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Abstract

Surface force measurements previously conducted with thiolated gold surfaces showed a decrease
in excess film entropy (AS"), suggesting that hydrophobic force originates from changes in the structure of
the medium (water) confined between hydrophobic surfaces’. As a follow-up to the previous study,
surface force measurements have been conducted using an atomic force microscope (AFM) with
hydrophobic silica surfaces at temperatures in the range of 10 to 40°C. The silica sphere and silica plate
were treated by both chemisorption of octadecyltrichlorosilane (OTS) and physical adsorption of
octadecyltrimethylammonium chloride (C1sTACI). A thermodynamic analysis of the results show similar
results for both of the samples, that both AS™ and excess film enthalpy (AH') become more negative with
decreasing thickness of the water layer between the hydrophobic surfaces and decreasing temperature.
|AH"| > |TAS| represents a necessary condition for the excess free energy change (AG') to be negative and
the hydrophobic interaction to be attractive. Thus, the results obtained with both the silylated and
CisTACI-adosrbed silica surfaces in the present work and the thiolated gold suefaces reported before
show hydrophobic forces originate from structural changes in the medium. Thermodynamic analysis of
SFA force measurements obtained at various temperatures® revealed that AS'were much more negative in
the shorter hydrophobic force ranges than in the longer ranges, indicating a more significant degree of
structuring in the water film when the two hydrophobic surfaces are closer together.

It is believed that the water molecules in the thin liquid films (TLFs) of water form clusters as a
means to reduce their free energy when they cannot form H-bonds to neighboring hydrophobic surfaces.
Dissolved gas molecules should enhance the stability of structured cluster due to the van der Waals force
between the entrapped gas molecules and the surrounding water molecules', which may enhance the
strength of the hydrophobic force. Weaker long-range attractive forces detected in degassed water than in
air-equilibrated water was found in the present work by means of AFM force measurements, supporting
the effect of dissolved gas on the structuring of water. At last, temperature effects on hydrophobic
interactions measured in ethanol and the thermodynamic analysis revealed similar results as those found
in water, indicating that the hydrophobic force originates from H-bond propagated structuring in the
mediums.
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CHAPTER 1
Introduction

1.1 General

The term “hydrophobic force” was used first by Blake and Kitchener® in 1972 to describe the
metastability of the wetting films of water formed on the hydrophobic surfaces. These investigators found
that thin liquid films (TLFs) of water breaks readily when contact angle is greater than zero despite the
fact that both the disjoining pressures due to double-layer and van der Waals forces are repulsive. When
an air bubble adheres on a hydrophobic surface with a finite contact angle of 6, the TLF must be broken
(or rupture). According to the Frumkin-Derjaguin isotherm®?, it is necessary that the disjoining pressure
in the TLF must be negative as suggested first by Laskowski and Kitchener* in 1969. In this regard, the
credit should go to these two investigators for recognizing the presence of the hydrophobic force in
wetting films. More recently, Derjaguin and Churaev® calculated the contact angles of quartz at different
surface potentials using the Frumkin-Derjaguin isotherm. The results showed that the potential
differences alone cannot create contact angles larger than 15-16°, and higher contact angles can only be
obtained in the presence of negative disjoining pressure (or hydrophobic force)>”.

In 1982, Israelachvili and Pashley® conducted the first direct measurements of hydrophobic forces
between two hydrophobic mica surfaces in surfactant solutions using the surface force apparatus (SFA)
technique. They showed that the TLF ruptures at film thicknesses larger than predicted by the classical
DLVO theory, which was attributed to the presence of hydrophobic force. The hydrophobic force decayed
exponentially with the separation distance between the two hydrophobic surfaces with a decay length of
approximately 1 nm. This exponential dependence correlates well with predictions calculated for
solvation force®. Several follow-up investigations confirmed the presence of hydrophobic forces of even
longer ranges by means of SFA™ and atomic force microscope (AFM)**%, The measured hydrophobic

forces are often represented by a single exponential force law:'**°

F h
e —-C exp(— Bj [1.1]

where h is the closest distance between two hydrophobic surfaces, fitting parameters C and D represent
the magnitude and the decay length of the force, respectively. When the measured hydrophobic forces are
longer range, a double exponential force law are frequently used,*®

F/R=C, exp(-h/D,)+C,exp(-h/D,) [1.2]
where the fitting parameters C,, and D; represent the short-range hydrophobic force, while C,, and D,
correspond to the long-range component of the hydrophobic force. Normally, D; is in the range of 1-2.8

nm at h < 10 nm, while D; in the range of 4.5-50 nm at longer separations'®*"*®.

