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Abstract

Smooth Zinc Sulphide (ZnS) surfaces were prepared by magnetron sputtering and the
interaction forces measured between them as a function of pH. At the isoelectric point (iep)
of pH 7.1 the attractive force was well described by the van der Waals interaction calculated
using Lifshitz theory for a layered system. Away from the iep, the forces were fitted using
DLVO theory extended to account for surface roughness. At pH 9.8 the surfaces acquire a
negative charge and an electrostatic repulsion is evident. Below the iep the surfaces acquire
a positive charge leading to electrostatic repulsion. The forces in the range 3.8 < pH < 4.8
show an additional attraction on approach and much greater adhesion than at other pH
values. This is attributed to the hydrophobic attraction being amplified by a small degree of
charge on the surface as has previously been reported for adhesion measurements. The range

of the measured forces is attributed to the long-range orientational order of water ( >5 nm).



Introduction

Thirty-five years have passed since the first report of the long-range hydrophobic attractive
force! without resolution of the range of the interaction or the mechanism behind the
attraction?. In this time the reported forces measured between hydrophobic surfaces in
aqueous solutions have varied widely in magnitude, range and in their sensitivity to
electrolytes?*2. Measurements of the interaction between macroscopic hydrophobic surfaces
are complicated by two factors. Firstly, hydrophobic surfaces in water show a propensity for
trapping very small bubbles of air that have become known as surface nanobubbles!3-16 and
it is difficult to produce surfaces that are sufficiently smooth that do not introduce artifacts

or complicate the interpretation of the data?.

What is apparent is that in systems where robust surfaces are used and nanobubbles are
absent, consistent measurements of the true long range hydrophobic attraction are obtained,
revealing an interaction that extends to surface separations of 10 - 20 nm?” 101824 The
interaction can be fit with an exponential force profile where the pre-exponential term for
very smooth surfaces is related to the energy of the hydrophobic surface in water and the

decay length is up to 2 nm??,

Given the high interfacial energy of hydrophobic surfaces is eliminated when they are brought
into contact, it is unsurprising that such surfaces show strong adhesion and that a measurable
hydrophobic attraction exists on approach, but the range of the attraction remains to be
explained. For surfaces with contact angles greater than 90° the water film separating the
surfaces is metastable, but at separations above 3 nm the energy barrier to cavitation ensures
that the film remains metastable over relevant timescales!’. The issue of the range of the
hydrophobic attraction can be posed as simple question, how does a hydrophobic surface
‘know’ of another hydrophobic surface when they are separated by 10-20 nm? This infers
that the perturbation from a single isolated extended hydrophobic surface extends at least
half this distance. Electrostatic interactions can be ruled out as the force remains even in the
presence of high concentrations of electrolyte’. If electrostatic interactions cannot explain
the range of the hydrophobic attraction, perhaps perturbations of water structure can?

Indeed perturbation of water structure was proposed as a mechanism for the hydrophobic



attraction as early as 19843, but a clear connection between water structure and the range of

the attraction has not been established.

The structure of water adjacent to hydrophobic surfaces has been studied extensively,
revealing that the loss of a hydrogen bond at the surface significantly alters the structure of
the adjacent water leading to short range order?. X-ray and Neutron scattering studies, in
line with other experiments and simulations?®3!, indicate that the perturbation of water
structure adjacent to hydrophobic surfaces extends no further than the third hydration
shell®2, which is incommensurate with an attraction that extends to separations of > 10 nm.
However, these techniques are insensitive to long-range correlations in disordered media33.
Whereas recently developed non-linear optical techniques that probe orientational
fluctuations of molecules, that are sensitive to long-range order, report that the orientational
order of water extends over distances of 5-15 nm using Hyper-Rayleigh Scattering (HRS)3* 3>
and Femtosecond Elastic Second Harmonic Scattering (fs-ESHS)3¢. The work of Shelton using
HRS focuses on the solvent structure in the absence of electrolyte, whereas fs-ESHS senses
the perturbation of orientational order of a solvent around an ion®-3°, finding that the
correlations are long-ranged extending > 5 nm3% 3’|t is notable in this work that the addition
of a hydrophobic solute, CCls, showed no change in the fs-ESHS signal intensity. However, the
ordering of water around a macroscopic hydrophobic surface is very different to the ordering
around a hydrophobic solute®#4°, In the latter no hydrogen bonds are lost and the density of
water is enhanced around the solute, whereas in the former on average 1 hydrogen bond per
water molecule is lost3%, so this does not exclude the orientational ordering adjacent to a

hydrophobic solute from extending significant distances into solution.

