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The dynamic interaction forces between a solid silica particle and an immobilized tetradecane droplet have
been measured using atomic force microscopy. The dominant colloidal forces are repulsive electrical double
layer interactions due to the partitioning of added sodium dodecyl sulfate to the deformable oil/water (O/W)
interface. Over a range of drive velocities up tos0/s, these colloidal forces, plus hydrodynamic interactions

due to fluid flow in the aqueous film~22 nm thick) between the particle and O/W interface, as well as
deformations of the interface, contribute to the overall dynamic force between the silica particle {radius

um) and tetradecane drop (radius of curvatti®b um). Within the tolerance of experimental parameters,
excellent agreement is observed between the measured forces and those predicted by a theory that accounts
for the above phenomena. The theory also furnishes details not directly measurable, such as the time-dependent
deformations and velocities of the O/W interface and variations of the thickness of the aqueous film between
the particle and the drop during the course of the experiment.

1. Introduction two interfaces is slow enough to prevent dynamic interaction,

The use of the atomic force microscope (AFM) to measure Is itself nontr|y|al%2v13 ) .
static interaction forces between two solid surfaces has been E&rly experimental efforts to measure the interactions between
well established over recent decade&Innovative develop- aldeformable interface and a SO!Id concentrated on the use of
ments have focused the application of AFM on more compli- & bubbles as the deformable interface. In 1994, Battd
cated measurements, in particular the measurement of dynamic@ucker et ak independently demonstrated the use of modified
interaction forces and the interrogation of interfacial forces AFMs for the measurement of interactions between silica

where one or more surface is deformablét These forces are  Particles and air bubbles. Subsequently, Mulvaney et al.
of importance in a range of biological processes including-cell demonstrated the direct measurement of the interactions between
cell interactions, chemical formulations such as emulsion @ Silica particle and an-decane droplet in an aqueous solution
formation and stability, and industrial applications such as Of the anionic surfactant sodium dodecyl sulfate (SDS), again
solvent extraction. A quantitative understanding of these Using an AFM. The addition of SDS resulted in a purely
dynamic interactions at deformable interfaces is crucial for the repulsive interaction between tiedecane droplet and silica
prediction, and manipulation, of the fundamental forces in soft- Probe, since SDS adsorbs to the oil droplet but not the negatively
matter systems. charged silica probe particle. The use of slow scan spe€2i3
Colloidal interaction forces between rigid particles and NM/s) in these experiments allowed simple modeling of the
deformable interfaces are of considerable interest in many Measured static interaction data, though the effect of droplet
industrial and chemical processes, such as froth flotation anddeformation was not incorporated. Snyder and ét also used
solvent extraction, and are of great importance in the food the AFM in aqualitative measurement of the interaction between
processing and personal care industries where the stability ofparticles and deformable oil droplets, though here the particle
complex emulsions is crucial. Quantitative determination of such Was polymeric in nature consisting mainly of poly(styrese-
forces is difficult due to the deformation of the interface (be it acrylate).
gas/liquid or liquid/liquid), making the actual measurement, and  Recently, advances have been made in the quantitative
the theoretical analysis, of the data more complicated than for analysis of both statié1518 and dynami&!® interaction data
simple rigid-rigid interactions. Indeed the quantitative analysis recorded between a solid particle and a deformable interface
of “static” interaction data, where the speed of approach of the using the AFM. Crucially, the theoretical interpretations pre-
sented in these articles incorporated a self-consistent account
fTC?bwféom Cogeélv\)/nden;e ShpukfbbedaddregsgdbE-maili gwebber@ of deformations of the interface during the interaction. Nespolo
umePeart.iiultg{aeuF(lui.ds. P.r)écrésgnugn@:ntr: 'IqhaeuL(Jni-vérs.igil of Melbourne. and et ak? demor_lstrqted CIO_SG agre_ement between gxperlm_ental
* Department of Chemical and Biomolecular Engineering, The University data and theoretical interaction profiles for the static interactions
of g/lDelbmrx{ne. © of Mathermat 4 Statistics. The University of Melb betwgen a silicq particle and :mdecal_we droplet in aqueous
1 Schcol of Cherms tr;“"T""h'gSUanr}verS"’i‘“'/s(')?SMeItfoupr:‘g"s'ty° eIPoUMe. solutions of various SDS concentrations. More recently the
U Department of Mathematics, National University of Singapore. measurement of stafi¢’ and dynami¢-?*forces between two
#nstitute of High Performance Computing, Singapore. deformable drops using AFM has been presented, as well
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Figure 1. Schematic diagram of the AFM partietelrop configuration showing the cantilever deflectids, drop heightz(r, t), contact angled,
drop contact radiug,;, drop radius of curvaturd®y, separationh(r, t), particle radiusR,, and displacement functiopx(t).

