet toward the colloid probe.
This is because within the range of AFM piezo scan rates
thatwe employed, the forces we measured are independent
of the scan rate. We therefore take this as evidence that,
within the range of scan rates, the system behaves as
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though it is able to maintain equilibrium throughout the
measurement.

Experimental Details

Materials. The anionic surfactant, sodium dodecyl sulfate,
SDS, was obtained from BDH Laboratory Supplies. Sample purity
was verified by using solution conductivity to measure the critical
micelle concentration (cmc) as 7.9 mM, which is in good agreement
with literature values.?® Electrolytes were analytical grade
reagents and were used without further purification. AR grade
n-decane used in these experiments was from Aldrich and was
used without further purification. Melinex polymer film was used
for the immobilization of the n-decane droplets. Melinex film is
a pure, semicrystalline PET film, not containing any filler, and
does not have any coating layers on either surface.

All samples were prepared using Milli-Q water. All glassware
was cleaned by soaking in 10% nitric acid, then by sonication for
1 hin a 1% RBS detergent (Pierce Chemicals)/20% ethanol
solution, followed by extensive rinsing with Milli-Q water prior
to drying in a laminar flow clean air cabinet.

The colloidal silica used as a spherical probe for AFM force
measurements was obtained from Allied Signal, prepared by a
modified Stober process, with a diameter range of 4—6 um.*°
Electrokinetic properties of such silica particles were studied in
detail by Hartley et al.*! Gold-coated silicon nitride cantilevers
used in the AFM experiments were obtained in wafer form from
Digital Instruments (Santa Barbara, CA). The 24 h curing
Araldite epoxy resin used to attach colloidal probes to AFM
cantilevers was obtained from Selleys Chemical Co., Padstow,
N.S.W., Australia, 2211.

Methods. A Digital Instruments (Santa Barbara, CA) Nano-
scope Illa AFM was used to measure forces between colloidal
silica and an n-decane, oil droplet. The size of the colloidal silica
was determined optically and the error in the measurement was
10%. Experimental details are described in detail elsewhere.?

Interfacial tension data were obtained using a First Ten
Angstroms, FTA200 pendant droplet instrument. All measure-
ments were performed at 25.0 + 0.1 °C. Images were obtained
at 2 frames per second for a period of 60 s.

Contact angle data were obtained using a DataPhysics OCA20
instrument. All measurements were performed at 25.0 + 0.1 °C.

The determination of the ¢ potential on the n-decane droplets
in the presence of SDS is described in detail elsewhere.*?

Results and Discussion

From a given form of the disjoining pressure, the force,
F(X), can be calculated as a function of the droplet
displacement, AX, as outlined in the Theory section.! In
this calculation, the experimental parameters — surface
potentials at infinite separation, .1, .2, interfacial
tension, y, Debye length, 71, contact angle, 6, droplet
radius, R,, and probe radius, a —are required inputs. The
following section describes the independent experimental
determination of these parameters under conditions as
close as possible to that of the AFM measurements.

Determination of the { Potential of the n-Decane
Droplets. Electrophoretic mobilities of SDS stabilized
decane droplets were interpreted in terms of -potentials
with the aid of light scattering and SDS surface excess
measurements.*? Depending on whether one assumes the
droplet behaves hydrodynamically as a solid particle or
asa liquid particle, each measured electrophoretic mobility
value can correspond to up to four possible ¢-potentials,
as opposed to at most two possibilities for solid par-
ticles.*3#* The combined results from static and dynamic
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light scattering and SDS surface excess measurements
were consistent with the interpretation that the droplets
behaved hydrodynamically and electrokinetically as solid
particles. The ¢-potentials for the droplets stabilized with
SDS concentrations between 0.01 and 1 mM were found
to be between —100 and —125 mV.#? Since the dependence
of the ¢ potential on bulk SDS concentration was minimal,
the ¢ potential for 10 mM SDS, which has not been
experimentally determined, is assumed to be between
—100 and —125 mV. In this study, we have equated these
measurements of £ potential to the surface potential, v,,
of the droplet, an assumption that has been shown to be
justified in force measurements, including involving even
dissimilar solid surfaces.*®