It is known that the strength of the hydrophobic attractive force and adhesion is related to
the hydrophobicity of the surfaces as measured by the contact angle?. Therefore, the
accumulation of charge on a surface, which lowers the contact angle would be expected to
reduce the hydrophobic attraction. However, the enhanced orientational order induced by
ions suggests that in some circumstances surface charges may enhance the strength of the
long-range hydrophobic attraction by strong perturbation of the water structure3*3°. This
effect may outweigh the small reduction in overall interfacial energy due to a small density of

charge at the interface. It has already been shown that hydrophobic adhesive forces can be



amplified by the presence of a charge within 1 nm of a hydrophobic domain*!, but
measurements on approach were not reported in this study, so it is unclear if the proximity
of an ion can influence the range or the strength of the interaction out of contact. The above
considerations lead to the hypothesis that the long-range nature of the hydrophobic
attraction is a result of the long-range orientational correlation of water structure and this
being the case the strength of the hydrophobic force between macroscopic surfaces may be
enhanced in the presence of charges on the surface. In order to test this hypothesis we have
measured the interaction forces between zinc sulfide (ZnS) surfaces. As ZnS surfaces are
mildly hydrophobic there is no need to functionalize the surfaces, reducing the risk of
producing forces that are associated with the reorganization of amphiphiles during the
interaction of the surfaces*” 3. The charge on ZnS surfaces can readily be manipulated by
changes in pH. Moreover, mildly hydrophobic surfaces are more likely to reveal the influence

of charge on the hydrophobic attraction.

Materials and methods

All glassware used was cleaned by soaking in 10% NaOH solution for 10 minutes prior to
rinsing with copious amount of pure water (Elga Chorus Il, conductivity ~ 18.5 MQ). The AFM
fluid cell, O-ring, glass syringe, Teflon tubing and tweezers were rinsed with distilled ethanol
and blown dry with clean nitrogen gas. Solutions of 1 mM sodium chloride were prepared
using analytical grade NaCl (Sigma Aldrich) that had been roasted at 400°C in an oven for 6
hours to remove any organic contaminants. The pH of the solution was adjusted using either
HCI or NaOH solutions. Immediately prior to sputter coating, the substrates, cantilevers and
colloid probes were cleaned with an RF water plasma system (40 W, 60's, 125 kHz, ~ 0.1 torr)

to remove any trace of organic contaminants.

Sample Preparation and Characterization

Magnetron sputtering was used to generate smooth ZnS surfaces suitable for direct force
measurements. Prior to sputter coating, substrates and colloid probes were RF plasma
cleaned at 40W for 60 seconds and used immediately. The vacuum chamber of a magnetron

sputter coater (AJA, ATC2400) was filled with inert argon gas. The maximum sputtering power



was limited to 600 W with a starting pressure of 9 x 10* mTorr. In order to minimize
contamination, pre-sputtering was performed for 10 minutes using 50% of maximum power
on dummy silicon substrates. During sputtering an RF voltage was applied producing argon
ions which impacted, in our case, a 3-inch diameter ZnS target (99.99% purity) resulting in
ejection of ZnS from the target surface. This led to the coating of the samples placed in front
of the target**. During deposition, the pressure was maintained at 4 mTorr and argon gas was
maintained at a flow rate of 20 sccm during sputtering. The distance between the target and

substrate was ~ 200 mm.