as a theoretical interpretatidh!® Herein we will extend this  gold (~10 nm) and immediately hydrophobized by immersion
theory to the modeling of dynamic interaction data measured in decanethiol solution~410 mM in ethanol, Sigma Aldrich,
between a rigid probe particle and deformable oil droplet over used as received) for at least 182 he slide was rinsed with
a range of approach velocities. ethanol and dried under a stream of purified nitrogen prior to
We investigate the dynamic force between a silica particle fluid cell assembly. An array of tetradecane (Sigma Aldrich,
(radius~12 um) mounted on a triangular AFM cantilever and used as received) droplets were immobilized on the bottom glass
the deformable oil/water (O/W) interface of an immobilized slide by spraying the oil through a narrow gauge syringe-
tetradecane droplet (radius of curvatsr®5um). The cantilever mounted needle, as described by Dagastine &t @&he oil
is driven toward or retracted from the deformable O/W interface, droplets were then immersed in aqueous solution by careful
and the resultant force is measured as a function of displacemeninjection d a 5 mM solution of anionic surfactant, sodium
and drive velocity. The deformable O/W interface is rendered dodecyl sulfate (SDS, Sigma Aldrich, used as received). The
negative by the addition of an anionic surfactant, sodium dodecyl radius of the silica particleR,, and base contact radius of the
sulfate (SDS). As a result, the colloidal force between the drop on the surface;, were measured using optical microscopy.
negatively charged particle and the deformable O/W interface The undistorted radius of curvature of the oil dropket, was
is repulsive due to electrical double layer interactions. Over the then calculated from the (acute) contact anglef tetradecane
range of drive velocities of up to 56m/s, colloidal forces, on a decanethiol self-assembled monolayer using
hydrodynamic interactions due to fluid flow in the aqueous film .
(~ 22 nm thick) between the particle and the O/W interface, as ry=Rysing
well as deformations of the interface contribute to the overall
dynamic force between the silica particle and tetradecane drop.
We also present a model of partieldrop interactions that
takes into account surface forces, hydrodynamic interactions,
and interfacial deformations in a self-consistent way and
compare predicted forces with AFM measurements. The theory
is also able to furnish additional information about the systems
such as variations in the extent of the interfacial deformation
as a function of position and time, as well as interfacial velocities
of the O/W interface during the course of the interaction. In
addition, position and time variations of the thickness of the
aqueous film between the particle and the drop can also be
inferred from the model.

The contact angle of a sessile tetradecane drop on a gold
supported decanethiol self-assembled monolayer was measured
using a DataPhysics OCA 20 Tensiometer. This value of contact
angle, based on a macroscopic measurement, was applied to
the microscale droplets used in the AFM experiments. The
variability in the contact angle due to drop hysteresis is estimated
to be less the 5%, and the theory has previously been shown to
be quite insensitive to changes in contact afgEhe theoretical
description of the interaction forces, detailed below, assumes
that the contact line of the droplet is pinned, and the contact
angle is allowed to vary due to deformations in the drop. The
interfacial tension was determined via the pendant drop method,
using the same system.

A schematic representation of the AFM experimental con-
figuration is shown in Figure 1. It is important to note at this

