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Abstract

Both microfluidics and atomic force microscopy have been used to quantify the forces between oil
drops in the presence of complexes formed with anionic surfactant, sodium dodecyl sulphate, and
neutral, water soluble polymer, poly(vinylpyrrolidone). Measurement and modelling of the interaction
forces between both rigid and deformable surfaces demonstrated that the attraction between the
drops is due to depletion forces, whereas the repulsive force is a combination of electrical double layer
and steric forces, indicating complexes exist both in the bulk and at the drop interface. We developed
a new microfluidic device to first form and then break-up chains of drops, where the drop break-up is
sensitive to the underlying surface forces between the drops, not hydrodynamic drainage forces. The
interaction behaviour between the force measurements and the microfluidic observations showed a
strong correlation, where the observed adhesion between drops in the microfluidics is sensitive to the
drop deformation and Laplace pressure. Correlation between the two techniques provides insight into
the surface forces between drops in flowing systems. This work opens the possibility of developing
high-throughput measurements of adhesive interactions between drops and has the potential utility
in the formulation of emulsions.
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Introduction

Studies of interactions between drops and bubbles usually focus on the transition between repulsion
and attraction, defining precise conditions whereby drops/bubbles may coalesce. These
measurements are usually made using direct force measurement methods such as atomic force
microscopy (AFM) (1-8), larger capillary based drop and bubble methods sensitive to interfacial
separation (9-13), insightful and novel microfluidic devices (14-18), or other geometries yielding
elongational flow such as the four roll mill (19). However, there are conditions under which
drop/bubble interactions are attractive over certain separation distances yet sufficiently stable at
closer separations such that aggregation occurs, rather than coalescence (20). For drop interactions
in emulsions, these attractive interactions between the drops underpin the properties of these
systems and control processes such as gel formation, fluid microstructure, and the deposition of
coatings. This has important applications in the formulation and processing of foods, personal care
products, and pharmaceuticals.

The term “adhesive emulsions”, first coined by Bibbette (20), suggests that specific adhesive or
attractive interactions are key to controlling or tuning the behaviour of these systems (21). At liquid-
liquid or liquid-gas interfaces these types of attractive interactions, often attributed to a range of
surface forces including depletion and structural forces, were initially measured in systems of flat air-
water and oil-water interfaces using thin film balances in the seminal work of Langevin (22-25), as well
as Wasan’s work using the Scheludko cell technique (26, 27). More recently, a series of AFM studies
investigated aggregation in drop and bubble systems, as the AFM can probe both attractive and
repulsive interactions, whereas thin film studies require a stable film for any observation. In addition,
the AFM studies have elucidated the importance of the interplay between drop/bubble deformation
and these structural or depletion forces in foams or emulsions (5, 28-32).

One class of adhesive emulsion systems, common to formulated products, is formed by the
complexation of long-chained polymers with various surfactants (25, 33). Over a range of surfactant
concentrations, often spanning from below to well above the critical micelle concentration (CMC), the
surfactant and polymer form molecular complexes due to the association of the surfactant with the
polymer. This association is based on interactions of the surfactant head group with the polar or
hydrophilic regions of the polymer, as well as the hydrophobic association of the surfactant tail with
the less polar or hydrophobic regions of the polymer (34-36). Thus, even for a hydrophilic polymer
showing little surface activity, the polymer-surfactant (PS) complex is often surface-active over a
significant range of surfactant concentrations (34, 37-39). The PS complex and resultant attractive
interaction is influenced by many factors including surfactant concentration, added electrolytes,
polymer backbone flexibility, polymer charge, and surfactant-polymer associations (often based on
charge or hydrophobic interaction). This sensitivity and flexibility is one of the reasons why PS
complexes are used so widely in formulated products (40). This has led to an extensive understanding
of PS complex behaviour in the bulk (25, 37, 39, 41). However, there are still uncertainties related to
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the interaction between PS complexes and surfaces, summarised in numerous reviews on the topic
(22, 25, 42, 43), and in particular the interactions between surfaces coated with the complexes. Thus,
quantifying the forces involved between two interacting surfaces coated with PS complexes is
important to understanding the fundamental nature of PS systems.

PS complexes coated on hydrophobic solid surfaces have been found to exhibit attractive adhesive
forces between the surfaces due to polymer bridging or depletion forces (43-49). The characterisation
of such systems is limited not only in the choice of surface, polymer and surfactant but concentration
variation and the effect of added components. As mentioned above, thin film balance methods have
been used to explore the forces between flat air-water interfaces where both bridging and
stratification of the PS complex layers have been observed (22-25, 50, 51), however these forces have
not been explored with drop/bubble systems exhibiting curvature and deformation in the same detail.
Depletion and structural forces have been previously studied in drop/bubble pair interactions using
AFM in a number of systems where strong attractions are observed, but not coalescence. Gromer et
al. measured the effect of a non-adsorbing polyelectrolyte on the structural forces between two oil
drops in food systems, notably sugar beet pectin (52). Other studies using AFM have probed the
behaviour of oil drop-pair interactions in the presence of surfactant micelles, microemulsions,
nanoparticles and rod-like surfactants (30-32). In addition, the interaction of a bubble and a particle
was studied in the presence of non-adsorbing nanoparticles (53), and structural and depletion forces
in the presence of non-adsorbing polyelectrolytes was observed between bubble pairs for both
monodisperse and polydisperse polyelectrolytes (28, 29). The detailed modelling in many of these
studies showed that the interplay of the structural and depletion forces with the deformation of the
drops/bubbles lead to significant attractive interactions at small separations not present with
equivalent sized rigid particles. In these studies, the force behaviour showed a clear dependence on
the Laplace pressure of the drops (32). However, PS complexes have not yet been explored using AFM
with drops/bubbles. The only direct force measurements with nanometer resolution in separation we
are aware of involving PS complexes are the elegant studies by Mondain-Monval and co-workers using
the magnetic field induced chaining technique (MCT), which offers some insight into these systems,
but are limited to femo-Newton forces, micron to sub-micron drops that exhibit little if any
deformation and struggle to probe attractive forces (54).

PS complexes are often difficult to study in a direct force measurement context over a large surfactant
concentration range as many PS complexes induce phase separation, especially when the polymer and
surfactant are oppositely charged (46). The bulk phase behaviour of the common anionic surfactant
sodium dodecyl sulphate (SDS) and non-ionic polymer poly(vinylpyrrolidone) (PVP) has been covered
in detail throughout the literature (35, 37, 39, 55), and is used in this study as the complex is water
soluble and does not induce phase separation (56, 57). It is understood that once SDS begins to bind
to PVP it forms ‘clusters’ with aggregation numbers below that of a standard surfactant micelle (37,
55, 58-60). (See supplementary material for further details)

Interactions between SDS and PVP at an air-water interface have also been observed using several
techniques such as pendant drop tensiometry and neutron scattering (34, 61, 62). For neutral
polymers and charged surfactants, it is widely accepted in the literature that the interfacial tension
behaviour for a polymer-surfactant system with constant polymer concentration and varying
surfactant concentration can be described by 3 regions, delineated by the points of discontinuity in
the interfacial tension versus concentration curve. The initial change, denoted as Ty, is the result of
the onset of surfactant aggregation to the polymer also known as the critical aggregation
concentration (CAC) (63). At T, the polymer is considered to be completely saturated, such that further
addition of surfactant does not increase the amount on the interface or polymer, but instead results



in the formation of surfactant only micelles (36, 55, 58, 64). This point occurs at interfacial tension
values similar to those of a pure surfactant system at its CMC, which is due to the availability of free
surfactant molecules competing with the polymer-surfactant complex for adsorption at the interface
(42). Observations from literature report CAC values for 0.5% PVP and SDS in a SDS concertation range
of 1-3mM, by using a range of techniques, such as conductivity (65), surface tension measurements
(34, 36) and capillary electrophoresis (66). The saturation of the polymer is reported over a much
larger SDS concentration range, from 15-25 mM, attributed to the dependence on polymer molecular
weight and concentration (42).