The thickness of the coating was determined using scanning angle spectroscopic ellipsometry
(M200D, JA Woollam). By measuring the change in the polarization state of the reflected light
off the substrate in question, it is possible to determine the optical properties and hence the
film thickness on the substrate provided an appropriate optical model is used. The JA
Woollam Co., Inc CompleteEASE™ analysis software was used to analyse the experimental
data based on a silicon-ZnS layered optical model. The in-built silicon and ZnS optical models
were obtained from Herzinger et. al* and Palik and Addamiano*® respectively. In order to
ascertain the quality of the thickness data, the Mean Squared Error (MSE) is evaluated.
Multiple measurements on different ZnS substrates prepared on different occasions yielded

MSE values of < 2 nm.

The substrates were imaged in ScanAsyst mode (Multimode VIII AFM, Bruker) using a
ScanAyst Air cantilever, both before and after coating. The advancing and receding contact
angle of water on the ZnS surfaces was measured using pH adjusted water via a KSV CAM200
contact angle goniometer which has a reported accuracy of £1°. In order to create a droplet
on the ZnS surface, a glass syringe attached to a blunt needle was used. Immediately after
sputter coating, the ZnS surfaces were immersed in pH adjusted water for approximately 10
minutes before being blown dry with high purity nitrogen gas for the contact angle
measurements. At each pH, the contact angle was measured at three or more different
positions on three different substrates. The advancing (or receding) contact angles reported
in this study are the maximum (or minimum) values immediately before the contact line

moved upon addition (or removal) of solution.



X-ray Photoelectron Spectroscopy (XPS) was used to determine the chemical composition of
the ZnS films, in particular the Zn:S ratio. The oxygen and carbon ratio was also measured to
determine the degree of oxidation and adsorption of carbon contaminants from the
atmosphere. The XPS was carried out using a Kratos Axis-Ultra spectrometer employing a
monochromatic Al Ka X-ray source (1486.6 eV) operated at 130 W. Survey spectra were
initially acquired with a pass energy of 160 eV, to quantify detected elements, in atomic %,
using the appropriate elemental sensitivity factors. High-resolution spectra of the Zn 2p, S 2p,
O 1s, and C 1s were acquired with a pass energy of 20 eV. Spectral fitting was accomplished
CasaXPS (Casa Software). All samples were cooled, in vacuum, using a liquid-nitrogen-fed cold
stage (temperature < -100 °C) to minimize photoreduction during exposure to X-rays during

analysis®’.

Measurement and analysis of surface forces

Surface force measurements were repeated on four different occasions (using different
surfaces and solutions) and were reproducible. Surface forces were measured by AFM
(Nanoscope lll, Digital instruments), equipped with a low noise head using the colloid probe
technique® #°, Prior to sputter coating, a borosilicate glass sphere of radius 10 + 0.1 um
(9020, Duke), was glued to the tip of a rectangular silicon nitride AFM cantilever (CSG 10,NT-
MDT) using Epikote 1004 resin. The AFM cantilevers with attached colloid probes were
examined and imaged after all experimental work was completed using a ZEISS Ultraplus Field
Emission Scanning Electron Microscope (FESEM) to determine the radius of the particle. The
spring constant of each cantilever was determined prior to colloid probe attachment via the
inbuilt thermal tune® function of the Bruker ScanAsyst AFM, these varied between 0.1 N m*
and 0.4 Nm. Surface forces were measured in 1 mM NaCl at a range of pH between the
spherical colloid probe and a boron doped silicon (100) wafer, (MEMC, U.S.A.) sputter coated
with ZnS.

The analysis of the AFM data was performed using Derjaguin-Landau-Verwey-Overbeek
(DLVO)>Y>2 theory extended to account for surface roughness (DLVO-R)>3. This is a variant of
the DLVO theory modified to account for surface roughness using a statistical description

characterised by the RMS roughness, o of each surface. In the DLVO-R theory, roughness



introduces two effects. Firstly, the short range noncontact forces of classical DLVO theory are
magnified because of the reduced separation between outlying asperities. Secondly, elastic
contact between asperity tips introduces a repulsive force, which in some instances may mask
attractive Van der Waals forces between surfaces®® >>. The contact force is determined by the
elastic Young’s modulus of the surface materials and the average curvature of asperity tips,
in conjunction with RMS roughness. In the application of conventional DLVO theory, the
surface potential is fitted until the theoretical curve best matches a measured force curve. In
DLVO-R applications, the surface potential and asperity tip radius are fitted, with RMS
roughness estimated from reflectometry/AFM measurements or from a histogram of surface

heights measured by AFM. See section S5 of the Sl for further details.