An Asylum MFP-3D AFM (Asylum Research, Santa Barbara) stage that the piezo-electric crystal used for movement iz the
with closed fluid cell attachment was used for the collection of axis is mounted in the tip holder of the Asylum MFP-3D AFM,
all interaction data. All fluid cell components, such as o-rings and so it is the cantilever that moves during the collection of
and membranes, were rinsed with ethanol (AR-Grade, Sigmaforce—distance data. Additionally, the piezo has a linear
Aldrich, used as received) and dried under a purified nitrogen displacement voltage transformer (LVDT) sensor, so that the
stream prior to assembly in a laminar flow cabinet. Silica position of thez piezo is known throughout data collection. It
colloidal particles (Potters Industries, Australia) were attached is clear from Figure 1 that, because of interactions between the
to V-shaped silicon nitride MLCT cantilevers (Veeco Probes, particle and the drop, changes in the piezo displacenext,
CA) using 2-part epoxy. The spring constant of the cantilever gives rise to changes in the deflectits of the cantilever, the
was determined via the thermal tune function of the MFP-3D separatior(r, t) between the silica particle and oil droplet and
operating software, based on the equations of Hutter andthe deformation of the drop. ExperimentallX is specified
Bechhoefef! Prior to experimentation, the glass slide bottom but the absolute value of is not known. It is customary to
substrate was sputter coated with chromiun2 (hm) and then assign an arbitrary origin fok and display the measured force

2. Experimental Methods
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TABLE 1: Measured and Model Parameters Used in

1.5
Modeling AFM Force Measurements
parameter measured model
1 radius of silica particleRR, (um) 10+ 2 12
radius of curvature of tetradecari®,(«m) 51+5 55
= cantilever spring constark,(N/m) 0.0156+ 10% 0.017
< 05 surface potential of silica partid®(mV) —40+ 10 —40
8 surface potential of tetradec&hémV) —100+ 10 —100
5 interfacial tensiong (mN/m) 10+ 2 8.5
w contact angled (°) 58+ 5° 55°
0 SDS concentration (mM) 5 5

an examination of the LVDT data reveals that the velocity varies

-0.5
somewhat during the course of the approach-retract cycle. We
-0. shall return to this issue in the Discussion section. For the
present, we treat the experiment as a constant velocity drive.
4 . . x
a5} 5 mM SDS ] 3. Model
V=23 um/s 3.1. Governing Equations.In the experiment, the thickness,
3r ] h, of the aqueous film between the particle and the oil drop is
! | small compared to the unperturbed radius of curvature of the

drop, Ry, and of the particleR,, so that the familiar Stokes

. Reynolds thin film drainage model applies. For a film with axial
symmetry, which corresponds to experimental conditions, the
governing equation for the time evolution of the film thickness,
h(r, t), is

Force (nN)
(3]

ODE Numerical solution

ot 12urar | ar (1)

Experiment | oh 1 9 (rh3 ap)

0.5¢ (b) Formula

-0.2 -01

L " "

0.1 0.2 0.3

whereu is the shear viscosity of the aqueous film gu(d, t)

. . . is the hydrodynamic pressure in the film relative to the
Figure 2. (a) Force versus displacement from AFM experiments (dots) bulk Imolicit i 1is th ti f th i
and theory (full lines) for nominal constant drive velocit\és= 4, 11, ulk-pressure. Implicitin eq 1 1s the assumption or the no-slip

and 23um/s in the range where the approach branch and the retract Nydrodynamic boundary at the particle/electrolyte and O/W
branch, with attractive minima, are most distinct. The force and interface. The presence of surfactants at the O/W interface
displacement over the full measured rang¥ at 23 um/s is shown in justifies the use of the no-slip hydrodynamic boundary
the inset. In all cases, the initial distance of closest apprdagh= conditior?426 as we have no indications that surfactant trans-
1.5um and the maximum piezo displacement W6, = 2um. See 4t nhenomena play a role during interaction. Although the

Table 1 for other experimental and theoretical parameters. The gray ossibility of slio at either interface cannot be discounted a
region of the inset shows the possible range of the theoretical dataP Yy P

given the uncertainties in the independently measured parametersPriori, the no-slip model has the least number of unknown
compared to the experimental data (black line). (b) For the ¥ase parameters. With the no-slip condition, hydrodynamic flow
23um/s we compare experimental data with the approximate low force, inside the oil drop need not be considered. Furthermore,
egs 14 and 15 labeled “ODE” and large force, eq 18 labeled “Formula” there is evidence that theoretical predictions with the no-slip
results. boundary condition offer the best agreement between experiment
and theory involving deformable surface studies on other
) o _ experiments based on the ARM?® and on the surface force
F(AX) relative to this origin'? As such, the data displayed have apparatug’-29
been offset horizontally to allow clear comparison of features " Thg axisymmetric deformations of the drop as it interacts
of interest. Such force vs displacement data, over a full approachyit 54 rigid surface with local radius of curvatu, consistent

and retract cycle, were recorded for a range of cantilever speedsyith the thin film approximation, is governed by the modified
from 50 nm/s to 5Qu:m/s, though for reasons of clarity only a Young-Laplace equatiof19

selection of these data are displayed. For quantitative comparison

with theory (see later), we choose the val\¥ = 0 to be the gal o 20
position when the particle would touch the drop if neither the F§( ) R, (p+ 1) (2)
drop nor the cantilever deformed.