Determination of the Surface Potential of the
Silica Colloidal Probe. Hartley et al.** used electro-
kinetic and direct force measurements to determine the
C-potentials of silica in dilute electrolyte solutions as a
function of pH. They found for a solution of 1073 M NaNQO3,
pH 6, &-potentials derived from streaming potential
measurements, electrophoresis studies of silica colloids,
as well as from fitting the diffuse double layer potentials
to AFM force—distance data, resulted in an average
g-potential of —50 mV. There was significant experimental
variation in all these measurements, both, in the indi-
vidual experiments and in the comparison between
methods. An error of 220 mV could be considered a
reasonable error range for the surface potential of the
silica probe in the present measurements. Since SDS is
well-known not to adsorb to silica, this ¢-potential has
been used for the silica surface potential value in all of the
SDS solutions, since the background electrolyte used in
these measurements was 10-3 M NaNOs.

Determination of Interfacial Tension. AR grade
decane-aqueous interfacial tension data were obtained
using a DataPhysics OCA20 pendant droplet instrument.
All measurements were performed at 25.0 £ 0.1 °C. The
static or initial interfacial tension value was obtained by
recording images at 2 frames per second for a period of
60 s. If any surface-active contaminants were present,
then over time, these will reduce the interfacial tension.
With no SDS present, the interfacial tension took 4 h to
reach equilibrium. As surfactant was added, the time
needed to equilibrate decreased. In Figure 3, we sum-
marize the time dependence behavior of such interfacial
data.

Goebel and Lunkenheimer also observed similar time
dependence in interfacial tension measurements. They
found that with purification of the decane, the interfacial
tension remained constant over time. They concluded that
the time dependence of the interfacial tension was due to
the amphiphilic character of surface-active impurities in
commercially available oils.*® This interpretation is con-
sistent with the decrease in the time to reach equilibrium
with increasing SDS concentration. At high SDS concen-
trations, itis the adsorption of SDS at the interface rather
than that of trace impurities that determines the equi-
librium interfacial tension. In the analysis of force
measurements in the presence of surfactants, the equi-

(44) Ohshima, H.; Healy, T. W.; White, L. R. J. Chem. Soc., Faraday
Trans. 2 1984, 80, 1643.

(45) Goebel, A.; Lunkenheimer, K. Langmuir 1997, 13, 369.

(46) Cleveland, J. P.; Manne, S.; Bocek, D.; Hansma, P. K. Rev. Sci.
Instrum. 1993, 64, 403.

(47) Sader, J. E.; Larson, I.; Mulvaney, P.; White, L. R. Rev. Sci.
Instrum. 1995, 66, 3789.

(48) Hough, D. B.; White, L. R. Adv. Colloid Interface Sci. 1980, 14,

. (49) Larson, I.; Drummond, C.J.;Chan, D.Y.C.; Grieser, F, Langmuir
1997, 13, 2109.
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Figure 3. Interfacial tension data for a decane dropletin 10~3
M NaNOs;, pH 5.6, at different concentrations of SDS as a
function of time from pendant droplet measurements at 298 K.
Error bars are displayed for the individual runs.

librium values of the interfacial tensions were used since
force measurements were performed over a time scale
similar to that required for equilibration of the oil droplet.

Measured initial and equilibrium interfacial tensions
of the water-decane interface for various SDS concentra-
tions are given in Table 1.