Results and Discussion

A number of previous studies have investigated the interaction forces using ZnS surfaces>®.

Researchers have recognized that a particular challenge has been preparing surfaces that are
very smooth. In one study the RMS roughness of the ZnS sphere was reported to be 3.5 nm
RMS over a small area®®. This complicates the interpretation of the forces measured as even
small levels of roughness can be sufficient to obscure short range attractive forces®®>> %1, The
nature of the forces will not only depend on the pH of solution but also the other ions in
solution® and considering the roughness of the surfaces used in earlier studies our results in
general cannot be directly compared to previous studies which also employed different

solution conditions, motivated by understanding the flotation behavior of ZnS>7->°.

Characterization of ZnS surfaces

A range of sputtering power and deposition times were employed to produce ZnS films. We
found that a lower sputtering power led to a smoother ZnS surface, due to a reduction in grain
size. Elevated temperatures were not employed as this has been shown to result in an
increase in grain size, and an increase in surface roughness®? %3, An AFM image and line profile
from the image of a ZnS sputter coated film (10 mins, 150 W) is presented in Fig. 1. Analysis
of the image gives an RMS surface roughness of 0.68 nm, which is a moderate increase on the
RMS roughness of the uncoated surface (0.22 nm). The thickness of the ZnS layer was

determined by ellipsometry to be 34.5 £ 1.3 nm with a refractive index of 2.28 at a wavelength



of 600 nm. This is in accordance with the refractive index reported in the literature®. The

stated error is the root mean square error in coating thickness across different samples.
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Figure 1 Atomic Force Microscope (1 um x 1 um) image of a ZnS coated silicon wafer (Top left) obtained in
ScanAsyst mode. Analysis of the images reveals an RMS surface roughness of 0.68 nm. The same surface imaged
over a larger scan size (5 um x 5 um) gave an RMS surfaces roughness of 0.71 nm (Top Right). The profile of a
section from the top left image marked by a white line is shown in the bottom panel. The coating was produced
by magnetron sputtering for 10 minutes at 150W.

Colloid probes were sputter coated with ZnS at the same time (and therefore under the same
conditions) as flat substrates. Hence, the thickness on the colloid probe is assumed to be the
same as on the flat substrate. The surface of the coated colloid probe was imaged using the
AFM reverse imaging technique®® and is shown in Fig. 2 for a scan size of 500 nm x 500 nm.
From this image, the surface roughness of the region of the colloid probe that came into
contact with the substrate during the AFM force measurements was measured to have an

RMS roughness of 0.51 nm.
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Figure 2 AFM image of a colloid probe acquired using the reverse imaging technique (left panel)®. This involves
using the colloid probe to image a calibration grating (TGTO1 Micromasch) which consists of an array of sharp
spikes. This results in an image of the region of the colloid probe that interacts during force measurements being
obtained for each spike. Analysis of the image of the ZnS-coated colloid probe showed an RMS roughness of 0.51
nm over an area of 500 nm x 500 nm. A FESEM image of an AFM cantilever with a ZnS coated sphere attached
to the tip taken after measurement is shown in the right panel.