It has also been shown that the measured hydrophobic forces can be represented by a power
IaW17,18'

F/R=K/6h? [1.3]

where K represents the only fitting parameter. Eq. [1.3] is of the same form as the der Waals force.



Various theoretical models have been developed to explain the hydrophobic forces measured in
experiment. In 1989, Eriksson et al.*® developed a statistical thermodynamic model assuming that water
becomes increasingly ordered with decreasing film thickness. This model attributed the hydrophobic
attraction to the surface-induced structuring of water film. Wang et al.”® determined the thermodynamic
functions of the hydrophobic interactions by conducting surface force measurements at several different
temperatures. The results showed that macroscopic hydrophobic interactions entail decreases in both the
excess entropy (S") and the excess enthalpy (H") of the thin liquid films (TLF) of water confined between
hydrophobic surfaces. Based on these results, it was suggested that macroscopic hydrophobic interactions
may involve building structures of water in the vicinity of hydrophobic surfaces.

Other investigators proposed, on the other hand, that long-range attractive forces may be due to
the electrostatic attraction between mobile charged”# patches and unoccupied® domains on opposing
surfaces. In yet other studies, researchers have provided evidence to support that hydrophobic force is due
to pre-existing nanobubbles on the surface®?®. The “nanobubbles theory” is supported by three important
observations: 1) the presence of discontinuities (or “steps”) on force curves, 2) the disappearance of
attractive forces once the medium has been degassed, and mostly notably, 3) the detection of nanobubbles
on hydrophobic surfaces by means of AFM imaging. However, more recent reports have indicated the
presence of long-range attraction even in degassed aqueous solutions®"?®. Additionally, Wang and Yoon
showed that previously-observed steps on force curves could be eliminated by adjusting experimental
conditions and procedures®.

Molecular dynamic (MD) simulations showed indeed that the structure of water in the vicinity of

hydrophobic surfaces is different from that of the bulk. However, the water structuring is limited to only a
few layers from the surface, while long-range hydrophobic forces have been measured at h as large as 80
nm. Eriksson et al.’® attributed this discrepancy to the fact that ab-initio calculations are not sensitive
enough to detect the changes in H-bonding energy in the range of 10°-10 kT that are responsible for the
long-range attractions.
Most recently, Hammer et al.*® showed that the hydrophobic forces measured to date can be
classified into three classes. The short-range forces measured in the range of 10-20 nm to 100 nm can be
linked to electrostatic attractions and/or bridging vapor cavities. The forces measured in the range of 1.5-
15 nm are the “pure” attractive forces that can be attributed to the enhanced Hamaker constant, while the
attractions measured below 1.5 nm can be ascribed to changes in the H-bonded water structure.

The objective of the present work is to better understand the mechanisms of the hydrophobic
interaction at the macroscopic scale by experimentally determining the changes in entropy, enthalpy, and
free energies. The results will be useful hopefully for studying the origin(s) of hydrophobic force.

1.2 Literature Review
1.2.1 Origins of Hydrophobic Force
a. Electrostatic Force

Miklavic®* proposed a charged-patch model to describe the forces between heterogeneously
charged surfaces. Specifically, he based his findings on the fact that the horizontal mobility of the charged
patches would be a positive indicator of attractive force. Similarly, as Christenson stated in 1997%
“Either a shift of the adsorption/desorption equilibrium on approach of two surfaces, or rearrangement or
lateral diffusion of the surface groups is the condition for long-range attraction” (p. 67). Research has also
shown that correlations between patches of charges® or dipoles* on hydrophobic surfaces generate long-
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range attractive electrostatic force. One study noted that the forces of electrostatic origin are likely to
decay exponentially, with a decay length equal to half the Debye screening length®. As a result, attractive
force should be affected by added electrolytes of various types and concentrations. On the other hand,
Zhang et al. showed that the lattice patch size back calculated from measured force®™ was much larger
than those estimated from the aggregation numbers reported by Fan et al.*, with the latter one close to the
value obtained by means of the scanning tunneling microscopic (STM) imaging for the dodecanethiol
coated gold surfaces. In other words, to obtain the strong attractive force as detected in the force
measurements, the charged patch model®! ask for patches of significantly greater size than those actually
observed with self-assembled monolayers.