PS complexes formed between neutral polymers and charged surfactants have been observed to
behave as pseudo-polyelectrolytes (67-71). Light scattering experiments performed by Minatti et al.
claimed PVP and SDS aggregates have properties similar to polyelectrolytes, however due to the
multiple equilibria that exists between the molecules the system exhibits higher complexity to that of
a standard linear polyelectrolyte (72). Furthermore, Wu et al. used capillary electrophoresis to present
direct evidence that PVP and SDS complexes should be treated as pseudo-polyanions as the apparent
electrophoretic mobility of the complex decreases with increasing SDS aggregation (73). This
behaviour has also been accounted for in studies observing the force between surfaces in systems
containing neutral polymers and anionic surfactants. Using AFM, Tulpar et al. measured strong
depletion forces between a silica particle and plate in the presence of Pluronic F108/SDS complexes,
which they regarded as large polyelectrolytes (48). The previously mentioned work by Mondain-
Monval credited an increase in repulsive electro-steric forces between emulsion droplets in solutions
containing PVA/SDS complexes to their polyelectrolyte nature (54). In addition, a single foam stability
study by Folmer et al., using a thin film balance method, has observed stable films and stratification
in the films with PVP/SDS at concentrations where they exhibit strong binding (50). To our knowledge
there is a gap in the literature covering the direct forces between rigid or deformable surfaces in a
PVP/SDS system to probe the attractive forces in this system.

It is possible to investigate PS complexes or any emulsion system by examining the drop pair
interactions using direct force measurement methods such as AFM, larger scale methods such as the
Integrated Thin Film Drainage Apparatus (IFTDA)(9, 74) or the cantilevered capillary apparatus (10,
75). However, these studies require extensive sub-discipline expertise and are unable to perform
measurements at a timescale comparable to other emulsion characterisation methods. Thus,
potential advancements can be made by developing methods that probe soft particle attraction and
adhesive forces in a high-throughput context over a wide range of operating conditions. Microfluidic
devices are an obvious candidate to systematically probe drop interactions, yet previous studies that
have had such success have been limited to studying phenomena that are either dominated by
hydrodynamic interactions between drops or exhibit some coupling of hydrodynamic behaviour and
surface forces. The exciting studies by Bremond & Bibbette, (14, 15) and Gunes et al.,(16, 17)
systematically explored drop coalescence in microfluidic devices, most notably where drops coalesced
upon separation. However, the drop interaction outcomes in these studies were driven largely by
hydrodynamic drainage effects until very close drop separations. Furthermore, the seminal work by
Anna (18) into drop coalescence at T and Y shaped junctions specifically noted that the hydrodynamics
of the surrounding fluid dominated any interaction, effectively masking equilibrium surface forces. A
recent simulation study of drop and bubble collisions in AFM experiments, by Berry and Dagastine (1),
mapped the rich phenomenological interplay between equilibrium surface forces, drop deformation
and the hydrodynamic drainage effects, identifying collision velocities where hydrodynamic drainage
effects play a small role in the collision outcomes. Thus, in order to study equilibrium surface forces
with a microfluidic platform, it is necessary to create a geometry that removes or quantifiably controls
the hydrodynamic interactions during soft particle collisions. An example of the latter can be seen in
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some recent work into microfluidic flow that used depletion forces to form drop aggregates, prior to
photo-polymerisation, by controlling the channel flowrate through a channel expansion (76).

The current investigation focuses on the strong attractions between oil drops in the presence of
complexes formed with anionic surfactant and neutral, water soluble polymers. Both direct force
measurements between two oil drops measured with AFM and microfluidic observations of the
formation and then breakup of chains of oil drops were studied via systematically varying surfactant
concentration at constant polymer concentrations. The two techniques were used to better correlate
the behaviour of droplets in flowing systems such as microfluidics with the underlying surface forces.
Doing so works towards the possibility of developing high-throughput measurements of adhesive
interactions between oil drops and has the potential to enable the rapid screening and optimal
selection of new components and additives for advanced materials.

Experimental Section

Materials

Sodium dodecyl sulphate (SDS, >99% (GC)) was obtained from Sigma-Aldrich (New South Wales,
Australia) and used as received. Polyvinylpyrrolidone (PVP, K90, MW = 360, 000 g/mol, analytical
grade) was obtained from Fluka and used as received. Deionised water at 25°C (minimum resistivity
18.2 MQ cm) was taken from a Milli-Q system. Tetradecane (98%) was obtained from Sigma-Aldrich
(New South Wales, Australia) and purified over silica (Florisil, Sigma-Aldrich, 100—200 mesh) via
column chromatography. No adjustments were made to solution pH or ionic strength.

Interfacial Tension

Interfacial tensions were measured using pendant drop tensiometry with a Dataphysics OCA 20
Tensiometer. This involved generating a drop of oil in the aqueous solution within a clear quartz
cuvette, using an inverted needle as the oil (721 kg/m3 @ 25°C) is less dense than water (998.9
kg/m3@ 25°C). The cell was sealed with Parafilm to avoid dust contamination with care taken to
ensure the solutions did not come in contact with the Parafilm. The drops were generated manually
by depressing a syringe attached to the needle. Once a drop of desired size was produced, the drop
profile was photographed with the needle diameter used as a reference and then fit to the Young-
Laplace equation using the proprietary instrument software based on the deformation of the drop
and fluid properties input into the calculations. The balance between interfacial tension forces and
buoyancy allowed for the interfacial tension to be calculated (77). To account for surface adsorption
kinetics the interfacial tension was tracked over time until it was considered to be stable on a log-log
scale.

AFM

All experiments were performed on an Asylum MFP-3D AFM. The procedure for drop-drop
(deformable) and particle-slide (rigid) AFM measurements has been covered in detail in previous
literature (5, 7, 31, 32). All slides were cleaned prior to use by soaking for 1 hr in 10% Ajax detergent
(LabChem), followed by 1 hr in 10% sodium hydroxide solution, then 1 hr in 10% nitric acid (70%,
Univar) solution, and finally thoroughly rinsed with Milli-Q water. Spring constants were measured
using the method of Hutter and Bechhoefer.(78)

Rigid AFM experiments used a triangular silicon nitride cantilever with a 5 um diameter SiO, sphere
attached at the tip (PT.SiO2.SN.5, Novascan, IA, USA), and a flat rigid glass round slide. The cantilevers
used to measure the hydrophilic system were exposed to low concentration ozone (BioForce Nano-
sciences, Inc., UV/Ozone ProCleaner Plus) prior to use. To functionalise the surfaces for hydrophobic



measurements, the glass slide and both sides of the cantilever were sputter coated (Emitech K575X)
with a thin layer of chromium (~7nm) followed by a layer of gold (¥~30nm) and then submerged in a
2mM decanethiol solution for a minimum of 2 hrs. The spring constants of these cantilevers were
measured to be in the range of 0.03-0.05 N m™.

Drop experiments were performed using custom rectangular silicon cantilevers (450 pum x 50 um x 2
um) with a gold disk (radius of 45 um) at the end, which were fabricated at the Victorian node of the
Australian Nanofabrication Facility (ANFF), the Melbourne Centre for Nanofabrication.(32, 79) These
cantilevers were submerged in a dilute 2mM solution of decanethiol in ethanol to form a decanethiol
monolayer on the gold disk to facilitate the drop attachment. A layer of chromium (~7nm) followed
by gold (~30nm) was than sputter coated (Emitech K575X) onto the backside of the cantilever to
ensure a sufficient laser signal was registered by the photodiode during AFM measurements. The
spring constants of these cantilevers were in the range of 0.1-0.3 N m™. As the oil is less dense then
water it was necessary to make the glass round hydrophobic in order to immobilise the drops on the
surface of the slide. This was achieved by boiling the slides in n-propanol for 2-5 h prior to use where
the cantilevers were more hydrophobic then the substrate to aide drop attachment. Drops were
generated by spray injection using a deformed hypodermic needle and submerged in solution using
an O-ring technique outlined by Dagastine et al.(80). Drop radii were measured before and after a set
of experiments using optical microscopy. Raw data was recorded as photodiode voltage versus linear
variable differential transformer (LVDT) position. Force curves were taken at a scan speed of 100 and
200 nm s unless otherwise stated.