The compositions of the ZnS films were measured using X-Ray photoelectron sputtering (XPS),
see supporting Information Fig. S1. This revealed that the sputter coated ZnS surface has a
Zn:Sratio of 1.24 : 1, whereas the stoichiometric ratio is 1:1, see supporting Information Table
S1. Oxidation and adventitious hydrocarbon contamination accounts for the discrepancy and
some sulphur atoms have been replaced with oxygen atoms or hydroxyl groups. A similar Zn:S
ratio of 1.23 was reported for ZnS deposited using a chemical bath®®. The effect of deposition
temperature on the structure of ZnS deposited via RF magnetron sputtering has been studied
by Hwang et al®2. In this study, the samples were also non-stoichiometric although the
stoichiometry improved at higher deposition temperatures such that at 350°C, the Zn:S ratio
approaches 1. The high resolution spectra for the Zn 2p and S 2p, were consistent with ZnS in
either the zincblende (sphalerite) or wurzite structure, with the Zn 2p3/2 and S 2p3/2 located
at 1021.9 eV and 162.8 eV binding energy respectively®’. The X-ray excited valence band
spectrum of the ZnS film was consistent with bulk ZnS in the zincblende (sphalerite) form as

reported by Ley et al.®,

Wettability of ZnS surfaces

To characterise the wettability of the sputtered ZnS surfaces the advancing and receding

contact angles of water were measured on freshly coated ZnS surfaces as a function of pH.



The advancing contact angles, shown in Fig. 3, exhibit a weak, or negligible, dependence on
pH and were found to lie between 43° and 33°. These measurements indicate that these
surfaces are less hydrophobic than surfaces that typically give rise to hydrophobic forces. The
long range hydrophobic attraction has often been reported between surfaces with advancing
contact angles less than 90°, such as silica surfaces with physisorbed surfactant films, where
the advancing contact angle may be as low as 65°%. Recent experiments show that a
substantial hydrophobic attraction is evident when one surface has a contact angle of only
40°2°, The low contact angles measured on the ZnS surfaces used in this study makes an
attraction due to cavitation between the surfaces unlikely. As shown in Fig. 3, there is a

hysteresis between the advancing and receding contact angles.
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Figure 3 Advancing (solid symbols) and receding (open symbols) contact angles of water on
freshly prepared ZnS surfaces as a function of pH. The error bars denote the standard deviation
for the values measured over at least 3 repetitions at different locations on at least 3 different
substrates. Lines are to guide the eye.

Van der Waals Force Theory for Layered Systems

The van der Waals interaction between surfaces is commonly represented by a single
Hamaker constant. The Hamaker constant for the bulk ZnS-water-ZnS interaction® 7 has a
value of 6.09 x 102°] for hexagonal ZnS (wurtzite), and 5.31 x 10°2°J for cubic ZnS (sphalerite).
However, in our system ZnS forms a thin layer on a silica sphere or flat silica/silicon substrate.
Evaluation of the van der Waals interaction of a multilayer system is similar to that for a bulk
3-phase interaction’!. The chief quantity used to compute van der Waals energies is the
dielectric reflection coefficient A at the interface between each layer, which describes the
difference in the response of the two materials on either side of an interface to an electric

field. The retarded reflection coefficient is Aj=(gi-j)/(ei+€j) where €iand g; are the dielectric



functions of each material, hexagonal ZnS®° , water’® 72, Si and SiO,’3, taken predominantly
over imaginary optical/UV frequencies (the full calculation includes retardation due to the
finite speed of light). In a multi-layered system the reflection coefficients are evaluated
recursively’?, taking each interface in turn, weighted by the thickness of each layer®*. At close
range (< 10 nm) the overall interaction follows that of bulk ZnS-water-ZnS. At longer
separations the effective Hamaker coefficient falls steadily from the pure ZnS value of 6.09 x
102°J, reaching the smaller value of 1.63 x 102° J, due to the underlying silica substrates at
a separation of 200 nm. The calculated distance dependent Hamaker coefficient as a function

of separation is presented in Fig. S2 of the supporting information.