Particular care has been takgn to align the particle at the apeXyhereTI(h(r, 1)) is the disjoining pressure in the film due to
of the drop to ensure the particle travels along the normal to gyrface forces such as electrical double layer interactions or van
the surface at the apex. This also ensures that surface deformager Waals forcesg is the interfacial tension of the drop
tions are expected to be axisymmetric and facilitates a simpler populated with surfactant®es* = (R™! + R,"%) and (2/R)
theoretical analysis. is the Laplace pressure of the drop.

The control software of the Asylum MFP-3D AFM allows The instantaneous forcei(t) exerted on the drop has
the piezo to be driven at constant velocity displacements, that contributions from hydrodynamic and disjoining pressures
is, the displacement function assumes the f¥(th= Vt, where

the constant velocityy < 0 corresponds to approach of the _ _ o
particle to the drop an®¥ > 0O corresponds to retract. In fact, F() = 270G() = 27 ﬁ) (p(r,§) + TI(h(r.O)r dr - (3)

0
AX (um)

ar
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2

the apex, the perturbed drop heigift!*®{(r), outside the zone
in which the force acts has the following asymptotic form as
the drop deforms under constant volutie:

r

2 r
2R+G

") =z — Iog(—) + B(G)] (7)

2Ry

wherez, = z(r = 0, t = 0) is the unperturbed height of the
drop at the apex. The constaa(d) depends whether during
deformation, the three phase contact line (TPL) remains pinned
or is free to slip on the substrate to maintain the equilibrium

-1.5 contact angle
R4=55um
-2 % 1, (1+cosf| .
B(e) ~ 1+ E |Og(1_—cose), plnned TPL (8)
Fi 3. Variati fthe d rufi'lm)d ing th fi i 1+1'|0 (1+COSO)— 1 slip TPL
igure 3. Variations of the drop profile during the course of interaction 2 g 1— cosH 2F COSG, p

with the particle. The radial extent of the interaction zone is less than
2 um compared to the particle radius (&&h) and the drop radius (55
um). Over the interaction zone, the parabolic approximation to the Equation 7 for the drop profile, which reflects the constant
particle shape is adequate. volume constraint on the deforming sessile drop, is an expansion
correct to first order in G/Ry). This result together with the

. o . geometric condition (see Figure 1)
As we shall see, the quantitg(t), with dimension of length,

enters naturally in characterizing the deformation of the drop r2

during interaction. X(@) = h(r,t) + z(r,t) — R As+ constant 9)
Equations 1 and 2 are to be solved numerically in a suitable Ry

radial domain O< r < rmay Wherermaxis chosen to be outside ) ) y ) .

the film where the film thickness is sufficiently large so 9iVes the required boundary conditiorraixby a differentiation

that effects due to the disjoining pressure are negligible, With respect ta to eliminate the constants

but rmax is still small compared to the drop radilg. In

practice, computational results are independent of the exact value((jjlt( = %? +
of max
The initial film thickness when the particle and the drop are Mmax _ 2n0| dG _
far apart has the form [Iog (ZRd) +B() K | dt &7 fmax (10)
h(r, o) = hoa + r_z (4) Equation 10 is the appropriate constant drop volume boundary
! star start = 2R, condition for experiments in which the variation of the displace-
ment functionX(t) with timet is specified. The effect of driving
with the assumption that the drop is initially undeformeri the particle and drop together enters as the boundary condition
= (Ri ! + Ry Y. Symmetry considerations requigb/or = 0 via eq 10 in determining the film drainage and surface
anddp/or = 0 atr = 0. At the outer boundary ~ rmax the deformations described by the Reynolds and Yetiogplace
expected asymptotic form of the presspre r=* for larger is equations, egs 1 and 2. The term proportional @/¢), see
implemented as the condition eq 3, accounts for effects due to deformations of the drop outside
the interaction zone under a constant volume constraint, as well
ap + 4 p=0atr=r (5) as cantilever deflections. Also it is clear from eq 10 that the
max . . .
o r instantaneous local velocity of the drop surfagie/¢t) will not
. be constant along the surface and evematthe local velocity
The integral for the force can be evaluated as will be different from the drive velocity X(t)/dt. We will
; illustrate this point in the results section.
F(t) = Zﬂﬂ)max (p(r.t) + The governing egqs-110 can be solved by the method of

