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ABSTRACT: Polymeric stabilizers are used in a broad range
of processes and products, from pharmaceuticals and engine
lubricants to formulated foods and shampoos. In rigid
particulate systems, the stabilization mechanism is attributed
to the repulsive force that arises from the compression of the
polymer coating or “steric brush” on the interacting particles.
This mechanism has dictated polymer design and selection for
more than thirty years. Here we show, through direct
measurement of the repulsive interactions between immobi-
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lized drops with adsorbed polymers layers in aqueous electrolyte solutions, that the interaction is a result of both steric
stabilization and drop deformation. Drops driven together at slow collision speeds, where hydrodynamic drainage effects are
negligible, show a strong dependence on drop deformation instead of brush compression. When drops are driven together at
higher collision speeds where hydrodynamic drainage affects the interaction force, simple continuum modeling suggests that the
film drainage is sensitive to flow through the polymer brush. These data suggest, for drop sizes where drop deformation is
appreciable, that the stability of emulsion drops is less sensitive to the molecular weight or size of the adsorbed polymer layer

than for rigid particulate systems.

P olymers are among the most common additives used to
control emulsion and foam stability."* An understanding
of the underlying stabilizing mechanisms operating in these soft
matter systems is largely inferred from the effects of polymer
additives on the properties of rigid particulate systems. The key
thermodynamic theories developed to describe the forces
involved in steric stabilization” were validated using direct
force measurement between two well-defined rigid surfaces.
Originally, the surface forces apparatus (SFA)*6 was used with
grafted or adsorbed polymer brushes on mica surfaces to study
the compression of the polymeric brushes, the influence of flow
within the brush,” and lateral shear or frictional behavior.”
Later, atomic force microscopy (AFM) was used to extend
these studies to a larger range of underlying surfaces including
zirconia,® glass,9 and hydrophobic substrates.'”'! There are few
direct measurements of forces in polymer stabilized emul-
sions'? and none that have examined the dynamic effects of
adsorbed polymers in stabilizing drops or bubbles when the
deformation of the interface is significant. With the increasing
environmental incentives to process emulsions and foams at
low water content and to operate at the edge of stability, it is
crucial to gain a more detailed understanding of the role of
drop deformation when steric stabilization is in play.

Using an AFM (a MFP-3D, Asylum Research, Santa Barbara,

USA) we have measured the dynamic forces during the
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controlled collisions between two polymer coated decane drops
on the order of 30 to 40 ym in radius. One drop was
immobilized on a tipless silicon nitride AFM cantilever (Bruker,
Santa Barbara, USA) and the other on a hydrophobic substrate
as shown in Figure 1d, where each surface was coated with
chromium and gold and then hydrophobised by a monolayer of
n-octadecane thiol. Each drop has an irreversibly adsorbed'?
coating of an amphiphilic triblock copolymer of either Pluronic
F-108 (Molecular weight: 14600) or Pluronic P-103
(Molecular weight: 4950), composed of an anchoring block
of a propylene oxide (PO) between two ethylene oxide (EO)
buoy blocks ((EO);3,—(PO)ss—(EO) 3, and (EO),;—(PO)go—
(EO),5, respectively'*). Any free polymer was removed through
solution exchange with 10 mM sodium nitrate electrolyte
solutions that also acted to screen electrical double layer forces.
The collision velocity was varied by modulating the speed of
the AFM piezo actuator on approach and retract. Speeds
ranged from 100 nm/s, where dynamic forces such as
hydrodynamic drainage are negligible, to 20 to 30 ym/s, two
to three times faster than the drop velocity moving under
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Figure 1. (a) Comparisons between model force calculations (solid lines) and experimental AFM force measurements between two decane droplets
in 10 mM sodium nitrate aqueous solutions at an approach velocity of 100 nm/s, coated with steric brushes of Pluronic F-108 (red diamonds) and
Pluronic P-103 (green circles). (b) Calculation and measurement of the force between drops coated with F-108 from (a) and the calculated axial
separation h(r = 0) (dashed line) showing that the change in separation from compression of the polymer brushes is small. The arrows point to the
relevant x-axis for each curve. (c) The same calculations as in (b) for drops coated with P-103. (d) Schematic of two polymer coated decane drops in
electrolyte solution, where the upper drop is immobilized on an AFM cantilever and the lower drop on a solid substrate. Inset: The intervening thin

film between the two drops.

Brownian motion. Further details are discussed in the
Supporting Information.