Surface force measurements

The interaction forces between ZnS surfaces were measured as a function of pH. Firstly we
discuss the interaction force at the isoelectric point (iep) of the ZnS surface, as shown in Fig.
4. At this pH of 7.1, there is no evidence of a repulsive force between the ZnS-coated colloid
probe and substrate at any separation, indicating the lack of any significant electrostatic
repulsion. This indicates that the surface potential must be close to zero, indicating the
isoelectric point (iep) occurs at pH 7.1. A monotonic attraction is evident from a separation
of ~ 35 nm. The attractive interaction is described well by the Lifshitz calculation of the Van
der Waals interaction. (see Fig. 4). The surfaces jump to contact from a separation of ~9 nm
as the gradient of the attractive force exceeds the spring constant of the cantilever causing a
mechanical instability. This result confirms previous assessments that aggregation of ZnS
particles at pH ~ 7 is not due to hydrophobic forces but can be explained by van der Waals

attraction at the iep®®.
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Figure 4 Normalized approach force between ZnS surfaces at pH 7.1 in 10 M NaCl. The calculated Van der Waals
interaction is shown as a solid line for comparison (see text for details). The force curve measured at pH 7.1 fits
the calculated van der Waals interaction without any fitting parameters indicating that the system is at the iep.
The steeply repulsive interaction is due to asperity contact and is therefore offset from the zero of separation
which corresponds to the average height of the mildly rough interfaces.

Increasing the pH above the iep will cause the surfaces to acquire a negative charge. The
interaction measured on approach at pH 9.8 in 1 mM NaCl shows a repulsion at separations
> 10 nm and an attraction at separations < 10 nm which results in the surfaces jumping into
contact, see Fig. 5. Theoretically, the electrostatic interaction is bounded by two limits, the
surface charge may remain constant during the interaction (upper solid line), or the charge
can regulate such that the surfaces maintain a constant potential (lower dashed line). Real
surfaces will generally charge regulate between these limits. The fitting curve was obtained
with a surface potential -21 mV, an a Debye length of 9.7 nm. Note there is no direct evidence
of the long-range hydrophobic attraction at this pH, as the jump to contact (shown by the red
arrow) is consistent with DLVO theory for surfaces that charge regulate under a constant
potential boundary condition. An alternative explanation is that the charge regulation is
hindered and the situation is closer to the constant charge boundary condition and the jump

to contact is indicative of a small hydrophobic attraction.
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Figure 5 The normalized approach force at pH 9.8 in 103M NaCl. The data is fit using the DLVO theory accounting
for surface roughness (DLVO-R) using a surface roughness of RMS 0.68 nm for the substrate and RMS 0.51 nm
for the colloid probe, Y = -21 mV and k™ = 9.7 nm which is corresponds to a 1:1 electrolyte concentration of 0.98
x 10 M). The dispersion forces were calculated using Lifshitz theory as described above. The two lines show the
different boundary conditions of constant charge (solid) and constant potential (dashed). The arrow indicates
the instance when the two surfaces jump into contact due to the instability of the cantilever. The steeply repulsive



interaction is due to asperity contact and is therefore offset from the zero of separation which corresponds to
the average height of the mildly rough interfaces.
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Figure 6 Normalized approach force between ZnS surfaces in 10°M NaCl on a linear scale between pH 7.1 and
pH 3.2. Forces generated using RMS 0.68 nm for the substrate and RMS 0.51 nm for the colloid probe. At pH 5.4
the electrostatic repulsion increases, reducing the magnitude of the attraction at small separations. At pH 3.2
the electrostatic repulsion is more evident. The interaction at pH 4.2 is inconsistent with DLVO theory in that the
attraction is greater than observed for pH 5.4, when the electrostatic repulsion will have increased. Arrows
indicate when the surfaces jump into contact due to the instability of the cantilever. The steeply repulsive
interaction is due to asperity contact and is therefore offset from the zero of separation which corresponds to
the average height of the mildly rough interfaces.

Below the iep we expect that the surfaces will acquire a positive charge that increases with
decreasing pH. The interaction forces measured on approach at pH 7.1, pH 5.4, pH 4.2 and pH
3.2 are shown in Fig. 6. At pH 5.4, the interaction is less attractive than at pH 7.1, indicating
that the surfaces have acquired a small positive surface charge leading to a small electrostatic
repulsion that decreases the overall attraction. It is not possible to accurately determine the
surface potential from a DLVO-R fit to the data because for small magnitudes of the surface
potential the difference in the constant charge and constant potential boundary conditions
are large, thus the error in the fitted potential is large. At pH 3.2 the repulsion is more
substantial indicating that the surfaces have acquired a greater positive charge and the
electrostatic repulsion has consequently increased. This is consistent with measurements of
the zeta potential of ZnS particles’® 7>, The interaction at pH 3.2 is fit using DLVO-R theory in