Determination of Other Parameters. Contact angles
were obtained using a DataPhysics OCA20 instrument.
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Table 1. Initial and Equilibrium Interfacial Tension
Data from Pendant Droplet Measurements at 298 K for
Varying Bulk SDS Concentrations

interfacial tension (mMN/m)

-400 -300 -200 -100
Displacement,AX (nm)

(mN/m)

F/a
n

0 PR RS S S S T | | BT | I
-600 -500 -400 -300 -200 -100
Displacement, AX (nm)

[SDS] (M) initial, yinit equilibrium, yeam
0 523+1.0 485+1.0
1075 487 +£1.0 39.1+1.0
10+ 459+1.0 39.1+1.0
103 33.4+08 26.5+0.8
1072 8.6+0.5 8.6+0.5

All measurements were performed at 25.0 0.1 °C. Unlike
the interfacial tension data, contact angle data were not
observed over time unlike the interfacial tension data since
asmall change in the contact angle would have little effect
on the theoretical curves.

The radius of the colloidal silica and the decane droplet
were determined optically and the error in the measure-
ment was +10%.

Errors in the Force Data. There are three sources of
error in the force measurements. These are the variations
between atomic force microscope scans, uncertainties in
the spring constants of the cantilevers, and errors in
determining the radius of the colloidal silica sphere probe.

Force measurements were conducted with the colloidal
probe positioned above the apex of the droplet. No
observable differences were evident when the position of
the probe was displaced one probe radius from the
apparent apex of the droplet. The decane dropletisdriven

©

10* M SDS

—_
1

1 - L N
-300 -200 -100 0
Displacement,AX (nm)

-400

10°> M SDS

F/a (mN/m)

-200

-100 0
Displacement, AX (nm)

Figure 4. Force divided by probe radius vs displacement, AX = A(d — I), for a silica colloidal probe approaching an n-decane/water
interface in (a) 1072 M SDS, (b) 10~3 M SDS, (c) 10~* M SDS, and (d) 105 M SDS, all with 10~3 M NaNO3 background electrolyte.
Open symbols are the experimental force measurements. Dotted lines are theoretical calculations using experimentally determined
parameters reported in Table 2 for a fixed contact line droplet. Solid lines are obtained by using the interfacial tension as an
adjustable parameter. (See Table 3.) Filled symbols are the experimental force measurements for 103 M, 1074 M, and 107> M SDS,
with 1072 M NaNOj; background electrolyte as displayed in parts b—d. The shaded area represents the error (~30%) associated

with the force measurements.
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Table 2. Experimentally Determined Surface Potentials, Interfacial Tension and Contact Angle for Various Surfactant
Solutions at 298 K

surface surface equilibrium contact angle, 6,
potential potential interfacial through Debye
of silica, of n-decane, tension, decane/aqueous/Melinex length,
solution o1 (MV) Yoz (MV) y&am (MN/m) (deg) 1, nm
1075 M SDS, 103 M NaNO3 —50 —100 39.1 102 9.54
1074 M SDS, 1072 M NaNO3 —50 —100 39.1 94 9.14
1072 M SDS, 102 M NaNO3 —50 —100 26.5 102 6.78
1072 M SDS, 1073 M NaNO3 —50 —100 8.6 92 2.92
Table 3. Equilibrium and Optimum Fitted Interfacial (a) 20 ; i . ; , .
Tensions for n-decane/SDS2 eA
interfacial tension (mN/m)
solution equilibrium fitted 15 F 1
1075 M SDS + 1073 M NaNO3 39.1 38.5—40.0 ’é
1074 M SDS + 103 M NaNOg3 39.1 30.5—-31.0 =
10~ M SDS + 10-2 M NaNO3 26.5 19.0-19.2 z ., ]
1072 M SDS + 1073 M NaNO3 8.6 9.8—10.2 é
aThe lower limit for the optimum fitted interfacial tensions is K
for the immobile contact line case (refer to eq 16), and the higher L 05|
limit is for the constant contact angle case (refer to eq 17). ’
B
. . /c
toward the particle probe at speeds in the range 0.04—3.7 E
um/s, no systematic variations of the force were evident oor . D= X il
within this speed range. Between runs, there is a £10% -500  -400  -300  -200  -100 0 100 200

variation in the force—displacement data.