At slow collision velocities, the observed forces between
polymer coated drops are strongly repulsive, shown in Figure
1a, as a function of relative piezo displacement, AX (defined in
Figure 1d), for F-108 and P-103 polymer coated drops.
Previous studies of drop interactions have shown that this force
is a result of both surface forces and deformation."*™"® The
surface forces in this system can be attributed to steric forces
stabilizing against a van der Waals attraction. Earlier AFM
studies on oil drops in the absence of stabilizers have shown
that drop coalescence occurs from van der Waals attraction for
similar conditions when the drops reach separations of 2 to §
nm.'® Thus, the steric force provides a repulsive force that
maintains the drops at separations larger than this range."

Understanding the impact of interfacial deformation on the
forces between the drops requires the interdrop separation, yet
this cannot be determined directly from an AFM measurement.
To analyze these force data, we employ an existing physical
model developed by minimizing the free energy of the drop
interfaces to account for local changes of curvature of the
interface with the pressures that arise from interaction forces
between the drops.'>'®**™>* Through this analysis, we are able
to link the observed force behavior to the interplay between
drop deformation and surface forces in the AFM measurements
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for a number of drop and bubble systems.
incorporation of steric forces and other effects from polymers
introduces an added complication. Due to the large number of
conformations that are open to the polymer chains, the nature
of the oil—solution interface becomes less well-defined, even
when monodisperse polymers are adsorbed. Furthermore, the
polymers used in this study have significant polydispersity.'*
Thus, applying the AFM analysis methods to a steric system is
expected to have inherently more error than simpler systems.

The analysis requires a model calculation of the interfacial
profile of the drop on the scale of nanometers. The pressure in
this film is then used to calculate a theoretical AFM force as a
function of position in the AFM measurement. This theoretical
AFM force measurement can then be compared to
experimental data.'">*” The axi-symmetric geometry of the
interface is shown in detail in Figure 1d. The equilibrium
polymer brush thickness on each interface is defined by 6. The
separation, , is dependent on radial position, r, as well as time
for dynamic forces. In addition, the model requires a set of
independently measured parameters including interfacial
tension, o, and geometric parameters (i.e., drop radii, contact
angle with the substrate or cantilever) shown in Figure 1, as
well as a model for the surface forces between the drops in
terms of a disjoining pressure between flat interfaces.'® In the
absence of hydrodynamic drainage, the pressure arises from a
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steric force. There are several steric force scaling theories,"* and
we employ the scaling analysis of de Gennes,' in which the
steric disjoining pressure is given by'!

kT | (25)7/*
Hteric = 5_3 7 -

h

3/4
—) at0 <20 < h
20

M=0at28>h (1)

where kpT is thermal energy, s is the average distance between
contact points on the surface, and @ is an emPirical parameter
from the scaling analysis.”” Several key studies' ' of the forces
between adsorbed Pluronic polymers on rigid hydrophobic
surfaces offer a baseline set of values for the disjoining pressure
parameters. A detailed discussion of the construction of the
steric disjoining pressure is included in the Supporting
Information.

Comparisons of the experimental force measurements to a
theoretical force—distance behavior that accounts for drop
deformation and compression of the polymer brushes are
shown in Figure 1a. The model calculations employ parameters
from the literature or measured independently, summarized in
Table 1 and in Table 2. Earlier modeling of AFM force

or

Table 1. Polymeric Brush Parameters

dynamic theory
parameter P-103"! F-108"! (E-108)
Polymeric brush thickness, 5 4.8 +1nm 18 + 2 nm 18 nm
Distance between the coils 19+02 37+04 3.7 nm
anchor-sites, s nm nm
Empirical coefficient, & 0.02 0.07 0.07

Table 2. Experimental Parameters for Pluronic for F-108 and
P-103

dynamic theory

parameter P-103 F-108 (F-108)
Viscosity, p 1+02mPas 1+02mPas 1 mPas
Spring constant, K 0.069 + 0.010  0.054 + 0.008 0.062 N/m