Force Curve Analysis:

Rigid Surfaces

Force versus piezo motion data between two rigid silica surfaces in the SDS-PVP system were
converted to force versus separation data by using the constant compliance region, the measured
photodiode sensitivity and cantilever spring constant. These data were fitted to an analytical model
for electrical double layer and depletion forces, where the total potential energy between two
surfaces was modelled as the sum of these forces. For this study, the net interaction energy E
between flat half spaces as a function of surface separation h is given by:

E(h) = Egp;, + Epgp. (1)

where Egp; is the electrical double layer (EDL) potential energy and Epp is the depletion potential
energy. Assuming a weak overlap model, the EDL potential energy between two planar surfaces with
matching chemistry can be modelled as (81):

_ 64k,Tn® (ewo )2 —xh )
Epp, = ——tanh wor) € (2)

where k,, is the Boltzmann constant, T is the absolute temperature, n° is the bulk ion number density,
K is the inverse Debye length, e is the elemental charge, and v is the surface potential for each
interacting surface. The depletion potential energy can be modelled with Asakura-Oosawa theory,
according to (82):
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where [Iggy is the osmotic pressure and A is the depletion layer thickness. The Debye length and bulk
ion number density for a given system can be calculated from the ionic strength. The Derjaguin
approximation was used to relate the interaction energy of two flat surfaces to the force measured in
the AFM measurement for a sphere and a flat plate. The fitted model was then used to determine the
remaining unknown surface force parameters, the surface potential, osmotic pressure and depletion
layer thickness, from the experimental data.

Deformable Drops

To quantitatively model the forces between two deformable surfaces we used a well-established
theory that describes the interplay of changes in drop deformation, separation, surface forces and
hydrodynamic drainage effects between drops/bubbles (83-88), sometimes referred to as the Stokes-
Reynolds-Young-Laplace (SRYL) model for drop and bubble interactions. This theory has been
previously validated against measurements by both the authors and others for both equilibrium
surface forces measurements and conditions where hydrodynamic drainage is significant (6, 89). The
Reynolds lubrication approximation accounts for the thin film drainage between two drops or bubbles
bought into close separation, describing the change in film thickness as a function of axial coordinate
r with:

dh 1 0 5 0Py
o= (P 5) (@)
dt 12urodr ar

where p is the viscosity of the liquid in the film and Py is the hydrodynamic pressure in the film. The
normal stress balance between the drop shape and disjoining pressure arising from the surface forces
within the film is governed by a modified form of the Young-Laplace equation, with an additional term
accounting for the effects of the hydrodynamic pressure:

y 0 ( ah) 2y
——|r—)=—-0(h)-P
2r dr ’ ar R () () (5)

Here y is the interfacial tension of the system, R = (2R,R,)/(R1 + R,) is the effective radius of the
two drops and I1 is the disjoining pressure. The force of interaction between the drops is defined by:

F(t) =2m joo[l'[(h) + Py (h)]rdr (6)

In flow regimes where the system is considered to be in equilibrium such that hydrodynamic drainage
is negligible, the system is modelled by the Young-Laplace equation without the hydrodynamic
pressure contribution. In both cases, the disjoining pressure is defined as the negative of the derivative
of the E(h):

JE(h) (7)

Mth) = =—5n~



The governing equations can be solved using appropriate boundary conditions for both equilibrium
and dynamic cases to calculate the expected force measured using the AFM. These boundary
conditions and further details of the modelling can be found in the Supplementary Material.

Microfluidics

The microfluidic devices were manufactured from borosilicate glass by the South Australia node of
ANFF using deep reactive ion etching (DRIE). The experiments were conducted on an inverted optical
microscope (XDS-2 Inverted Biological Microscope, Daintree Scientific, St. Helens, Tasmania,
Australia). The syringes used for these experiments were 500 pL glass (Hamilton Company), and 100
ulL glass (Hamilton Company) luer lock syringes. The 500 uL syringes were used for the fluid injection
channels and the 100 pL syringes were used for the withdraw channels, as this needed very fine
control and does not have problems with fluid dead zones or water in the line. Syringes were driven
by fluid pumps (NE-1000, NE-3000, New Era Pump Systems, New York, United States of America) that

were controlled manually.
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Figure 1 Simplified top down schematic diagram of the microfluidic geometry designed to
generate drop chains. A block and break junction is used to generate the drops and then two
side channels are used to collide and bunch the drops together by removing the excess
continuous phase. The droplet chains then flow into solution. Flowrates were set on the fluid
pumps as Qc = 30 puL/hr, Qp = 10 pL/hr, and Qs = 11 uL/hr, resulting in Qo =18 uL/hr, giving drop
with an equivalent spherical radius of ~ 28 um and a drop velocity of ¥~2 mm/s.

Figure 1 demonstrates a simplified schematic for the drop chaining microfluidic device with drop
generation, collision, and release. This device combines a block and break junction for droplet
generation with two side channels to initiate drop collisions by removing excess continuous phase
(90). A detailed schematic outlining channel dimensions can be found in the supplementary material
(See S1). The apparatus was designed such that the drops exited the microfluidic device into solution
within a large Petri-dish as shown in Figure S2. To avoid drop build-up at the exit, and to demonstrate
the existence of an attractive force between drops as a resistance to drop separation in the fluid flow,
an external flow was generated near the exit of the microfluidic device. This was generated by adding
solution above the microfluidic device so that it would flow over the exit port due to gravity (See S2).
This flow was added by drawing 3 mL of solution from the Petri-dish into a 3 mL syringe and manually
dropping the solution onto the top of the microfluidic device. The pool of solution was positioned so
that it would flow over the surface of the device and out over the exit of the channel in the same
direction as the flow out of the device. The speed that the solution was added was changed to obtain
situations where the drops would be travelling slower in the device than the surrounding solution.
This involved dispensing the entire syringe over approximately 10 seconds.



Results and Discussion

Interfacial Tension

By measuring interfacial tension with concentration, it is possible to observe the concentration regions
where polymer-surfactant complexes are formed based on adsorption at the oil-water interface. The
values of T1 and T, can vary with molecular weight and length of the polymer chain, thus it was
important to measure the specific characteristics for the system used (91). The interfacial tension for
tetradecane in pure water was measured as 46.4 mN/m and tetradecane with 0.5% PVP was measured
as 33 mN/m, indicating that PVP molecules are absorbed at the oil-water interface in the absence of
surfactant.

Figure 3 shows the variation of interfacial tension with SDS concentration at the oil-water interface
for tetradecane with SDS aqueous solutions with no PVP and 0.5% PVP, respectively. The PVP with SDS
curve demonstrates a shape similar to that of other polymer-surfactant complexes; an overall
decreasing interfacial tension, with two clear points of discontinuity either side of the CMC of SDS
(roughly 8mM) and a final plateau equivalent to that of the SDS curve at an interfacial tension of 8
mN/m (39). The points of discontinuity for the system are observed at roughly 2.5mM SDS and 30mM
SDS, encompassing the region at which it is expected that polymer-surfactant complexes are formed
and exist on the interface. PVP and SDS have previously been shown by Chari et al. using radiotracers
to form two-dimensional aggregates similar in structure to those in the bulk phase at the air-water
interface (62). Purcell et al. (34) furthered the investigation using neutron reflection to show the
presence of both PVP and SDS at the interface between T; and T,, demonstrating evidence of a surface
interaction between PVP and SDS. Using these data and previous studies on the adsorption at the air-
water interface, the concentration range 2.5 — 30 mM SDS was selected for investigating the adhesion
between drops using direct force measurements and microfluidics.
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Figure 2 The interfacial tension between tetradecane SDS aqueous solutions (blue squares), and
interfacial tension between tetradecane SDS aqueous solutions with 0.5% PVP (red circles),
across a range of SDS concentrations. The points T; and T, highlight the concentration region
between which PVP/SDS complexes are expected to have formed and be located at the oil-water
interface.



Direct Force Measurements

Rigid Surfaces

AFM direct force measurements between a silica particle and glass slide in aqueous solution were
conducted to quantify the attractive forces observed between oil drops in the presence of the
PVP/SDS complex, but in the absence of interfacial deformation. Previous AFM studies between rigid
interfaces in the presence of polyelectrolytes have accurately measured depletion forces and
successfully fitted osmotic pressure models to the data (92-96).