The spring constants of the AFM cantilevers used in
the experiments were ascertained by selecting several
cantilevers from different regions of the cantilever wafer
and measuring the spring constants using the method of
Cleveland et al.*® This method relies on monitoring the
shifts in resonance frequency as a function of known
attached masses to the cantilever. The nondestructive
method developed by Sader et al.*” was also used to
determine the spring constants of the other tips on the
cantilever wafer. This method relies solely on the deter-
mination of the unloaded resonant frequency of the
cantilever combined with knowledge of its density or mass
and its dimensions. The variability of spring constants
determined by these two methods was +10% across the
wafer.

Theerror associated with the measurement of the radius
of the silica sphere, was +10% as mentioned previously.
The cumulative error of £30% from all sources is indicated
by the shaded gray region in the results for the force in
Figure 4.

Comparison between Experimental Data and
Theory. Asdescribed in the Theory section, experimental
force data were plotted as a function of the displacement,
A(d — 1): Fexpt VS A(d — Dexpt

Data from the atomic force microscope are recorded as
cantilever deflection in volts vs piezo displacement in nm.
The conversion of cantilever deflection, d, from voltage to
nm is achieved by calibrating the constant compliance
slope on a rigid portion of the substrate.

Theory? is used to relate the force between a rigid probe
particle and a deformable liquid interface due to the
disjoining pressure between the solid—liquid and liquid—
liquid interface. The electrical double layer component of
the disjoining pressure depends on the surface potentials
of the probe and droplet at infinite separation, 1., %20,
Debye length, 1, contact angle, 6, probe radius, a, droplet
radius, R,, and interfacial tension, y. These are determined
by independent experiments as discussed earlier, and their
values are given in Table 2. Dielectric and spectroscopic
data needed to calculate the van der Waals component of
the disjoining pressure are taken from the literature.*®
For all solutions, the probe radius, a, is 2.16 um, and the

Displacement, AX (nm)

(b)

F/a (mN/m)

-
T

-300 -200 -100 0 100

Displacement, AX (nm)

Figure 5. (a) Normalized force, F/a, vs displacement for 1072
M SDS, 10~° M NaNOs. Experimental force measurements are
shown in open symbols. The solid line represents results of the
theoretical calculation using ¥, = —50 mV, ., = —100 mV,
y fitted = 9 8 MN/m, R, = 0.5 mm, a = 2.16 um, and «* = 2.92
nm. Key: (A) Fla= 1.9 mN/m where D, = 11.8 nm; (B) F/la =
0.37 mN/m where D, = 12.5 nm; (C) F/a = 0.10 mN/m where
D, = 14.5 nm; (D) F/a = 0.02 mN/m where D, = 19.0 nm,; (E)
F/a = 0.00 mN/m where D, = 25.0 nm. (b) Normalized force,
F/a, vs displacement for 107> M SDS, 102 M NaNOg;. Experi-
mental force measurements are shown in open symbols. The
solid line represents results of the theoretical calculation using
Yor = —50 MV, 9o = —100 mV, y fitted = 38 5 mN/m, R, = 0.5
mm, a=2.16 um, and «~* = 9.54 nm. Key: (A) F/a = 3.5 mN/m
where D, = 8.5 nm; (B) F/a = 1.3 mN/m where D, = 13.0 nm;
(C) Fla = 0.02 mN/m where D, = 28.0 nm.

droplet radius, R,, is 0.5 mm. While all these parameters
have experimental uncertainties, it was found the portion
of the force vs displacement curves, F/a > 1 mN/m can
only be influenced by variations in the interfacial tension.
Variations of other parameters such as the surface
potentials and contact angles within experimental un-
certainties have little effect at high forces. However, the
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Figure 6. (a) Normalized force, F/a, vs separation between
the particle and the droplet, D,, for 1072 M SDS, 1073 M NaNOs,
corresponding to the theoretical results in Figure 5a obtained
using v = —50 mV, 2 = —100 mV, y fited = 9.8 mN/m, R,
=05 mm, a=2.16 um and «* = 2.92 nm. The minimum
separation, D, = Dy, = 12.0 nm is indicated by the dashed line.
(b) Normalized force, F/a, vs separation between the particle
and the droplet, D, for 10-> M SDS, 10~ M NaNOg, corre-
sponding to the theoretical results in Figure 5b obtained using
Yo1 = —50 MV, 9y = —100 mV, y fited = 38 5 mN/m, R, = 0.5
mm, a=2.16 um and «~* = 9.54 nm. The minimum separation,
D, = Dy = 7.4 nm is indicated by the dashed line.