o lines that involves converting the system of partial differential
H(h(r,O))r dr + 27 ﬁmax p(r.Hr dr (6) equations into a set of about 200 coupled differential algebraic
equations. Typically, the domain size of our numerical solution
since in the second integrahax has been chosen so that the satisfies'madRa, rma/Rp < 0.1 and deformations and forces are
contribution from the disjoining pressure is negligible and the ascertained to be independent of the choicergf!® The
asymptotic form of the pressupds used to evaluate the integral  solution of eq +10 requires physical input parameters, such
directly. as interfacial tension, surface potentials, viscosities and drive
A further boundary condition can be derived from the fact velocities etc., that can be measured independently. There are
that the drops interact and deform under a constant volumeno free parameters in the model apart from the initial position
constraint during the approach and retraction phases of theof the piezo drive that cannot be determined. However, in any
experiment. set of experimental runs, the initial position does not vary
It has been shown that when a sessile drop with an significantly. The major uncertainties in this model are dictated
equilibrium contact anglé (see Figure 1) and unperturbed drop by the measurement tolerance of the physical parameters of the
heightz, is subjected to an applied force that is localized around system.
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Figure 4. Evolution of the calculated drop profil#r, t) during (a) the approach phase.f) and (b) the retract phasg.(n. The corresponding
thicknesses of the aqueous film between the drop and the particle during (c) approach and (d) retract are also shown.nlaireéspond to
various points on the foreedisplacement curve in Figure 5.

Before we compare full numerical solutions of the above wherea*(t*) is the solution of the ordinary differential equa-
governing equations of the model with experimental results, we tion
first give two limiting solutions that are valid for small forces

or for large forces that proved to be rather accurate in accounting g da*(t") Ca1’4Rp
the approach branch of dynamical particle-drop interaction. For o B(0) + log RIR)
both of these solutions it is convenient to define the modified & () Ry Rp)

displacement functior\Y(t), given by 1
Elog(Za*(t*)) —ar(t*) = —AY*(t*) (14)
AY(t) = AX(t) + As(t) (12)

o . . o : Lo
AY would represent the absolute separation between the particIeThIS differential equation foa’(t*) is obtained by eliminating

. . - from between eqgs 1 and 2 and then substituting eq 13 into
and the drop (at = 0) if the drop did not deform, but with P ;
allowance for the deflection of the cantilever. the result to obtain a result that, for largemust match to the

3.2. Small Force Limit. In a recent pape we developed a outer solution given by eq 7. By settirig(t*) = log(a*(t*)),
sim.pli.fied solution for thé governing eqs—]l,O which is valid the numerical solution of eq 14 is straightforward to determine

when the interaction is weak and only included hydrodynamic glr:g ergztiaor:lc; fse fuenqctifcj), rf*c(?*'; bvihi?:)r;priisze?urntigenrmosf ?geth's
interactions and surface deformations, while omitting effects . . . . .

Lo : . dimensionless time according to the scaling in eq 12
due to disjoining pressure. These assumptions are valid when

the particle and the drop are far apart and disjoining pressure RR, .
interactions are small compared to hydrodynamic interactions. F=—6no Ca?—2P_ ar (15)
This solution is cast in terms of scaled variables using the Ry + R, dt*

capillary numbeiCa = (uV/0).2
The range of applicability of this approximation will be

{ G,AX, h} ~ ((:al’2 Ret) demonstrated in the results section by comparison with experi-
r~ (Ca1’4Re ) ments.