b. Nanobubbles

It has long been known that thin water films confined by two hydrophobic surfaces are
metastable®’. More recently, the existence of nano-scale, flat bubbles on very hydrophobic surfaces was
described®®. In response to these findings, some attributed the long-range attractive force or the large
jump distance (5-75 nm)—which could not be explained by van der Waals forces*®—to gas bridging
between nanobubbles or cavities®”. When long-range attractive forces have been attributed to cavities,
they typically appear between surfaces with contact angles greater than 90°, since formation of a water-
vapor cavity is thermodynamically favored only when the contact angle is greater than 90°*. For contact
angles less than 90°, however, measurable attractive forces have been found to be short-range (1.3 nm)*“.
Another study linked force curves with discontinuities or steps to the presence of bridging nanobubbles*.
Specifically, hydrophobic surfaces initiate the formation of bubbles. In contrast, smooth surfaces (either
hydrophilic or hydrophobic) do not generate in vitro gas bubble formation. In other words, the surface
roughness and heterogeneity of a hydrophobic surface are important factors affecting the formation of
submicroscopic gas bubbles in water,** and in so doing impact attractive force.

c. Water Structure

Small, nonpolar solute molecules have been shown to prompt the formation of cage-like
structures, or “clathrates,” in water films™. Accordingly, hydrophobic interactions between solute
molecules tend to be of much greater magnitude in comparison to van der Waals interactions™. In a
concurrent study, Eriksson et al.® suggested that the long-range hydrophobic attraction between
macroscopic hydrophobic surfaces represents a special type of solvation force that originates from the
enhanced hydrogen bonding of the water molecules in the vicinity of a hydrophobic surface. Based on a
square-gradient assumption, the authors used mean-field theory to account for the hydrophobic force and
showed that solvation layers overlap as two solvated surfaces become in closer proximity. A subsequent
study reported how the total energy of the system begins to change as a function of separation distance
between two surfaces, thereby producing attractive force between the surfaces*. Unlike hydration
repulsion that results from H-bond ordering—which typically extends to only about 10 layers of water
molecules®—the range of the hydrophobic force of over 80 nm or more® is inconsistent with the region
predicted by molecular dynamic simulations on the orientation of water molecules*®. Most recently, Wang
et al.”® conducted a thermodynamic analysis of hydrophobic interactions. Utilizing AFM force
measurement results conducted at various temperatures, the researchers were able to provide more
detailed information on the structuring of water films, whose results can be extended to a range similar to
that of experimentally-detected hydrophobic forces.

1.2.2 Various Types of Hydrophobic Surfaces
In their 2001 study, Christenson and Claesson*” made a review on the direct measurements
designed to determine the force between hydrophobic surfaces—with a particular emphasis on the type of

preparation method. In general, the particular preparation method can give rise to specialized surface
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features, as indicated by direct surface force measurements. For this study, four types of hydrophobic
surfaces were investigated, as follows:

a. Xanthate Adsorbed on Gold and Silver

Although most ionic collectors utilized in the flotation of oxide and silicate minerals have alkyl
chains longer than Cy,, ethyl xanthate, with a chain length as short as C, has been shown to be efficient
for the flotation of sulfide minerals®®. As such, the possible interactions between ethyl xanthate and
sulfides or metals have been examined by many investigators*3, As is well known, the adsorption of
ethyl xanthate is controlled by a mixed potential mechanism®>*, which includes two independent
electrochemical processes: 1) the anodic oxidation of xanthate ion (X),

X~ —>X*+2e [1.4]
and 2) the cathodic reduction of dissolved oxygen (Oy),
1/20,+2H" +2e ->H ,0 [1.5]

where X, is dixanthogen. The oxidation product can also be a metal xanthate (MX or MX,). Both of X,
and MX (or MX,) are insoluble in water and considered hydrophobic; therefore, they remain on the
surface and render the mineral hosting the electrochemical reactions hydrophobic. These two reactions are
related through the potential that makes the oxidation and reduction occur at equal rates. Flotation
conditions under various potentials can be monitored by controlling the potential of the external circuit in
a deoxygenated solution® .

Xanthate adsorption in the bulk phase can normally be predicted using the Nernst equation, which
neglects the thermodynamically more favorable surface process,

RT _1e2
E =E°+Fln[EX ] [1.6]

r

where E? is the standard potential of Reaction [1.4]. One obtains the reversible potential (E;) of Reaction
[1.4] from Eq. [1.6]. The surface process was not well understood until Woods™ confirmed the
chemisorption of ethyl xanthate on platinum more than 40 years ago. Woods and coworkers noted that
chemisorption exists as a prewave before the appearance of a large peak starting from the position of
reversible potential (E;) as shown by voltammetry®®>’. This so-called “under-potential deposition”*
involves the formation of chemical bonds between xanthate radicals and metal atoms. By retaining the
position of the metal atoms in a metal lattice, chemisorption is restricted to a single monolayer™. It has
been experimentally verified that chemisorption occurs on copper®®®, galena®® and chalcocite®®®*%,
Above E,, the products of potassium ethyl xanthate (KEX) adsorption can be dixanthogen or metal
xanthate.