Table 4. Minimum Separation Determined
Theoretically®

minimum separation, Dy, (nm)

solution equilibrium fitted
1075M SDS + 1073 M NaNOg3 7.3 7.4
1074 M SDS + 1073 M NaNO3 7.4 8.8
1073 M SDS + 1073 M NaNO3 10.1 12.0
1072 M SDS + 1073 M NaNO3 12.4 12.0

a Calculation uses the immobile contact line case; refer to eq 16.

segment of the force curve for F/a < 1 mN/m can be fitted
equally well by different combinations of the silica and
decane surface potentials within the acceptable experi-
mental ranges of these parameters. The results in Figure
4 have been fitted with parameter values given in Table
2, which are mean experimental values that have been
determined independently.

Comparison between theory and experiment for the force
divided by probe radius, F/a, vs displacement, AX = A(d
— 1), for a silica colloidal probe approaching an n-decane
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Figure 7. (a) F/Frdid ys separation between the particle and
the droplet, D, for 1072 M SDS, 1072 M NaNOs. The theoretical
calculation was performed using . = —100 mV, 3, = —50
mV, R, =0.5mm, a=2.16 um, and «~* = 2.92 nm. For F, yfitted
=9.8 mN/m, for F, y —c mN/m. The minimum separation was
Dw = 12.0 nm. (b) F/F"9id vs separation between the particle
and the droplet, D,, for 107> M SDS, 102 M NaNOj. The
theoretical calculation was performed using ¥, = —100 mV,
Yoz = =50 MV, R, = 0.5 mm, a =2.16 um, and ™% = 2.92 nm.
For F, y fitttd = 38,5 mN/m; for F, ¥ — co mN/m. The minimum
separation, was Dy, = 7.4 nm.

interface in 1073 M NaNOs, at different concentrations of
SDS are shown in Figure 4. The disjoining pressure is
taken to be due to an electrical double layer interaction
calculated using the nonlinear Poisson—Boltzmann theory
with constant surface charge boundary conditions and a
van der Waals force calculated using the full Lifshitz
theory that takes into consideration retardation effects
and salt effects in the zero frequency term. The open
symbols are the experimentally determined force mea-
surements. The dotted lines denote theoretical calculations
using experimentally determined parameters reported in
Table 2. The solid lines denote theoretical calculations
using experimentally determined parameters except that
the interfacial tension is varied to fit experimental data.
The shaded arearepresents the estimated error associated
with the force measurements as described previously,
which can be up to +£30%.

To facilitate comparison across different SDS concen-
trations, the force curves for 1073 M, 1074 M, and 10> M
SDS are also included in Figure 4a. It is evident that the
slopes of these curves correlate with interfacial tension
as expected from theory.! In all cases presented here, the
particle probe—dropletinteraction is stable and repulsive
at all separations. The range of travel of the piezoelectric
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Figure 8. (a) Plot of z(r) — zo vs r. 1072 M SDS, 10~° M NaNOs. The theoretical calculation using ¥, = —50 mV, ¥, = —100 mV,
y fitted = 9 8 N/m, R, = 0.5 mm, a = 2.16 um, 6 = 92°, and «~* = 2.92 nm. A, B, C, D, E refer to Figure 6a. (b) Plot of z(r)-zo vs r.
107°> M SDS, 102 M NaNOs. The theoretical calculation using ¥, = -50 mV, y, = —100 mV, yfitttd = 38.5 mN/m, R, = 0.5 mm,
a=2.16 um, 6 = 102°, and «~* = 9.54 nm. For A—C, refer to Figure 6b.

stage on the AFM is the limiting factor in exploring the
range of force values in these measurements.