Hydrophobic and hydrophilic surfaces were studied to determine the effective osmotic pressure for
the SDS and PVP polymer-surfactant complexes across a range of SDS concentrations between T; and
T,. The AFM force curves measured between two hydrophilic silica surfaces (See S3(A)) exhibit
increasing repulsion at close separation, consistent with the presence of a steric brush. The presence
of a steric force obscures any attractive forces attributed between the surfaces, thus hydrophobically
modified surfaces were used.

Force measurements between a hydrophobically modified 5 um silica particle and glass slide in
solutions of 0.5% PVP and SDS concentrations of 2 mM, 10 mM and 30 mM are shown in Figure 4(A).
At 2mM SDS, below the CAC, the force curve exhibits a repulsive force attributed to electrical double
layer repulsion, due to surfactant adsorption to the hydrophobic surfaces. However, at surfactant
concentrations above the CAC an attractive force is observed, attributed to a depletion force where
the magnitude of the attractive minima increases with increasing surfactant concentration. As
additional surfactant is added to the system the number of surfactants bound to the polymer grows,
effectively increasing the number of ions associated with the polymer. As discussed above, by treating
the PVP/SDS complex as a pseudo-polyanion, this force behaviour is consistent with polyelectrolyte
scaling theory, where the magnitude of the depletion force is primarily dependent on solution ionic
strength and the ionic density of the polymer (97).

1 z. T T T T 1 T T
‘, - 2mM SDS
2 \ﬁ . 1ommspsf]  *fr
__ 06| 3 + 30mMSDS|| o6l » Experimental |
Zz ! = =—=Theoretical
L &
o 04 004} d
o s
o o
WL o2t o2t 4
0L 0+t x
A B
-02 1 1 1 1 1 _02 1 1 1 1 1
-10 0 10 20 30 40 50 -10 0 10 20 30 40 50
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Figure 3 (A) The approach and retract AFM force curves between a silica particle and glass slide
coated with gold and hydrophobically modified with decanethiol in an aqueous solutions of
0.5% PVP with 2mM SDS (red), 10mM SDS (blue) and 30mM SDS (brown) (B) A comparison
between experimental data and the fitted model that describes the interaction force for this
geometry in the presence of an EDL and depletion force for the case of an aqueous solution
with 0.5% PVP and 10mM SDS.
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The surface force model to describe the EDL and depletion forces (equations 1-3) was fitted to the
experimental data to determine the effective osmotic pressures, surface potential and depletion
lengths for different SDS concentrations. In this system, there was no added electrolyte, thus the ionic
strength was determined from the SDS concentration. Using the aggregation numbers and number of
bound micelles per monomer, the dissociation of SDS molecules in bound micelles, free micelles or as
free molecules in solution, were calculated via a mass balance in order to determine the ionic strength
of the system (See supplementary material for further details).

As seen in Figure 4(B), a comparison between the output of the model and experimental data for
10mM SDS demonstrates the force data is well described as an EDL repulsion and depletion attraction.
Based on the calculated ionic strength, the fitted depletion length and osmotic pressure are reported
in Table 1 for SDS concentrations of 10 mM, 15mM, 20 mM and 30mM of SDS with 0.5% PVP. The
depletion length generally decreases with increasing ionic strength. The length scale of the depletion
layer is closely related to the characteristic length of the PVP/SDS complex in solution. As the number
of SDS molecules increases within the system, the number of bound SDS molecules to the complex
increases. This can increase the charge of the complex, but given the discussion of surfactant
association above, this results in a weak dependence on concentration. However, the ionic strength
also increases with the addition of surfactant, resulting in an increase in the amount of charge
screening effects of the bound SDS molecules on the PVP, and thus reducing the effective
characteristic length of the PVP/SDS pseudo-polyelectrolyte complex.

The surface potential shows a weak dependence on SDS concentration, which is not surprising given
the partial dissociation of the SDS layer on a hydrophobic surface (5, 98). The fitted osmotic pressure
is relatively constant within experimental error for 10 & 15 mM SDS concentrations and then increases
with SDS concentration at higher concentrations. In addition to fitting the osmotic pressure, by
treating the PVP/SDS complex as a pseudo-polyelectrolyte complex or pseudo-polyanion, we can
estimate an independent value for osmotic pressure using polyelectrolyte scaling theory defined by
(99):

Mosm c? N 1
kT — 4A2C,+ AC = &3

(8)

where A is the number of monomers per charge, Cis the polyelectrolyte monomer concentration and
C; is the concentration of additional electrolyte. The characteristic length £ is related to the depletion
layer thickness, equal to twice its length. Accounting for micelle disassociation, the number of
monomers per charge can be calculated from the bound micelle aggregation numbers and number of
PVP monomers per micelle. For the concentration range of 10-30 mM the number of monomers per
charge was found to vary between 19.5 and 11.6. The concentration of additional electrolyte was
determined in the SDS molecule mass balance (Supplementary Material). Combining these values with
the calculated depletion length provides enough information to calculate an osmotic pressure directly
from Eq. 4, providing a comparative value to those determined from the fitted model in Table 1. The
calculated values show a similar trend but are systemically higher than the values fit to the AFM data
directly. The difference between these values is most likely due to polydispersity effects, unaccounted
for in the scaling theory (97). Previous direct force measurements between bubbles or rigid surfaces
using both AFM and total internal reflection microscopy measurements (28, 94, 100) have observed
a reduction in the measured osmotic pressure due to the polydispersity of the depletant for both
charged and neutral depletants. In these instances, it was found that the larger size fraction of the
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depletant set the length scale of the depletion length, but the small size fraction of the depletant was
not excluded from the gap, leading to a reduction in the osmotic pressure measured via force
measures measurement compared to the osmotic pressure calculated based on scaling theory. These
data and force model, describing the depletion force between rigid hydrophobic surfaces will be used
in the analysis framework that accounts for interfacial deformation for the force data between two oil
drops discussed below.

Table 1 Summary of the depletion length and osmotic pressure determined by fitting an EDL
and depletion model to AFM force curve data between rigid hydrophobic surfaces as well as the
Osmotic Pressure calculated via polyelectrolyte scaling theory.

SDS lonic Calculated  Fitted Fitted Fitted Osmotic
Concentrati Strength Debye Surface Depletion Osmotic Pressure
on (mM) (mM) Length Potential Length Pressure (Pa)

(nm) (mV) (nm) (Pa) (Scaling

Theory)

10 7.2+0.3 3.6 -15+2 12.8+ 0.9 667 £+ 65 879 £ 202
15 9.1+0.7 3.2 -15+2 115+ 0.8 572 +51 1017 + 285
20 11.7+05 2.8 -15+2 11.4+ 0.6 738 + 63 1141 + 280
30 13.94 2.6 -16 +£2 9.7+ 1.0 11174109 | 1397+ 75
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Figure 4 The interaction force between two tetradecane drops in aqueous solution measured
by AFM normalised by average drop radius versus AX in the presence of 0.5% PVP and a range
of SDS concentrations. These data are translated on a relative AX scale for ease of viewing. The
SDS concentration spanned below T; at 2 mM SDS (light red approach, dark red retraction),
above T; at 5 mM SDS (light green approach, dark green retraction), 10 mM SDS (light blue
approach, dark blue retraction), 15 mM SDS (yellow approach, orange retraction), 20 mM SDS
(light purple approach, dark purple retraction), and 30 mM SDS (light brown approach, dark
brown retract) and above T, at 50mM SDS (grey approach, black retract). These curves were
taken with a piezo drive velocity of 100 nm/s.

Force curves for the interactions between two tetradecane drops in 0.5 wt% PVP over a range of SDS
concentrations is shown in Figure 5. To facilitate a qualitative comparison between drop pairs, the
force has been normalised by the average drop radius to account for variations in drop size across
different measurements. These measurements were performed at piezo drive velocities of 100 nm/s
as hydrodynamic effects are expected at higher piezo drive velocities, which is explored further in the
following section.