Accordingly, knowledge of the hydrophobicity of each product is especially valuable for the
application of KEX as a surfactant in flotation. The hydrophobicity of the chemisorption layer has been
described by several researchers®®®. Studies have also confirmed that dixanthogen is a prerequisite for
gold flotation®™. However, controversy persists regarding the hydrophobicity of metal xanthate. Early in
1976, Poling recognized the hydrophobic nature of metal-xanthate precipitates®®. Some 10 years later,
metal xanthate was recognized as hydrophobic, which resulted in the selective hydrophobicity of the
sulfide minerals®®. In contrast, some studies claimed that the presence of silver ethyl xanthate did not alter
the contact angles or the hydrophobicity of the surface®®®’. Unlike the single monolayer chemisorption of
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xanthate, the formation of a multilayer of metal xanthate species is due to the removal of metal atoms™.
Spectroscopic studies showed that metal xanthates (MX;) adsorb on the top of a monolayer of
chemisorbed xanthate, forming multilayers. The reason for the attraction of hydrophobic metal
xanthate®®’ to the hydrocarbon tails of the chemisorbed xanthate is the hydrophobic interaction. Some
researchers believe that the multilayer formation effectively increases the chain length of xanthates and
hence increases the hydrophobicity®, while others argue that multilayers of lead ethyl xanthate are not
hydrophobic®. Nor do such multilayers result in good flotation for copper®’. Given these differing
viewpoints, a systematic study of the hydrophobicity of each product formed during the adsorption of
xanthate on gold is especially useful.

In open circuit voltammetry testing, xanthates have been reported to chemisorb on sulfide
minerals or noble metals in a manner similar to thiols®. Studies have also described how xanthate
adsorbed on gold substrates from aqueous solution are coordinated to the surface through two sulfur
atoms®®"°. Reports confirm that the adsorption of short-chain alkyl xanthates (C,-Cs) is electrochemical in
nature and the resulting products are very stable under ambient conditions®®. Conversely, adsorbed
xanthate is sensitive to temperature due to the thermal decomposition of xanthate molecules.

b. Silylated Silica or Mica Surfaces

The silanation reaction described by Morrall and Leyden™ is comprised of two steps. First,
octadecyltrichlorosilane (OTS) molecules hydrolyze as follows:

RSiCI, +3H,0 —> RSi(OH), + 3HCI [1.7]

Second, the hydrolyzed OTS molecules may or may not polymerize in solution before adsorbing on silica
surfaces via strong chemical bonds—and this is largely dependent on the amount of water in the solution.
OTS-adsorbed silica surfaces prepared in a glove box at room temperature were characterized by means
of contact angle measurements, AFM force measurements and FT-IR spectra’. In keeping with literature
reports, the rapid adsorption of OTS started from patches™®, while a complete self-assembled OTS
monolayer turned out to be homogeneous. The tridecafluoro-1,1,2,2,-tetrahydro-octyl-1-
dimethylchlorosilane-coated monolayer was estimated to be 1.0 (+-0.5) nm thick by means of
interferometry’®, which is in accordance with the extended length of the molecule. The thickness of the
OTS monolayer (i.e., 2.5 nm)”" was close to the chain length of Cyg as well.

Electrostatic origin faces some difficulty on explaining the measured force between silylated
surfaces. The smooth and well-defined silylated mica surfaces suggested that the resulting smooth force
curve was not due to any instability of the surfactant layer; therefore, these surfaces were considered to be
ideal for studying the origin of surface forces®. As research has shown, even though an adsorbed
monolayer of fluorocarbon silane decreases the Hamaker constant of the surface at low separation
distance, there is not much difference between the surface potentials of bare and silylated mica. The
surface force measured between those fluorocarbon silane-coated mica surfaces featured an additional
exponentially-decaying attraction with a decay length of 8 nm™. In 1994, Parker and Claesson™ also
confirmed the existence of a pure attractive force between fluorocarbon silane-treated mica surfaces,
which was nearly uncharged at a pH of 2. The much larger decay length of 5.6 nm for the measured
attraction in comparison to the electrostatic Debye length of 3 nm precluded the possibility of electrostatic
origin.