N/m N/m
Interfacial tension, 6 74 +£2 mN/m 144 + 2 mN/m 13.4 mN/m
Drop (on cantilever) 20.6 + 2.6 yum  23.6 + 2.6 ym 262 ym
radius, R,
contact angle, 6, 50 + 5° 50 + 5° 50°
Drop (on cantilever) 28.7 + 2.6 yum 332 + 2.6 ym 35.8 ym
radius, R,
contact angle, 6, S0 + 5° 50 + §° 50°

measurements has shown that the difference in slope is
primarily reflective of the difference in interfacial tension when
the drops are of similar size. In this case, P-103 is more surface
active than F-108 due to the shorter PEO blocks. Using the
modeling result, one can compare the changes in axial
separation of the drops h(r = 0) to the sum of changes in
drop deformation and separation, AX, and for the same force as
shown for the Pluronic F-108 and P-103 coated drops in Figure
1b and ¢, respectively. Over the observed force range, AX varies
by several hundred nanometers, yet the change in separation
only varies by 1 to 2 nm from the compression of the polymer
brushes. For example, the brush layer thickness, 6, for F-108 is
18 nm; thus, the total distance between the oil drops at point of
contact between the polymer brushes is 26 or 36 nm. The
closest approach between the drops for the entire force
measurement in Figure 1b is 342 nm. Thus, the brush
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compression is 1.8 nm and the drop deforms instead of the
polymer brush with increasing force. This occurs because the
steric pressure, Il.;, between the drops is bounded by the
equivalent Laplace pressure of the interacting drops'®

AP = 26/R ()

where ¢ is the interfacial tension of the drops and R = 2/(R;™
+ R,™") is the equivalent radius of the interacting drops with
radii R; and R,. The increased deformation leads to a larger
interaction area and thus an increase in the force. This is easily
visualized from the interfacial profiles, h(r), from the model
calculation shown for the F-108 measurement shown in Figure
2a with a similar result for P-103.

The above analysis demonstrates, not surprisingly, that the
drop is the softer object and deforms to a larger extent than the
compression of the polymer brush. Thus, provided the range
and magnitude of the steric force is larger than that of the van
der Waals force, repulsive interactions are expected due to
deformation of the drops and not due to increases in repulsive
surface forces. This criterion for stability suggests a relative
insensitivity to the segment density distribution within the
brush and the details of the polymer architecture. The polymers
studied, Pluronic F-108 and P-103, have different length PEO
blocks but the same PPO moiety, suggesting a lack of sensitivity
to polymer molecular weight.

To demonstrate how these effects scale with drop size, we
equate the expression of the steric pressure in eq 1 to the
Laplace pressure in eq 2. This relation, plotted in Figure 2b for
F-108, represents the maximum possible brush compression
(26 — h) achieved during the interaction between two drops as
a function of the drop radius. Thus, as the drop radii decrease,
the brush compression increases, shown for interfacial tensions
ranging from surfactant free interfaces to that of common
emulsion systems. The polymer brush compression is still small
for drop radii typical for emulsion drops (<S pm) for F-108,
but it is the combination of drop radii and interfacial tension,
i.e,, the Laplace pressure, that will dictate when deformation is
no longer critical to the drop interaction. In the limit of large
drops or a flat interface, the complex interplay between
curvature and the compression of the polymer brush is not
expected.”®

As the collision velocity increases, hydrodynamic drainage
effects become significant and alter the force behavior. For
dynamic measurements, the key variable is time. Therefore, it is
critical that the force and the piezo actuator motion are
recorded with respect to time. Thus, the force versus time is
plotted in Figure 3a for approach and retract piezo actuator
speeds of 1, 10, and 20 um/s for the same Pluronic F-108
coated drops studied at slow collision velocities in Figure 1.
The piezo actuator moves at an approximately constant velocity
during the approach and retract motion for a distance of
approximately 2 um (see Supporting Information). The
approach portions of the curves in Figure 3a, the force profile
up to the maximum force, show an additional velocity
dependent repulsive force; and the retract portions of the
curves, the force profile after the maximum force, show a
velocity dependent minima that result from the hydrodynamic
resistance to the separation of the drops, typical for drop
collisions measured using the AFM.'%**