The force curve for the 0.5 wt% PVP and 2 mM SDS solution exhibits a small hysteresis between the
approach and retract curves with a small repulsive force at close range attributed to EDL forces. This
behaviour is consistent with that observed in a control measurement of 0.5 wt% PVP without SDS and
is not attributed to a depletion force from the PVP/SDS complex (Supplementary Material). When the
concentration of SDS is increased to 5 mM, the force behaviour changes to an attractive profile on
both approach and retract. At close separation, the attractive region exhibits a small hysteresis
consistent with the presence of an attractive surface force, but the drops do not coalesce (84, 87).
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The 10 mM solution exhibits significant hysteresis between approach and retraction without drop
coalescence. On approach there is a small but significant repulsion followed by a jump in to an
attractive force region. The retraction is defined by a significant attractive force followed by a jump
off as the drops move apart without coalescence. The jump in behaviour in attractive force fields from
depletion or structural force between drops and bubbles has been observed previously, for
polyelectrolytes, micelles, nanoparticles, or microemulsion depletants, and modelled in some detail
(31, 52). Thus, the presence of the jumps on approach and retract and the increasing hysteresis is
attributed to the drop deformation caused by the equilibrium disjoining pressure. The 15 to 30 mM
SDS solutions exhibit force behaviour very similar to the 10 mM case. However, there are two
significant changes observed in the force profiles with increasing surfactant concentration. Firstly,
there is an increase in the magnitude of the repulsion on approach, which is noticeably larger at a
concentration of 30 mM. Moreover, there is a gradual increase in the attractive force seen in the
retract curve until a large jump in magnitude at 30 mM SDS. At 50mM there is no longer any evidence
of a repulsive force on approach, demonstrating behaviour more similar to that seen at 5 mM SDS. A
large reduction in the attractive force compared to the 10-30 mM concentrations is also measured.

Qualitatively, the changes in the attractive force are attributed to changes in the PVP/SDS complex
mediating a depletion force, whereas the changes in the repulsive force are associated with the
adsorption and then desorption of the PVP/SDS complex from the oil-water interface with increasing
SDS concentration. As discussed above, at 2mM SDS, the repulsive force is attributed to the surfactant,
similar to the control measurements. From 5 mM to 30 Mm, depletion interactions are present and
increase in size with added surfactant. Similar to the rigid force measurements at these
concentrations, SDS and PVP aggregate in the bulk resulting in a complex that effectively acts as a
pseudo-polyelectrolyte leading to a depletion force between the drops. The increase in depletion
force is due to the accumulation of adsorbed SDS molecules to the PVP, resulting in an increasing
counter ion density of the pseudo-polyelectrolyte. At 50 mM, depletion is still prevalent although it is
greatly reduced in magnitude. Despite the fact that SDS is still adsorbed to the PVP, the polymer is
now expected to be completely saturated such that any additional SDS will act effectively as added
electrolyte, increasing the ionic strength and ultimately reducing the osmotic pressure via screening
of the repulsive SDS/PVP complex intra- and inter-actions, and thus the depletion force. To further
support this analysis, and explain the origins of the hysteresis in the approach and retract force curves,
a comparison of these force data to the SRLY model is presented below.
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Figure 5 Force divided by average drop radius versus AX for the interaction between two tetradecane
drops comparing experimental data and theoretical output for 0.5 wt% PVP with 10mM SDS.
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These AFM force measurements were analysed using the SRYL model outlined above, assuming no
significant hydrodynamic drainage effects, but accounting for the presence of EDL and depletion
forces, as well as the deformation of the interface, in order to determine the separation between the
drops. The osmotic pressure, depletion length, ionic strength and Debye length were defined using
the values determined from the rigid force fit measurements such that the only adjustable parameter
in the model was the surface potential of the drops. Figure 6 shows a comparison of the modelling
results to the experimental results for an SDS concentration of 10mM. The agreement between the
model and the experiment supports the use of the depletion parameters and ionic strength
calculations determined in the rigid measurements. Independently measured values for the drop radii,
interfacial tension, drop-substrate and drop-cantilever contact angles, and cantilever spring constant
were also used. A list of parameters used for the analysis in Figure 6 and their associated uncertainties
are given in the SI.

Forthe 10mM data in Figure 6, there is an under prediction in the model of the repulsion on approach,
suggesting that the EDL forces are not sufficient to describe the entire repulsive force. The EDL force
does not account for a contribution from a steric force due to adsorbed PVP/SDS complex. Based on
the interfacial tension measurements in Figure 3, and previous neutron scattering of the PVP/SDS
complexes adsorbed at an air water interface (34), adsorption of the PVP/SDS complex is expected at
the drop interface. The steady growth of repulsion in the approach force curves for SDS concentrations
from 10 to 30 mM in Figure 5 is attributed to the increase of SDS within the complex. Similar to the
bulk behaviour, as the amount of SDS increases in the complex, the number of bound micelles and the
aggregation number of these micelles grows, creating more intra- and inter-complex repulsion within
the adsorbed complex layer. This leads to the layer swelling, resulting in an electro-steric repulsion
between the drops at close separations as seen in Figure 6. Thus, the details that would need to be
captured to include an electro-steric contribution in the surface forces go well beyond a simple steric
model and were not included in the SRYL model. At 50 mM there is no longer any evidence of a
repulsive force. At this surfactant concentration the solution is above T,, where the polymer is
completely saturated with surfactant, and it is expected that the complex has desorbed from the
interface. The attractive well observed during retract is well described by the model (Figure 6). The
magnitude of the adhesion corresponds to attractive depletion but is also affected by the deformation
of the drops at close separation. Previous studies of depletion and structural forces between drops
using simpler depletants have shown that the interfacial deformation makes the probe more sensitive
to these attractive interactions than a rigid sphere of the same radius (29-32). In addition, the
interfacial deformation is the origin of the large hysteresis between the approach and retract, as the
drops flatten by the point of maximum force, thus there is a larger interaction area when the drops
are separated and sampling the attractive depletion force. At 30mM SDS, there is a significant increase
in both the electro-steric repulsion and the adhesion due to the onset of desorption and swelling of
the complex from the interface (101, 102).

A comparison of the dynamic interactions between two tetradecane drops in 10 mM SDS and 0.5 wt%
PVP over nominal velocities of 1-10 um and a maximum force of approximately 2 nN is shown in Figure
7. The increase in the velocity dependent hysteresis is attributed to hydrodynamic drainage effects.
This is consistent with previous studies using drop radii between 10 and 100 um, where strong
coupling between hydrodynamic and surface force interactions is observed (1, 5, 7). Similar to earlier
studies of drops/bubbles in the presence of depletion and/or structural forces -- with either
surfactants or polyelectrolytes (28-30) -- it is clear that as the velocity increases, the depletion
behaviour apparent in the equilibrium measurements shown in Figure 6 is overwhelmed by
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hydrodynamic effects. The increasing effect of hydrodynamic drainage is evident in the increasing
hysteresis, which eventually softens the well-defined sharp features from the repulsion and attraction
to a smooth transition as a result of the large hydrodynamic pressure within the film. The current work
differs to previous studies, where we have used the SRYL model to describe these force data, shown
in Figure 7, using the osmotic pressure, surface potential and characteristic depletion length extracted
from fitting the equilibrium measurements given in Table 1 or in the S, Table S3. Noticeably, there is
a strong agreement between the model and the experimental results over the range of velocities.
However, although the approach curve is tracked well by the model, there is a visible under-prediction
of the attractive force on the retract curve. A study by Manor et al. explored the effects of film
drainage through a steric polymer brush at the interface between two decane drops (103). They
highlighted that the film drainage through an adsorbed polymer layer should not be treated as a
simple interface, showing through continuum modelling that the film drainage between drops is
sensitive to flow through the brush. Thus, the deviation between the model and measurement in
Figure 7 is consistent with the presence of a steric layer, where a portion of the hydrodynamic drainage
occurs within the absorbed PS complex layer on the drops. The dynamic results highlight the
importance of controlling hydrodynamic drainage effects when measuring the interfacial forces
between drops in polymer-surfactant systems. Thus, in drop collisions, to accurately observe the
equilibrium surface forces, such as adhesion between drops in a microfluidic device it is therefore
necessary to mitigate hydrodynamic interference.
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Figure 6 Comparison of the force vs displacement between two tetradecane drops in 10 mM of
SDS and 0.5% PVP at velocities of (black) 1 um/s, (red) 3 um/s and (blue) 10 um/s. The graph
shows both the experimental results (dots) and the theoretical prediction of the Stokes-
Reynolds-Young-Laplace model (Lines).
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Figure 7 Representative images of the breakup of tetradecane drop chains at the exit of the
microfluidic device due to external flow. Solutions used are a) 10 mM SDS, b) 2 mM SDS and
0.5%PVP, ¢c) 5 mM SDS and 0.5%PVP, d) 10 mM SDS and 0.5%PVP, e) 15 mM SDS and 0.5%PVP,
and f) 20 mM SDS and 0.5%PVP. Flowrates were set on the fluid pumps as Qc =30 uL/hr,
Qp = 10 pL/hr, and Qs =11 pL/hr, resulting in Qo =18 uL/hr, giving drop with an equivalent
spherical radius of ~ 28 um and a drop velocity of ~2 mm/s.