Researchers have attributed the measured attractive force between silylated surfaces to the
bridging of nanobubbles, depending either on the presence of steps or discontinuities on the force



curves** """ or on the sudden onset of attraction in the range of 20-200nm following an initial steep

repulsion’. On the other hand, these reports did not agree on whether the bubbles existed at the onset, or
whether they were generated after the initial contact of the two hydrophobic surfaces. In order to solve
this disagreement, Ishida et al.*® conducted a comparison of force measurement results between two types
of prepared surfaces. The type-1 surface was exposed to air to dry after silanation while the type-11 surface
was hydrophobized in an AFM liquid cell without exposure to air. The tapping mode image of the type-1
surface revealed bubble-like domains with a diameter of 650 nm and a height of 40 nm or less. In
comparison, there were no such domains associated with the type-Il surfaces. The authors concluded that
nanosized bubbles existed at the outset and could not be eliminated by immersing the plate into water.
Rabinovich and Derjaguin®, however, measured the attractive force between silica filaments exposed to
dimethyl dichlorosilane (DMDCS) vapor and found that bubble formation occurred only after the two
surfaces came into contact with each other. This finding means that the long-range attractive force that
was present prior to contact could be explained by structural changes in the water that were induced by
the hydrophobic surfaces. Moreover, a good correlation between surface contact angle and the attractive
force in the absence of discontinuities or steps on the force curves, as reported by Rabinovich et al.™%,
seems to be unrelated to the bridging of nanobubbles as well.

Since the chemical heterogeneity of treated surfaces, as indicated by contact angle hysteresis,
helps anchor gas bubbles®, the relative roughness of prepared surfaces may account for the discrepancies
in force measurement results among the different samples. Therefore, care must be taken when preparing
high- quality monolayer adsorbed surfaces for force measurements.

c. Adsorption of Cationic Surfactant on Surfaces with Opposing Charges

The adsorption of surfactants to a surface with an opposite charge is widely used in industry. For
example, the adsorption on chromium-containing leather waste®, on layered double hydroxide (LDH)® or
on alumina® all represent efficient ways to remove anionic surfactants from wastewater. Other industrial
applications that utilize the self-assembly of ionic surfactants to solid surfaces include detergency®,
flotation®*®” wetting and enhanced oil recovery®*.,

Cationic alkylammonium ions adsorb to negatively charged mica or silica® surfaces due to the
electrostatic attraction between them. The first direct force measurement was reported in 1982 by
Israelachvili and Pashley™. The authors used hexadecyltrimethylammonium bromide (CTAB) adsorbed
mica surfaces to confirm that the hydrophobic interactions between these surfaces was not only in the
same range as the van de Waals force, but actually an order of magnitude stronger. Moreover, the
exponential dependence of the interactions had more common characteristics with solvation forces than
with van der Waals forces. Follow-up studies®*** demonstrated that exponentially decaying is a
common feature of the long-range attraction detected between alkylammonium adsorbed surfaces.

As indicated in the literature, surfaces treated by means of the Langmuir-Blodgett (LB)
deposition technique normally display longer-range attraction (80-90 nm) in comparison to surfaces
hydrophobized by in-situ adsorption from aqueous solution—with the latter method showing an equally
strong attractive force by ensuring optimal adsorption on the surfaces'. Adsorption is regulated by
altering the concentration of surfactants. Specifically, surface charge undergoes a decrease with
increasing surfactant concentration until it reaches charge neutralization at a specific concentration (i.e.,
point of charge neutralization or p.c.n.); beyond that point, a surface begins to recharge due to additional
surfactants adsorbed. For the cetyltrimethylammonium bromide (CTAB) adsorbed mica surfaces, p.c.n.
occurred at a concentration of about 3.3 x 10° M. When additional surfactant is included, results have
shown that it inversely adsorbs to the surface of silica and glass above p.c.n.?’. In accordance with the
adsorption of surfactant, attractive force initially increased as the concentration increased, however, after



a maximum value was reached, the force then began to decrease until a pure repulsive force was
detected®.

As reported by Attard®, hydrophobic attraction decays exponentially with the decay length equal
to half the Debye length, suggesting an electrostatic response to account for the hydrophobic interaction.
However, numerous studies have shown that the measured attractive force is not sensitive to electrolytes%,
even at concentrations as high as 102 M®. Similarly, the bridging of nanobubbles and the creation of
cavities are inconsistent with smooth force curves without visible discontinuities as measured between
surfaces with a contact angle significantly lower than 90°%’. As reported by Sakamoto et al., surface force
measured in a solution of octadecyltrimethylammonium chloride (C;sTACI) changed with surfactant
concentration and agreed well with surface contact angle measurements®. Correspondingly, the
dependence of hydrophobic force on surface hydrophobicity has been shown to be related to surface-
induced water structuring®®. The fact that the decay length of hydrophobic force has been reported to
decrease linearly with increasing concentrations of CH,/CHs groups in the surfactant solution® is actually
in accordance with Eriksson et al., regarding the change of water ordering™.