The dynamic drainage force between two drops of this size
has been previously described by using a Reynolds lubrication
model to describe the flow."®*"** In this approach, the
hydrodynamic pressure is coupled to the drop deformation
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Figure 2. (a) Interfacial profiles, h(r), from the model calculation for the F-108 measurement. The inset is a schematic representation of how the
polymer brush has a small overlap or compression region. (b) This correlation illustrates the maximum brush compression (28 — k) as a function of
the drop radius for Pluronic F-108 achieved during a collision for a range of interfacial tensions. Thus, as the radii of the drops decrease, the brush
compression increases. This is shown for three interfacial tensions (see legend). The horizontal red line denotes the equivalent Laplace pressure of
the drops in this study, indicating little compression of the brush for low interfacial tensions.
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Figure 3. (a) Comparison between the observed dynamic force (red dots) and model calculation (solid line) as a function of time between two
colliding decane drops with coatings of Pluronic F-108 at approach and retract piezo actuator speeds 1, 10, and 20 ym/s. The initial separation for
each force measurement hy, = 1.95, 2.01, and 1.35 pm, respectively, where the free flow region of the polymer brush was kept constant at L = 14
nm for all speeds. The time axis is scaled by a factor f§, which is the ratio of the actuator speed of an individual collision to the actuator speed of the
fastest collision, 20 mm/s. (b) Enlargement of the box in (a) at the attractive force minima. Inset: a schematic of the flow model through the
polymer brush divided into two regions:7 aregion, § — L, that does not allow for flow and a region, L, that represents the effective penetration of the
aqueous flow into the brush.

described in the static model through the normal stress balance studies of these data, discussed in the Supporting Information,
(discussed in the Supporting Information). The existing model suggest that the accuracy of L is limited by the experimental
assumes a simple interface where an adsorbed polymer layer is error in the estimates of ¢ and the fact that this model is
more complex. The aqueous flow in the brush is accounted for simplistic and neglects the details of the polymer segment
using a simplified model by Klein.” The polymer brush is density profile extending from the oil—water interface.
divided into two regions: one region where there is free flow The dynamic behavior is similar to the case of no
through the brush, defined by L, and the second region, where hydrodynamic drainage in several ways. Again, the slope of
there is no flow within the polymer brush, defined by thickness the force curve at small separations corresponds to higher
0 — L, as shown in the inset in Figure 3b. In addition, the forces and is proportional to the interfacial tension.”* Snapshots
boundary of the region between flow and no flow is assumed to of calculated interfacial profiles, similar to the plot in Figure 2a,
provide a tangentially immobile surface for the hydrodynamic for the 20 ym/s drop collision show the interface flattening to a
boundary condition at the interface (i.e., assuming no internal film thickness of 34.2 nm, similar to the slow collision case.
flow in the drops, previously observed for a number of drops Aspects unique to the dynamic nature of the interaction are
measurements in the absence and presence of surfactants'®™'?). based around flow through the polymer brush. The effect of the
Figure 3a and b shows the comparison between the polymer brush becomes more pronounced as the film thickness
experimental data and theoretical calculation where the region between the brushes decreases and the flow through the brush
of fluid flow in each polymer brush is 14 nm out of a possible becomes a larger fraction of the total drainage volume. This
18 nm. The input parameters are summarized in Table 1 and occurs at low to moderate forces on the approach and in the
Table 2. The thickness of the region of the polymer brush with minima on the retraction of the force versus time curves,
free fluid flow was the same for all velocities; thus, the leading to a substantial influence on the hydrodynamic drainage
agreement with the data and the fact that the magnitude of L is behavior. Although this model was sufficient to describe the
independent of the collision speeds studied suggests a drainage behavior between the drops, it is unlikely that this
consistent description of the flow through the brush. Sensitivity simplistic model can capture all the details of flow through the
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brush. Regardless, the deformation of the drop is still an
important aspect for both the static and dynamic cases.

The interplay between drop deformation and compression of
the adsorbed polymer brush indicates that for sufficiently large
drop radii or, more accurately, for sufficiently low Laplace
pressures, deformation can play a larger role than steric forces
in repulsive drop interactions or emulsion stability. For the
polymer and drop sizes studied, the outcome appears
insensitive to the molecular weight affect on the steric force.
This also suggests that the stability of an emulsion drop of
micrometer size or larger may be insensitive to the polymer
architecture as well. In addition, the drop deformation is equally
important in the dynamic interactions between drops where the
volume of aqueous flow through the brush also affects the
dynamic interactions.

These results demonstrate the importance of rigidity of the
underlying material in soft matter systems when compressing a
steric polymer brush. This is also applicable to living cells, for
example, in the analysis of recent studies on the polymer brush
layers native to cancer cells.”” Here, similarly, the stiffness of
the underlying material (in this case a cancer cell with stiffness
of ~2—4 kPa®) is significantly smaller than expected from
steric pressures that arise from compression of a polymer brush.
Thus, in a direct force measurement such as the AFM,
deformation of the cell would be expected instead of
compression of the steric brush; therefore, caution should be
used in any analysis that neglects cellular deformation.
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Details of experimental procedures, materials and modeling are
included. This material is available free of charge via the
Internet at http://pubs.acs.org.
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