Microfluidics: Equilibrium Interactions

A microfluidic device was developed, schematically shown in Figure 1 and in more detail in the
supplemental information, to probe the attractive or adhesive interactions between drops. The goal
of this work was to form chain-like structures of drops held together via equilibrium surfaces forces
and then exit a microfluidic channel into a bulk, sweeping flow. In any drop based microfluidic device
where drop collisions occur, hydrodynamic drainage forces occur, and as discussed above in the study
by Anna and co-workers (18), often dictate the outcomes of the collisions masking surface force
effects. As shown in Figure 7, even a relative velocity difference of 5 microns/s is sufficient for
hydrodynamic drainage effects to mask the depletion forces encountered from the PVP/SDS complex.
We developed a device where the drops come into close contact via the introduction of side channels,
similar to those used in drop coalescence studies by Gunes et al. (17), enabling the removal of excess
continuous phase (see movie, supplemental information, SV1), driving the drops into close separation
with the same relative velocity, but without coalescence. The drops continue in this geometry moving
through the device (see movie, supplemental information, SV2-6), and exit the device where the
persistence of the drop chain is expected to correlate with the attractive interactions between the
drops.

The formation of drop chains in solutions covering a range of SDS concentrations in the absence and
presence of 0.5% w/w PVP was studied using the microfluidic device, where frames from movies of
the operation of the device are shown in Figure 8. A control measurement for 10 mM SDS in Figure 8A
shows the drops momentarily bunch near the exit of the microfluidic device before breaking apart
into individual drops downstream. This is understandable as a small region near the microfluidic device
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is likely protected from the external flow due to the thickness of the device allowing the drops to
bunch up in this area and push against each other. Once the drops move past this area the external
flow is much stronger and the drops break apart due to the lack of any adhesive or strong attractive
forces.

For the 2 mM SDS 0.5% w/w PVP solution shown in Figure 8B the drops maintain contact upon exiting
the microfluidic device and form a single line of touching drops in the direction of fluid flow unlike the
control measurement that separated immediately. Once the drops move into the region of significant
external fluid velocity they break apart immediately into individual drops without exception. This is
expected from the force curves as no strong attractive forces were observed for this SDS
concentration. The 5 mM SDS 0.5% w/w PVP solution shown in Figure 8C behaves in a similar fashion,
where very occasionally double or triple drop chains persist moving into the external flow field. This
is attributed to a possible drop adhesion consistent with the increasing attraction observed in the AFM
data at this concentration. It is important to note that in the region outside of the device, forces from
both drag due to fluid motion and buoyancy act on the drops opposing the adhesive force between
them. The approximate nature of the sweeping flow is difficult to quantify, but the buoyancy force,
based on the drop radii is of the order of 1 nN.

The 10 mM SDS 0.5% w/w PVP solution shown in Figure 8D demonstrates significantly more drop
aggregation. In this solution the drops would exit the microfluidic device and maintain contact as they
moved into the stronger flow field. Unlike the previous solutions the drops moved significantly farther
into bulk solution with neighbouring drops moving over each other while maintaining contact to align
in the flow. The drops would then break off into stable groups of roughly between 6 and 10 drops
depending on the flowrate. This implies that the adhesive forces between each drop are strong
enough such that the drag and buoyancy force on each drop is not enough to break the chain into
individual drops.

The 15 mM SDS 0.5% w/w PVP solution shown in figure 8E exhibits behaviour that is less adhesive
than the 10 mM SDS solution but still demonstrates attractive forces between drops. The drops do
not form the desired chains, instead forming loose clumps at the exit of the device that break apart
into individual drops after a short time. The 20 mM SDS 0.5% w/w PVP solution shown in figure 8F
demonstrates no signs of adhesive forces between the drops. The drops in this solution break apart
very quickly upon leaving the microfluidic device and spread out into two alternating streams of drops.

Each solution was run within the device a number of times with the rate that the added solution was
dispensed intentionally varied to try and ensure that the drops experienced a variety of different flow
fields so that the exact conditions needed to just break the drops apart could be observed. If the flow
was too gentle the drops would pool near the channel exit but if the flow was too strong the drops
would break apart rapidly. The presented results are indicative of the strongest aggregation between
drops that was observed for each solution.

An important factor to consider regarding the adhesive forces between the drops is the length of time
that the drop spends within the microfluidic channel. The observation of adhesive forces is dependent
on the adsorption of the PVP/SDS complex onto the drop interface. This is influenced by both drop
lifetime and surfactant concentration. Depending on the flow rates, the time between drop
generation and collision will vary but is normally on the scale of seconds. Post drop collision, the time
the drops maintain close proximity in the device, is again on the scale of seconds (up to 10 seconds).
Describing the transport and adsorption process in this device quantitatively will be a focus of
subsequent work, however we note here that the adsorption time scales within the channel are
expected to be faster than bulk measurements such as dynamic pendant drop tensiometry (104).
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Figure 8 A diagram comparing the results from the interfacial tension measurements (defining
the T, and T, region), microfluidic observations and drop-drop AFM measurements. The results
highlighted in blue illustrate the data that returned net repulsive behaviour, while the red
demonstrate the data that returned a net attractive behaviour.

Linking AFM and Microfluidic Observations

Figure 9 shows an overview of the microfluidic observations and direct force measurements with
respect to their corresponding concentration on the interfacial tension isotherm. Our original
hypothesis was that drop adhesion would occur between the T; and T» concentrations (at 2.5 mM and
30 mM respectively). In the AFM force measurements, large adhesive wells were observed between
these concentrations. However, drop chaining was only observed at 10 mM SDS in the microfluidic
experiments with some drop adhesion observed at 5 mM and 15 mM. In contrast to the AFM
measurements, the microfluidic observations give insight into the stability of the drop chains. Upon
exiting the channel into bulk solution, the stability of the drop chains is governed by a balance between
drag, buoyancy, and the adhesive forces between the drops. If the adhesive forces between the drops
are too weak, the drop chains break up upon exiting the channel. Further, for the most attractive
surfactant concentrations, drops will detach from the drop chain until the external force acting on the
chain is low enough such that a stable length is reached.
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The comparison of the AFM results to the microfluidics also demonstrates that the microfluidics is
primarily path dependent, such that the attractive forces at close separation can only be experienced
when the Laplace pressure is high enough to overcome the repulsive barrier encountered as the drops
approach each other. In the microfluidic device drops move together due to the removal of continuous
phase, and as a consequence the collision is not as controlled as a collision measured using AFM,
where one drop is driven towards another by a prescribed distance and velocity. Thus, it is reasonable
to expect that a drop collision in the microfluidic device may not be of sufficient force to overcome
the repulsive barrier upon approach. Berry and Dagastine (1) defined a drop equilibrium stability
criterion such that if the Laplace pressure is less than the repulsive force, the film between the drops
will not drain enough to reach attractive forces capable of inducing coalescence or stable adhesion. It
is therefore likely that as the steric repulsion gets bigger at 20mM, despite an obviously larger
attraction present in the force curve, the necessary force of collision required to overcome repulsion
as the drops approach each other is not achieved and thus drop chains are not observed. Therefore,
the longest stable drop chain correlates with the SDS concentrations in the AFM measurements (~5 -
15 mM) when the repulsive force on approach is low enough, and the attractive force at close
separation is high enough, to keep the drops in adhesive contact. This suggests that the droplet
interactions in the microfluidic channel can identify at what SDS concentrations the attractive force
dominates for that specific drop size. Thus, for this technique to be broadly used to probe surface
forces between drops, it is necessary to produce drops with a range of sizes in order to sample a range
of Laplace pressures. Smaller drops with higher Laplace pressures can potentially push through the
repulsive barrier, move closer together and thus be able to encounter the attractive forces also
present at higher concentrations.