d. Chemisorption of Alkanethiol on Gold Surfaces

Studies have confirmed that alkanethiols chemisorbed on gold surfaces give rise to monolayers®”
% However, the kinetic mechanisms associated with this two-step adsorption process may be different for
alkanethiols of differing chain lengths. In the first step, 80% and 50% coverage were obtained for longer-
chain thiols (Cy,, Cy6) and shorter-chain one (Cg), respectively. The second step involves the slow
rearrangement of the adsorbed thiols for the formation of a homogeneous monolayer'®. Full coverage
was obtained after 3 minutes or longer'® from a concentration of 10° M. The thickness of the formed
film increased with chain length (C,4, Cg and Cy;) from 0.8nm to 2.3 nm. As studies have shown, a
monolayer of long-chain alkanethiols adsorbed on gold may be densely packed, crystalline, or liquid-
crystalline'®!%, with the ordering of adsorbed thiols highly dependent on their chain length. The free
energy (19 mJ/m?) of a hydrophobic gold surface treated in this way is lower in comparison to an
analogous surface treated with other kinds of hydrocarbons. Moreover, a thiol monolayer on gold is stable
at room temperature; no desorption occurs until the monolayer adsorbed gold is heated to 80°C in
hexadecane®”. It should also be noted that the stability of long-chain thiols is typically higher than short-
chain thiols””. However, this difference becomes negligible when the chain lengths are longer than Cy.

Ederth et al.'® demonstrated that a hexadecanethiol film can be an excellent substrate for
investigating the long-range interactions between hydrophobic surfaces due to its high stability.
Specifically, the mobility of adsorbed patches can be avoided due to the strong covalent bonds formed
involved in chemisorption. Thus, the observed attractive force with steps can be attributed to cavity
formation rather than to electrostatic force. Another study has shown that attractive force with steps
decreases with increasing ethanol concentrations up to 20%'®. In fact, the attraction completely
disappeared after adding ethanol to the water, which lowered the surface contact angle to less than 90°.
Therefore, attractive force measured in water was attributed to the coalescence of bubbles. However, a
more systematic study'® of surface force measured in an ethanol/water mixture (from low to high mole
fractions) found that even though attractive force decreased initially with an increase in ethanol
concentration, passed through a broad minimum (around mole fractions in the range of 0.15-0.20), the
attractive force began to increase when the mole fraction of the mixture was further increased. Moreover,
despite the fact that the contact angle of the surface as measured via a sessile drop of pure ethanol was
much lower than 90°, the attractive force measured in pure ethanol was comparable to that measured in
pure water. It should also be noted that the steps that typically signify the presence of nanobubbles were
also avoided by using a lower concentration and a shorter reaction time?. Wang et al.?® also conducted
force measurement studies between thiolated gold surfaces in water at various temperatures and found
that attractive force decreases with increasing temperature, accompanied by a less negative change in
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excess film entropy (AS)for the thin water films. This finding suggests that hydrophobic force may
originate from the structuring of water induced by the hydrophobic surfaces.

1.2.3 Factors Affecting the Hydrophobic Force
a. Effect of Salt

A model proposed by Eriksson et al.*® for the origin of long-range hydrophobic force states that
long-range attraction is due to H-bond-induced ordering in water films, which is confined by two
hydrophobic surfaces. The model predicts that increasing concentrations of non-adsorbing electrolytes
decrease the decay length of the force, while increasing its magnitude. As reported by Claesson et al.%,
the presence of electrolytes are also believed to affect forces of electrostatic origin, while the negligible
dependence of the force on salt at concentrations up to 10% M negated the possibility that the attractive
force measured between LB-deposited mica surfaces was of electrostatic origin. Instead, the researchers
offered the alternative that the dynamic reorganization of water molecules in the surrounding area of
hydrophobic surfaces may be responsible. Moreover, the surface-induced orientation of water molecules
was believed to propagate several nanometers away from the surface®.