Fig. 7 with a surface potential of +24 mV and Debye length of 9.2 nm in line with expectations.
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Figure 7 Normalized approach force at pH 3.2 in 10°M NaCl on a linear scale. (DLVO-R fit shown using surface
roughness of RMS 0.68 nm for the substrate and RMS 0.51 nm for the colloid probe, ) = +24 mV and k* = 9.2 nm
which is consistent with a 1:1 electrolyte concentration of 1.1 x 10° M). The arrow indicates the instance when
the two surfaces jump into contact due to the instability of the cantilever. The two lines show the different
boundary conditions of constant charge (solid) and constant potential (dashed).

The data measured at pH 4.2 cannot be explained by DLVO theory as the interaction is more
attractive than the interaction measured at pH 5.4 despite the pH being further from the iep,
which should result in a greater repulsion due to an increase in positive surface charge as
expected from zeta potential measurements on ZnS surfaces with the same iep, which show
a an increase in zeta potential over this range of pH ’# 7>.We attribute the extra attraction to
the long range hydrophobic attraction and note that a previous study reported an anomalous
attraction of similar range between ZnS surfaces at pH 4.0 and attributed it to the
hydrophobic attraction®®. These observations are also consistent with measurements of the
yield stress that show two maximums, one at the iep (pH™ 7) and the other at pH <474, In this
work, the hydrophobic attraction was a maximum at pH 4.2 but reduced only slightly when
the pH was increased to pH 4.8 or reduced to pH 3.8, see supporting Information figure S3. In
this pH range the surfaces have acquired a small positive charge. Thus the measurable
hydrophobic attraction is evident over a pH range of 1 unit. At the iep (pH 7.1) where there
is no net positive charge the interaction was fully described by the calculated van der Waals
interaction. This strongly suggests that the hydrophobic attraction is amplified by the
presence of positive charges on the surface. If this is indeed the case we would expect a

commensurate increase in adhesion when the hydrophobic attraction is acting.



Adhesion Measurements

Surfaces that interact strongly with water exhibit an additional non-DLVO hydration repulsion
associated with the need to remove water that is solvating surface groups when surfaces are
brought close to contact’®78. The hydration force is not present between more hydrophobic
surfaces that do not interact strongly with water. The presence of a hydration force often
prevents adhesion between hydrophilic surfaces such as silica*® 77 which DLVO theory (which
does not include hydration forces) predicts would show a strong adhesion. As such adhesion
forces are useful for investigating the hydrophobicity of a surface*'. To explore this, the forces
between ZnS surfaces were also measured during separation (See supporting Information Fig.
S4 for examples of individual measurements). The interaction is found to be hysteretic
between approach and separation at all pH values and adhesion is seen in all cases, indicating
the hydrophobic nature of the surfaces across the full range of pH investigated. For example,
at pH 9.8, although there was a small repulsive electrostatic force during approach, the
surfaces adhered when in contact. This also indicates that adhesion measurements are more
sensitive to hydrophobicity than measurements of the surface forces on approach, though
they are inherently more variable. The variability is a result of the small contact area, surface
roughness and possibly also twisting or peeling motions associated with bending of the

cantilever.

Frequency histograms of the adhesion forces measured as a function of pH are presented in
Fig. 8 and the maximum, mean and median adhesion measured at different pH is summarised
in Table S2 in the supporting information. For a given pH, repeated measurements at the
same location showed no difference to those measured at different locations. It is notable
that the largest adhesion was not measured at the iep (pH 7.1) but at pH 4.2 where the extra
attraction was observed in the approach curve. Much smaller adhesions were measured at
pH 9.8, pH 5.4 and pH 3.2. The histogram at pH 3.2 and 5.4 is bimodal suggesting two different
classes of adhesion events, the larger of which overlap with the adhesion forces measured at
pH 4.2. This suggests that the smaller adhesion events are due to van der Waals interactions
and the larger adhesion events are due to hydrophobic attraction, enhanced by the presence
of cations on the surface (H+ ions forming part of the -ZnOH,* surface group) . It is not possible