f 3.3. Large Force Limit. A simple expression for the force
{pI1} ~ (0/Rep) valid in the large repulsion limit, in the context of surface force
t~(Ca'? Rqiul 0) (12) measurement, of repulsive dynamical interactions has been

developed?® When the particle is pushed into the drop and the
In these scaled variables (indicated by the *), we seek a solutiondynamic pressurep(+ IT) remains repulsive, an aqueous film
of the form of thicknesgh will form between the particle and the drop. This
dynamic film thickness is given by the conditiop ¢ IT) =
R SRR (20/Ress) at hegr, and from eq 2, this implies that the curvature
b (r %) = a*(t*) + S (13) Jeff) b | < ,
2 of this film is zero. From a first integral of eq 2, we can obtain
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) along the approach and the retract branch\fer 23 um/s. Points Figure 6. Variation of the interfacial velocity of the dropif/at) atr
(a...n indicate corresponding values on the force-displacement graph g (sojid line) and' = rmax (dashed line), and the central thickness of
(inset); the corresponding surface deformations and film thicknesses g fiim ho(t) = h(0, t) (dotted line) at a drive velocity at23 um/s.

are shown in Figure 4. The unit of vertical axis is inem/s for the velocity §n/at) curves and

. . . in nm for the central film thickness curve(t).
an estimate of the radial exteatz (G Rex)2 of the dynamical Vel

film as the radial position at whictBl/or) begins to become of the force-displacement relationship over the typical range

positive. force maani . . S 4 ;
. . . . gnitudes. This has important implications in determin-
th T?e ﬁgger limit of the inner solution of the drop height has ing the constant compliance region of AFM experiments. Earlier
efor work on the interpretation of direct force measurements involv-
‘ 2 ing deformable drops and bubbles assume they behave as
2" t) = z0t) — r . Hookean springs, that is, their deformation is assumed to be
2R 1 linear with applied forcé:6
Glogr —= . (p+ IDr' logr' dr' (16)
Uj(‘) 4. Results and Discussion
wherez(0, t) is the perturbed height of the droprat 0. When In Figure 2, we see that, for drive velocities between 4 to 23
the dynamic film of thicknesks has formed, the integral in eq  um/s, the measured force as a function of piezo displacement
16 can be evaluated by using the approximatipnt(IT) = exhibit a velocity dependent hysteresis between the approach

(20/Regs) for O < r < a but vanishes for > a. By requiring the and retract branches of the force curve. Along the approach
outer, eq 7, and inner, eq 16, solutions to match, we have anbranch, the force is always repulsive with stronger repulsion at
expression for the deformation of the drop apex given by higher velocities. Along the retract branch, the force shows a
characteristic attractive minimum whose depth increases with
FR,
Iog( >

F

increasing velocity (Figure 2a). At high forces, between 1 and
870R, 4 nN (Figure 2a, inset), the force curves are independent of
velocity in the range considered.

where to leading order ifQ/Ry) we have made the approxima- Using measureql data summarizgd in.TabIe 1 as input, the
tion R P = RL+ Rt~ Ry !+ Rl = R, L. full numerical solution of the model given in eqs-10, together

Recalling thatAY is defined to be the separation that would with the PoissorBoltzmann theory to describe the electrical
exist between particle and drop if the latter did not deform, and double layer interaction between the silica particle and the SDS

remaining cognizant of that fact that the particle and the drop coated 0,“ P'rop’ gave gxcellent agreement with experimental
cannot approach closer than the dynamic film thickresee data. Th|s is strong ewdgnce that the model has captured the
have the desired approximate relationship between the displace €5S€ntial physics of this problem and therefore one can

ment and the repulsive force during the approach branch of theconfidently interrogate the model to extract physical insight
dynamical interaction about the dynamical interaction between a solid particle and a

deformable drop.
AY =h — [z, — 20)] = hy + In Figure 2b, we show the agreement between the two
simplified small and large force limit forms of the theory for
F FR, . .
—— llog + 2B(A) — 1| (18) the approach branch at a drive velocity of 28/s. The low
Amo 8nol force limit described in eqs 14 and 15 agrees with the force
data at low to moderate forces where hydrodynamic forces
With the appropriate expression fB(6) from eq 8, the result ~ dominate the force and deformation between the particle and
in eq 18 is valid for both the pinned or free-to-slip three phase the drop. At higher forces, the low limit force form deviates as
contact line condition and for acute or obtuse contact angles, the effects from disjoining pressure become more significant.
0. In the next section, we will see how well eq 18 compares The high force limit model given in equation eq 18 shows good
with experimental data in the large repulsive force regime.  agreement over a large force range. It is important to note that
Apart from being a simple approximate result for the ferce  the two surfaces are not in contact and the droplet continues to
displacement relationship in the repulsive branch of the force deform even though the force branch in this region appears
curve, an important consequence of eq 18 is the nonlinear naturepseudolinear and similar to a constant compliance region in a