Attard® attributed the unusually strong long-range attraction between hydrophobic surfaces to an
electrostatic response of water to the neighboring hydrophobic surfaces. Furthermore, this force is likely
to be shielded by electrolytes in aqueous solution, which was confirmed by Tsao'® who reported that
long-range attractive force between ammonium-adsorbed mica surfaces decreased in the presence of
electrolytes in water. Additionally, the screening effect was shown to be more significant for a 2:2
electrolyte/MgSQ, solution in comparison to a 1:1 electrolyte/NaCl solution. A decrease in attractive
force in a C,sTACI solution upon the addition of NaCl was then presented by Zhang et al.?’. Nevertheless,
the effect of electrolyte addition on hydrophobic interaction tends to be much weaker for more stable
surfaces. In a related study, a minor decrease in attraction was detected between fluorocarbon silylated
mica or LB-deposited mica surfaces in an aqueous solution containing 0.1 M electrolytes'®. The presence
of 1 M NaCl in the liquid medium failed to impact the attractive force between polypropylene surfaces'?.

As reported by Parker et al., the magnitude of the attractive force between glass surfaces silylated
by fluorocarbon silane was shown to undergo a somewhat minor increase with the addition of
electrolytes'®. The authors attributed the increase in force to the measurable increase in water surface
tension due to the presence of electrolytes in concentrations greater than 1 M. In this regard, the lack of
response of the hydrophobic attraction towards salt at lower concentrations was linked to nanobubble
bridging'®. It should be noted, however, that the electrolyte effect may not only be confined to aqueous
solutions; it may also extend to surface hydrophobicity as measured by contact angle—despite the fact
that Parker and coworkers did not observe any significant difference between the contact angles of
silylated surfaces'® measured by a drop of 5 M NaCl solution and those measured by a drop of pure water.
In an earlier study, Christenson et al. reported that the contact angles of equally stable LB-deposited mica
surfaces decreased with increasing electrolyte concentration®®. They also correlated the effect of greater
concentrations of electrolytes on contact angle by noting that the decrease in attractive force with
increasing electrolyte concentration agreed well with the change in contact angle®.

b. Chain Length of Surfactants

In 2002, Sakamoto et al.*® conducted force measurement studies between silica surfaces in
trimethylammonium chloride solution with six different chain lengths. Their results confirmed that the
contact angle of the hydrophobic silica surfaces was found to increase when the surfactant chain length
was increased. The values of the contact angles for Cg and Cig were 35° and 80°, respectively. Attractive
force also becomes stronger between surfaces adsorbed with longer chain length surfactants, which is
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consistent with hydrophobic interactions between dialkyldimethylammonium surfactant-adsorbed
surfaces™® and with thiolated gold surfaces treated by alkanethiols®. Similarly, as described by Zhang
and coworkers®, the exponentially-decaying attractive force between hydrophobic silica surfaces
immersed in C,TACI solutions was shown to have an increasing decay length of from 3 to 32 nm as the
chain length of the surfactants increased from 12 to 18. The authors concluded that the decay lengths were
related to the inverse square root of the real CH,/CH; concentration in solution®, which supports the
model for hydrophobic interactions that originate from water structuring®. Due to the fact that more
monomers of short-chain surfactant is left in solution compared to the long-chain ones to obtain the same
surface, furthermore, the structure of water is interrupted by any kind of foreign species added to water
films—including surfactant monomers—as suggested by Eriksson et al.*; it is reasonable that short-chain
surfactants result in weaker hydrophobic interactions in comparison to long-chain ones.

c. Effect of Temperature

Baldwin et al. proposed a model to explain the effect of temperature on the hydrophobic
interactions involved in protein folding™*. The authors showed that hydrophobic interactions change from
being entropy-driven at 22°C to being enthalpy-driven at 113°C. Some 20 years later, researchers
conducted AFM surface force measurements between trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane
self-assembled monolayer glass surfaces at temperatures ranging from 20 to 40°C**?. They reported that
the jump-in distance during the approach of the two surfaces decreased linearly with increasing
temperature, which they attributed to a reduction in bubble size at elevated temperatures. In a similar
study, force measurements between similarly prepared surfaces showed that the range of attractive force
increased with increasing temperature'®. This trend was attributed to an increase in bubble size due to the
fact that the solubility of gas decreases at higher temperatures. It should be noted, however, that
researchers do not agree on the dependence of the bubble size on temperatures. Therefore, it is
controversial that the hydrophobic force is necessarily linked to bridging nanobubbles.