here to compare these measurements with predictions from JKR theory due to the influence



of surface roughness. These measurements are consistent with the reports of an increase in
hydrophobic adhesion associated with the proximal location of a cationic charge near a

hydrophobic moiety using an AFM tip !
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Figure 8 Frequency histograms of the normalised adhesion forces between ZnS surfaces at a range of pH values.
The y-axis represents the frequency of the measured interactions with a particular range of normalised adhesion
forces. Note the range of the x axis and the bin size (n) vary.

The measurements reported here are consistent with the long-range hydrophobic attraction
being mediated by long-range correlations in the orientation of water molecules which are
reported to have a similar range. These correlations are reported by Shelton3* to be present
in bulk water at distances comparable to the range of the hydrophobic attraction and are
reported by Chen et al.3® to be enhanced by ions in solution over the appropriate range for
the hydrophobic attraction. The suggestion being that the structure of water is perturbed at
extended hydrophobic interfaces and that this perturbation is communicated across
distances of 5 -10 nm from each surface through changes in the orientational order of water
molecules. As the surfaces approach, this ordered water is released leading to an attraction.
The range of the hydrophobic attraction between liquid surfaces is notably less than for solid
surfaces’®. This may arise as the fluid nature of the liquid interface, which will be in motion
due to capillary waves, is less able to order the structure of water. Additionally, recent work
investigating the influence of the molecular order in hydrophobic self-assembled monolayers
has observed an increase in the strength of hydrophobic adhesion for surfaces that a more
ordered®, consistent with the possibility that the strength of the hydrophobic attraction is
dependent upon and transmitted by the perturbation of water structure at a hydrophobic
surface. In this study for both the forces measured on approach and separation the presence
of cations is seen to increase the hydrophobic interaction, suggesting that the presence of
cations enhances the orientational ordering of water as seen in fs-ESHS3®. This is consistent
with earlier work where the hydrophobic adhesion was amplified in the presence of cations®!.
At an extended hydrophobic interface hydrogen bonding is reduced and the density of water

is reduced leading to greater fluctuations in water density at the interface®. The presence of



a small number of ions which locally attract water will reduce density fluctuations and in this
way may thereby enhance the ability of the surface to order water, whilst only having a minor
effect on the overall interfacial energy (ie hydrophobicity). This work also suggests a
connection between the hydrophobic effect and the long range hydrophobic interaction in
that they are both mediated by water structure. However it remains to be seen how the range
of the interaction scales with the size of the hydrophobic region and precisely how the local

topography influences these interactions.

Conclusions

The interaction forces have been measured between zinc sulphide surfaces as a function of
pH. The iep is at pH 7.1 as indicated by an attractive interaction that is well described by the
Van der Waals attraction calculated using Lifshitz theory. At higher pH values the surfaces
show a DLVO interaction due to a negative surface potential. At lower pH values the surfaces
show a DLVO interaction due to a positive surface potential. Forces measured in the pH range
of 3.8 to 4.8 showed an additional attractive component that is attributed to the long-range
hydrophobic attraction. Upon separating the surfaces adhesive forces were measured over
the full range of pH, but were significantly larger at pH 4.2, due to hydrophobic interactions.
The range of the hydrophobic forces is consistent with the range of orientational correlations
of water revealed by harmonic spectroscopic methods. The enhanced hydrophobic
interactions observed here on approach and separation of the surfaces when the surface is
positively charged is consistent with previous reports that observed increased hydrophobic
adhesion due to cations located in proximity to hydrophobic sites and suggests that the
presence of positive charges on the hydrophobic surface may increase the strength of
orientational correlations that communicate the hydrophobic force through perturbation of

water structure.
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TOC figure

Surface force measurements reveal that a small increase in surface charge enhance the long
range hydrophobic attraction.

A Small Increase in Surface Charge
Increases the Hydrophobic Attraction