Using the independently determined physical param-
eters as input; the theoretical curves fall within experi-
mental uncertainties of force measurements. However,
the agreement between theory and experiment for the
region F/a > 1 mN/m can be improved if the interfacial
tension is used as an adjustable parameter. Variations of
other parameters such as surface potentials and contact
angle within their accepted experimental uncertainty
range has little effect for the region F/a > 1 mN/m.
Modification of the interfacial tension, resulted in fitted
interfacial tensions given in Table 3. These fitted inter-
facial tensions produce the solid lines in Figure 4. For
example in the case of the 1073 M SDS solution, with 1073
M NaNOjs, the equilibrium interfacial tension is 26.5 mN/
m, while the fitted interfacial tension is about 19 mN/m.
The difference of around 7 mN/m corresponds to a
reduction in the area per surfactant molecule from 80 to
69 A2 There is no systematic trend in the difference
between the equilibrium and fitted interfacial tensions
for the SDS concentrations we have considered. Variations
of other physical parameters within their experimental
uncertainties had no discernible effects on the quality of
the fit to the force data. For example, using a value of —30
mV, which is at one extreme of the range for the surface
potential of the silica particle, has no visible effect on the
results in Figure 4.

Using the theory of Chan et al.,! it is possible to deduce
a quantitative picture of the deformation of the droplet
interface from the force vs displacement data. We will
illustrate this with results for two different cases: 1072

MSDSin103MNaNO3;and10>M SDSin10-3M NaNOs,
in Figure 5. In each case, the solid lines represent the
theoretical forces calculated using a fitted value of the
interfacial tension (see Table 3) and assuming that the
three phase contact line is immobile. For Figure 5a, the
interfacial tension is 9.8 mN/m as opposed to the equi-
librium value of 8.6 mN/m. For Figure 5b, the interfacial
tension is 38.5 mMN/m as opposed to the equilibrium value
0f 39.1 mN/m. Points at various values of F/a, as indicated
by letters A—E in Figure 5, are chosen to facilitate
discussion.

In Figure 6a, the force normalized by the particle probe
radius, F/a is shown as a function of D,, the distance of
closest approach between the particle probe and the droplet
(see Figure 1a). These curves are obtained from theory?!
and are labeled with the points A—E corresponding to
those in Figure 5a. We note that all points A—E along the
force curve correspond to a range of distances of closest
approach, D, that exceed 4 Debye screening lengths.
Consequently, in terms of the electrostatic disjoining
pressure between the particle and the droplet, the
interaction remains in the so-called superposition regime
where there is no difference between constant charge or
constant potential boundary conditions. The same can also
be observed for Figures 6b, although the Debye screening
length is longer than that in case a, but D, is still greater
than 0.8 Debye screening lengths. In both instances, the
van der Waals contribution to the disjoining pressure is
negligible over the range of D, in Figure 6. The measured
force regime all corresponds to distances of closest
approach, D, > 10 nm, or kD, > 0.8 to kD, > 4. In this
region of the scaled separation, the disjoining pressure,
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Figure9. (a)Plotof D(r) —Dovsr.1072M SDS, 1073 M NaNOs.
The theoretical calculation using 1, = —50 mV, ¥, = —100
mV, yfittd = 9 8 mN/m, R, = 0.5 mm, a = 2.16 um, 6 = 92° and
k™1 = 2.92 nm. For A—E, refer to Figure 6a. The solid lines
indicate the distance where greater than 95% of the total force
has been accounted for by the disjoining pressure. (b) Plot of
D(r)-Do vs r. 107> M SDS, 10=% M NaNOs. The theoretical
calculation was performed using ¥, = —50 mV, ., = —100
mV, yfittd = 38 5 mN/m, R, = 0.5 mm, a = 2.16 um, 6§ = 102°,
and ¥~ =9.54 nm. For A—C, refer to Figure 6b. The solid lines
indicate the distance where greater than 95% of the total force
has been accounted for by the disjoining pressure.

due only to electrical double layer interactions, is well
approximated by an exponential function. Consequently,
an independent determination of surface potentials as we
have done here, is necessary to determine the distance of
closest approach, D, without ambiguities.