This study demonstrates the clear potential for using microfluidic devices to investigate surface forces,
specifically net adhesive interactions. Clearly there are many areas that could benefit from greater
control and more accurate measurements; in particular the flowrate of external fluid near the
observation region. The variation in internal flow rates from the fluid syringe pumps also limited the
ability to model the drop breakup or adsorption kinetics in this instance. An additional concern is
understanding the impact of wall effects on the observed behaviour. It is important to note in this
work, and the work by Shen et al., where they formed drop aggregates for photo-polymerisation, the
structure was formed and persisted outside of a confined channel (76). In Shen’s work, a large
expansion with a controlled co-flow, a desirable attribute in our next design, was used. In our work,
the drop chains were observed in a gentle co-flow region completely outside of the device. Effects
from internal circulation of the drop are often minimized by high coverage of surface-active materials,
low flow rates and when the continuous phase viscosity is much less than the drop phase, as it is in
this instance (105).
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Conclusion

Through interfacial tension measurements, direct force measurements and microfluidic observations
we have provided a detailed investigation into drop-drop interactions in a sodium dodecyl sulphate
(SDS) and poly(vinylpyrrolidone) (PVP) solution. Interfacial tension measurements were taken
between solutions of varying SDS concentration and 0.5% PVP and tetradecane. The resulting curve
demonstrated a profile that is consistent with previous observations of polymer-surfactant surface
tensions and determined the existence of polymer-surfactant complex formation and interfacial
adsorption within the concentration range of 2.5 mM SDS to 30 mM SDS. Rigid force measurements
showed that depletion forces dominate the interactions between two hydrophobic surfaces in these
systems. The magnitude of the attractive well exhibited surfactant concentration dependence,
increasing with increasing amounts of SDS. These data were quantitively described with an electrical
double layer (EDL) and depletion model to determine depletion length and osmotic pressure. In
addition, by treating the PVP/SDS complex as an effective polyanion, the measured osmotic pressure
was compared favourably to calculated values using polyelectrolyte scaling theory. Interaction forces
between two deformable oil drops were measured over the same PVP and SDS concentrations and
displayed similar depletion behaviour. At 2mM, prior to polymer-surfactant (PS) complex formation,
there was no evidence of depletion. Within the SDS concentrations that complex formation is
expected (2.5-30mM), an attractive region on approach was observed followed by an attractive well
on retract. The magnitude of attraction was shown to increase with increasing SDS concentration.
From 10mM a repulsion on approach prior to the close range attractive force is also seen, peaking in
magnitude at 30mM. By 50mM, where the polymer is saturated with surfactant, the behaviour
changes, showing no repulsion and a largely reduced attraction. A model used to describe deformable
systems, accounting for the same depletion and EDL forces, used the parameters fit from the rigid
surface analysis, including the depletion length and osmotic pressure, and showed reasonable
agreement with the force data. A small under prediction by the model of the repulsive force on the
approach curve suggests the existence of an additional steric force from the presence of adsorbed PS
complexes at the interface. At velocities above 500 nm/s, dynamic forces, caused by film drainage
between the drops, dominated the force data, such that it was no longer possible to observe the
depletion or EDL force features in the measurements. A microfluidic device that minimized the
influence of hydrodynamic drainage effects between drops was developed to allow for the
observation of surface forces between drops. The microfluidic device was able to independently
demonstrate the existence of attractive forces between the drops in a mixture of SDS and PVP and
also create short drop chains held together by surface forces. Although attractive interactions were
observed in the atomic force microscopy (AFM) measurements between 2.5 mM and 30 mM SDS for
a PVP concentration of 0.5 % w/w, solutions at the border of this concentration range did form drop
chains. Of the concentrations tested the 10 mM SDS concentration successfully showed significant
drop adhesion and chain formation with some adhesion between drops at an SDS concentration of 15
mM. The lower SDS concentrations are assumed to lack sufficient adhesive forces to hold the drops
together, whereas the large repulsive force seen in the AFM data at higher SDS concentrations
prevents the drops entering the attractive force region required to promote drop chain formation.

The evidence presented here provides a detailed insight into the force behaviour between drops and
how the PVP/SDS complex in the bulk and at the interface can mediate the forces between both rigid
and deformable interfaces. This conclusion supports the findings of both Chari and Purcell (34, 62),
however also provides greater insight into the characterisation of SDS and PVP between and on oil-
water interfaces. Correlating the AFM and microfluidic results suggest that attractive forces observed
in the AFM lead to the formation of drop chains when the repulsive force on approach is low enough
to allow the drops to move into close separation, and when the attractive force is sufficient to hold
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the drops in a secondary attractive minimum. Increasing the Laplace pressure by generating smaller
drops could allow for a wider range of adhesion to be observed, potentially enabling the development
of a matrix of conditions for which adhesive emulsions can be formed across different system
concentrations and drop sizes. Further developing this device could provide a high throughput
technique for screening through a range of systems with ease, aiding formulation development where
adhesive emulsions are important in areas such as pharmaceuticals, coatings and personal care
products.
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Supporting information for “Forces between oil drops in polymer-surfactant
systems: linking direct force measurements to microfluidic observations”

1 Microfluidic Design Schematics and Dimensions

Side Channel A
@ See section B
Continuous ™ _
Phase In ASee section C
7 Exit into
Petri-dish
0il Phase In
Side Channel 10mm

B

Figure S1 Schematic diagram of the microfluidic design used for drop chaining experiments showing
(A) an overview of the device from entry to exit, (B) the dimensions and geometry of the block and
break design, and (C) the dimensions and geometry of the exit channels for removal of excess aqueous
solution.



Fluid Inlet

Microfluidic Chip

Microfluidic Clamp

Figure S2 : Side on schematic diagram of the microfluidic apparatus and surrounding fluid designed to
generate drop chains. After the drops are generated and collided within the microfluidic device the
droplet chains flow into solution. Additional solution is added on the top of the microfluidic device
and flows over the exit port, mitigating against drop aggregation at the exit of the microfluidic device.



2 Stokes-Reynolds-Young-Laplace (SRYL) model

The SRYL-model is a well described method that matches an inner numerical solution, which
encompasses the drop or bubble interaction zone, to an outer analytical solution for the drop or
bubble profile. The governing equation are solved numerically using four boundary conditions and one
initial condition to find the shape of the film, total pressure and force over the entire droop-drop
interaction. Two of the four boundary conditions occur in the inner region at r = 0, where it is
assumed that the total pressure P, and gradient of the film is zero throughout the interaction, giving
the boundary conditions:

aP(r,t) _0 (S1)
aT' r=0,t -

oh(r,t) “ o (S2)
aT r=0,t

Outside the interaction zone it is expected that the drops or bubbles have similar behaviour to rigid
particles. Therefore, the pressure is inversely proportional to =% as r — oo such that the third
boundary condition becomes:

0P (r,t)
or

APt (S3)

T4'
r:rmax,t
Where the inner and outer regions meet (I = 73,4, ) it is assumed that the analytical approximation
holds true, resulting in the final condition:

oh(r,t)

dAX(t) 1dF(t) 1 (S4)
at T * -

B dt 'K dt 2ny

dr R
X % <log (R_j> +B(6,) — 3(92)>

r="max -t

Here AX is the displacement of the cantilever piezo head, K is the cantilever spring constant, 8; and
0, are the contact angles of drops on the cantilever and substrate respectively, and

1+ cos@) (S5)
1 — cos@
For a pinned contact line or,

1
B(®) =1 +§log(

1+ 0059) 1 (S6)

1
B(G)—1+§log( _2+c059

1 — cos@

For a constant contact angle. To complete the model, it is predicted that the drops are far enough
apart in their initial separation that neither body is deformed, giving the films a parabolic shape and
yielding the initial condition:

r? (s7)

h(r,t=0)=nh
(r, ) 0+R

Where hy is the initial separation between the two drops at r = 0.