+ 2B(6) — 1] 17)

2
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26 velocity at the axis of symmetny= 0, rises briefly to around
35 um/s, and overshoots the drive velocity of 281/s as the
particle separates rapidly from the O/W interface, as indicated
24 by the rapid increase of the distance of closest apprbgch
= h(0, t).
@ 22 .
g 5. Conclusion
= \ In this study we have demonstrated successfully the use of a
= 20 colloid particle probe mounted on the cantilever of an atomic
Approach force microscope to measure the time dependent dynamic force
18 Retract between a silica particle and deformable tetradecane/electrolyte
interface stabilized by added SDS. Within the measured
tolerance of system parameters, the measured force-displacement
1_'36 : (') 0'5 1 1'5 data are in pleasing agreement with a model that accounts for

AX (um) colloidal forces, hydrodynamic interactions and surface defor-

mations in If-consistent manner. This model al rovi
Figure 7. LVDT data of the variations of the actual speed of the drive ations In a seli-consistent manne s model also provides

when the Asylum MFP-3D controlling software has been set to drive insight about the phenomena} |nS|Qe the |n.teract|0.n zone .S.UCh
at a nominal speed of 20m/s. as drop surface deformation, film thickness, interfacial velocities

and particle-drop separation that cannot at present be measured.

force curve between two rigid surfaces. These limiting forms ThiS 0pens up exciting opportunities to use the same methodol-

offer a great deal of utility in analysis of these types of data ©9Y t0 explore more complex deformable surfaces and probe
with fast and straightforward calculations. dynamic events such as surface elasticity, surface rheology and

In Figure 3, we show the fluid interface predicted by the €ffects due to material transfer across interfaces. The possibility

model during the course of the interaction between the particle {0 functionalize the particle probe or to replace it with another

and the drop. It is important to note that the radial dimension déformable body is another avenue of exploration.

of the interaction region between the particle (of radiug9 This work also augments earlier AFM measurements of_forces

and the drop is less than @n, which constitute only small  between two deformable drops2°The use of a solid particle

fraction of the drop radius (56m). Thus the deformation of ~ Probe instead of a drop on the cantilever removes any possible

the O/W in is very small on the scale of the drop size. ambiguity as to the location load point on the cantilever. The
In Figure 4, we show details of the oil drop profilgs, t) in demo_n_strated success of both types of experiments c_onflrms

the interaction zone as predicted by the model during the _the ut|_I|ty and methodolog_y of force measurement experiments

approach (Figure 4a) and retract phases (Figure 4b). From Figurdnvolving deformable bodies.

4c,d, we see that the thickned¥s, t) of the aqueous film One final observation regarding the behavior of the current

between the drop and the particle is no less thar 22 nm, version of the Asyl'um MFP-3D AFM (Asylum Research, Santa

which is given by the conditiofil(heq) = (20/Retr) whereII(h) Barbara) may be in order. _An examination of the LVDT f:lata

in the present system is the disjoining pressure due to electricalShow that, although the piezo can be driven at a nominally

double layer repulsion between the drop and the particle. This constant drive speed, it is common to operate the Asylum AFM

leads to an aqueous film22 nm thick with a radial dimension where the controlling software actually runs the cantilever at a

of 1—-2 um, yet unlike the case of the interaction between a variable speed (Figure 7).We have ascertained that this

mercury drop and a mica surfagethe film thicknessh(r, t) variation is not significant in the present study because it is

for the present particle-drop system shows no signs of dimple Masked by variations in other system parameters. However, this

formation within the range of present experimental parameters. idiosyncratic behavior of the AFM may be important in other
In Figure 5, we show the variation of the force with the central applications.

separatiorhy = h(0,t) along the approach and the retract branch ) )

for V = 23 um/s. The points marked aa.(r) correspond to the Acknowledgment. This work has been supported in part
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