In all of the cases presented here, the large forces that
are observed as D, approaches D, are due to deformations
of the droplet interface which gives rise to a larger effective
areas of interaction. To see this, we note that due to the
exponential form of the disjoining pressure, the minimum
separation, Dy, as calculated from eq 18 is relatively
insensitive to the SDS concentration or interfacial tensions
(see Table 4). Therefore, the rapid increases in the force,
F, as D, approaches D, observed in Figure 6 must be due
toincreases in the effective interaction area as the droplet
deforms. To quantify this observation, we show in Figure
7 the observed force divided by the force, Figiq, calculated
from a rigid, nondeformable droplet interface with identi-
cal electrochemical properties for the case of 1072 M SDS
in 1073 M NaNO;. Here we see that deformation of the
droplet can increase the effective area of interaction by
over 10-fold.
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Itisalsoinstructive to examine the shape of the decane—
water interface that corresponds to various points on the
force curves in Figure 5.

Droplet Profile. In Figure 8, the droplet profiles, z(r)
— 2zo (see Figure 1a for geometrical significance) deduced
from theory! are shown corresponding to points A—E in
Figures 5 and 6.

The droplet profile corresponding to the lowest inter-
facial tension, 1072 M SDS, 102 M NaNOs, is presented
in Figure 8a. At large separations (cases D and E) where
D, > 19 nm, the fluid interface is concave down. For smaller
separations (cases A—C) where D, < 15 nm, the fluid
interface changes curvature. Note the disparate scaleson
the x and y axes. To emphasize the scale difference, the
sphere size and the inverse of the Debye length, «™* are
indicated in Figure 8a. A magnified view of the small r
region (<500 nm) is also given. In Figure 8b, droplet
profiles for the case 1075 M SDS in 10~ M NaNO; are
shown. Again, note that the convexity changes from curves
A to C.

In Figure 9, parts a and b, we show D(r) — D,, the
distance between particle probe and the droplet interface
(see Figure 1a for the geometric significance) for the cases
of 1072 M SDS and 105 M SDS in 103 M NaNOs. The
curves labeled A—E correspond to the points on the force
curves introduced earlier in Figure 5. The solid vertical
lines in Figure 9 indicate the radial regions in which over
95% of the total force is accounted for by the disjoining
pressure acting inside these regions. These results indicate
that for modest to low forces, F/a < 2 mN/m, only a
relatively small fraction of the surface of the particle probe
(radius 2.16 um) is involved in the particle—droplet
interface interaction.

Conclusions

Inthe analysis of force measurements in SDS solutions,
we saw that an unambiguous determination of the absolute
separation between the particle probe and the droplet
interface required knowing the values of all physical
parameters of the system. Using the independently
determined physical parameters as input, the theoretical
curves fall within experimental uncertainties of force
measurements for the SDS solutions. The adsorption of
SDS provides the droplet interface with a surface potential
of sufficiently high magnitude to stabilize the particle—
droplet system against engulfment due to the ever present
attractive van der Waals interactions. Under these
circumstances, deformation of the droplet interface pro-
vides a mechanism to increase the effective areas of
repulsive interaction between the particle and the droplet
which stabilizes the system against engulfment even at
the highest forces that we can apply in the present
experiment. Unlike earlier measurements (Aston and
Berg), we observed no systematic variations of the force
within a range of speed of approach of the piezo electric
stage even at speeds above those reported by Aston and
Berg where they observed speed dependent forces.?®
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