3 AFM force curves between two hydrophilic silica surfaces in solutions of PVP and SDS

The force between silica surfaces has been well studied in the literature as a model hydrophilic system,
which is predominant in many colloidal probe measurements. Figure S2A shows direct force
measurements between a 2.5 um radii silica particle and glass slide in solutions of 0.5% PVP and 2mM,
10mM and 30 mM SDS. These curves show behaviours consistent with the presence of a steric brush,
with increasing repulsion at close separation. Despite the potential for polymer bridging, it is
important to note that there is no evidence of an adhesive force or hysteresis on the retract curve
that would indicate bridging over the three concentrations. With increasing concentration, the slope
of the curve increases, signifying an increase in brush length.

PVP and SDS have been shown in the literature to absorb at the silica-water interface as a complex
brush (45, 46). Prescott et al. provided evidence of a three-stage binding process with increasing
surfactant concentration, essentially comprising of initial surfactant binding, chain elongation and
finally desorption of the adsorbed complex. From SANS and NMR experiments they demonstrate that
around the CAC (~2.5 mM) surfactants begin to aggregate to the adsorbed polymer, and at SDS
concentrations above the CMC there is a barely discernible presence of a layer, concluding that
desorption of the complex had occurred.

The steric forces were modelled using the potential energy between parallel plates of separation h
with adsorbed polymer brushes of size L, according to the de Gennes model (1, 2):

5 7
8Ky TLo 7(2L")Z 5( h )Z 12| forh < 2L
—) =5(z=+) — or
Esteric ={ 3553 h 2L, ° (s8)

kO forh=2L,

Using the Derjaguin approximation for a sphere and infinite surface, a model was fitted to the
experimental data to extract the polymer brush length at each SDS concentration. Figure S2B shows
the calculated polymer brush lengths at each SDS concentration. These results are in strong agreement
with those obtained by Prescott et al. (3).

! -+ 2mM SDS B
) » 10mM SDS || SDS Concentration (mM) Brush Length (nm)
=3 ¥ SOnMTEs 2 22.6+0.3
£ ; 5 24.6+0.6
§ 2 10 29.1+0.3
" 15 29.5+0.2
1 20 30.2+0.4
0 o 30 28.84+ 0.6
0 20 20 50 80
Sep (nm)

Figure S3 (A) The approach and retract AFM force curves between a silica particle and glass slide in an
aqueous solutions of 0.5% PVP with 2mM SDS (red), 10mM SDS (blue) and 30mM SDS (brown) (B)
Summary of the complex brush length determined by fitting a de Gennes model to the AFM curve
data.



4 Surfactant molecule mass balance — determining solution ionic strength

Zana et al. showed through florescence studies of a SDS and PVP system that polymer bound micelles
increase in aggregation number from 18-50 as the SDS concentration increases from 10 to 30 mM
(56). Surfactants in micelles have an ‘effective degree of counterion disassociation’ (a), with Bales et
al. reporting a value of 0.272 for SDS over a range of salt concentrations (57). However, the degree of
disassociation is also dependent on the aggregation number of the micelle. Therefore, Wan-Badhi et
al. used electrochemical measurements and gel filtration to provide the counterion disassociation as
a function of surfactant concentration for a PVP-SDS system, recording a decrease from 0.45 to 0.27
with increasing SDS concentration from 10 to 30 mM. They also predict that one polymer molecule is
in contact with approximately 40 micelles at saturation of a 700 000 MW PVP polymer, giving
approximately 158 PVP monomers per micelle (55).

Based on the above studies, setting the salt concentration of the solution is equal to the summation
of the contribution of disassociated ions from polymer bound SDS micelles (subscript p), free SDS
molecules in solution (subscript s) and free SDS micelles (subscript m), which can be represented by
the following equation:

[Salt] = a,[SDS,| + [SDSs] + A [SDSp] (S9)

The number of PVP monomers per SDS molecule can be calculated from the number of SDS molecules
per micelle (obtained from Zana et al.) and the number of PVP monomers per micelle (obtained from
Wan-Badhi et al.), assuming that the number of bound micelles remains constant and the aggregation
number alone increases with increasing SDS concentration. Using the PVP monomer amount of 4.5
mmol for a 0.5 wt% PVP solution, it is then possible to calculate the amount of SDS bound to the PVP
as summarised in Table S1.

Table S1 Summary of variables for the calculation of polymer bound SDS molecules in different
solutions of SDS and PVP

SDS concentration (mM) 10 15 20 30
SDS amount (mmol) 1 1.5 2 3
PVP monomer/ micelle 158 158 158 158
SDS molecule/ micelle 18 30 38 50
PVP monomer/ SDS molecule 8.76 5.26 4.15 3.15
SDS on PVP (mmol) 0.51 0.86 1.09 1.43
SDS on PVP (mM) [SDS,,| 5.14 8.57 10.9 14.3

Deducting the concentration of polymer bound SDS from the total amount of SDS added to solution
gives the total amount of SDS free in solution. As the CMC of SDS is =8 mM, free surfactant
concentrations above this value are considered to be in the form of micelles, thus contributing to the
free micelle concentration. Table S2 details these values, the disassociation factors (a) and final salt
concentrations for each of the solutions.



Table S2 Summary of variables for the calculation of total electrolyte concentration in different

solutions of SDS and PVP

SDS concentration (mM) 10 15 20 30
SDS free in solution (mM) 4.86 6.43 9.14 15.7
Free SDS molecules (mM) [SDS,] 4.86 6.43 8 8
Free SDS micelles (mM) [SDS,,,] - - 1.14 7.71
Pol i

olymer ~ bound micelle | o s 0.27 0.27 0.27
disassociation factor [a,, ]
Free SDS micelle disassociation 0.27 0.27 0.27 0.27
factor [a,,]
Salt (mM) 7.17 8.74 11.24 13.94
Concentration of additional 4.86 6.43 8.31 101
Electrolyte

To apply scaling theory analysis the concentration of additional electrolyte is also required. This is
simply the sum of the ions contributed by the free SDS molecules and free SDS micelles, as shown in

Table S2.

5 Fitting parameters for deformable force measurements

Table S3 Summary of fitting variables used in and obtained from fitting equilibrium force curves
between two tetradecane drops while in the presence of 0.5wt% PVP and varying SDS concentrations

SDS concentration (mM) 10 15 20 30
Interfacial Tension (mN/m) 16.4+ 3 13.4+3 11.1+3 85+3
Drop-Substrate Radii (um) 285+ 2 28+ 2 28 +2 27.2+2
Drop-Cantilever Radii (um) 37.2+2 33542 33542 23242
Drop-Substrate Contact Angle (8) 1243+ 5 130.8 + 5 130.8 + 5 130.9 +5
Drop-Cantilever Contact Angle (6) 137.5+5 131.7+£5 131.7+5 139.7+5
Spring Constant (N/m) 0.132 0.132 0.132 0.282
lonic Strength (mM) 7.2+0.3 9.1+£0.7 11.7+ 0.5 13.94
Calculated Debye Length (nm) 3.6 3.2 2.8 2.6

Rigid Fit Surface Potential (mV) 1512 1512 1542 16 +2
Rigid Fit Depletion Length (nm) 12.8 £ 0.9 11.5+0.8 11.4+ 0.6 9.7+ 1.0
Rigid Fit Osmotic Pressure (Pa) 667 £ 65 572 £ 51 738 + 63 11174 109
Fitted Surface Potential (mV) 26 +2 14+ 2 23+2 14+ 2




6 AFM forces curve of 0.5 wt% PVP and no added SDS
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Figure S4 Force versus separation for the interaction between an 82um and 75um diameter TD drop
in 0.5 wt% PVP solution, showing the approach (grey) and retract (black) from an AFM measurement.
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