Dynamic simulations of water films confined between two thiolated gold surfaces have confirmed
that even though the hydrophobicity-induced structural effects on water films do not extend very far,
lowering the temperature can significantly enhance this effect'™®. In fact, a decrease in attractive force
was reported by Tsao et al.”® when the temperature was increased from 25°C to 50°C. Although this
decrease corresponds to the enhanced structuring at lower temperatures, the author attributed the change
in force to the nature of the surfactant. Wang et al.®® measured AFM surface force between thiolated gold
surfaces at different temperatures; their results showed a decrease in attractive force with increasing
temperature. Thermodynamic analysis has shown that changes in temperature can affect a variety of
indicators, such as change of excess film entropy (AS'), change of excess film enthalpy (AH") and change
of Gibbs free energy (AG") per unit area. For example, AS" was found to be increasingly negative at low
temperatures, demonstrating the more structured water film at low temperatures. The measured attractive
force was therefore attributed to the structuring of water induced by hydrophobic surfaces.

d. Effect of Degassing

Direct degassing of a surfactant solution has been difficult to achieve due to the stabilization of
bubbles with the presence of the surfactants™; in contrast, adding surfactant to frozen water in a vacuum
has been found to be more effective. Long-range attractive force measured between silica surfaces in a
C1sTACI solution was attributed to the presence of a gas bridge, since long-rang attraction disappeared in
a completely air-free surfactant solution®™. Systematic studies on the effect of degassing on the attraction
between methylated surfaces and dehydroxylated surfaces has revealed a significant decrease in the jump-
in distance, as reported by Mahnke et al.*. Hydrophobic interactions between polypropylene surfaces
were also found to be shorter ranged in a degassed NaCl solution than in an untreated NaCl solution®.
Conversely, a model on structured water in the form of clathrates proposed by Wang et al.?° indicated that
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the decrease of hydrophobic force in degassed water may due to other mechanisms. These investigators
proposed that dissolved gas molecules may enhance the stability of the clathrate structures due to the van
der Waals effect between them and the neighboring water molecules, thereby increasing the hydrophobic
force. While most studies have indicated a negative effect on measured attractive force as a result of
degassing the liquid medium, Zhang et al.?" described an even stronger attractive force in a degassed
surfactant solution of a specific concentration. The authors attributed the increase to a change in pH
rather than to the presence of adsorbed bubbles.

1.3 Research Objectives

In summary, although the existence of long-range hydrophobic forces has been widely described
and accepted, researchers remain at odds as to their origin. No single explanation has been able to
reconcile the differing reports—in part because the origin of long-range hydrophobic force has been
elusive due to inconsistent force measurement results between different types of hydrophobic surfaces.
The present work, therefore, correlates surface force measurement between four types of hydrophobic
surfaces: 1) xanthate-coated gold surfaces, 2) silylated silica surfaces, 3) cationic surfactant in-situ
adsorbed silica surfaces, and 4) thiolated gold surfaces. The properties of the measured force were
investigated under various conditions (electrolytes added to water, temperature, degassing of water, etc.),
and the resulting changes in measured force are described in order to analyze the origin of the
hydrophobic force. The objectives of the present work were as follows:

1. To adjust the adsorption of KEX on gold and silver under controlled electrochemical potentials. The
results of our force measurement assays were consistent with contact angle and voltammetry
experiments, indicating that the long-range attractions were, indeed, hydrophobic force in nature.

2. To conduct AFM surface force measurements between gold surfaces treated with xanthate, which is a
commonly-used collector in flotation of sulfide minerals and precious metals. The kinetics of the
adsorption of xanthate on gold was studied by varying the concentration and chain length of the
surfactant and the immersion time. Force measurement results in the presence of salt provided
important information that elucidated the origin of the hydrophobic interactions.

3. To undertake force measurement experiments between very stable OTS-coated silica surfaces at a
temperature range of 10 to 40°C and conduct a thermodynamic analysis of the resulting hydrophobic
interactions. The long-range attractive forces with absence of visible steps on the force curves were
found to be related to the contact angles of the surfaces. When stronger force results were obtained at
lower temperatures, they were accompanied by a more negative AS', indicating more structured water
films under otherwise identical experimental conditions.

4. To carry out a follow-up study on the effect of temperature on hydrophobic force between less stable
surfaces such as silica surfaces with in-situ adsorption of C1gTACI. Our results showed that attractive
force remained very stable at the same temperature and under long immersion times. The decrease in
attraction with increasing temperature corresponds to results obtained for the OTS-coated silica
surfaces. A thermodynamic analysis of the hydrophobic interaction data from Tsao et al.”® revealed
that AS" was significantly more negative at the short-range in comparison to the long-range . These
results support the supposition that the structuring of water serves as the origin of hydrophobic force.

5. To ascertain the effect of degassing on the hydrophobic force between thiolated gold surfaces and the

effect of dissolved gas on the hydrophobic force between KEX-coated gold surfaces. The existing
form of dissolved gas in structured water films was discussed.
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6. To determine the effect of temperature on surface force between thiolated gold surfaces in ethanol.
Observed changes in force with temperature changes were found to be the same in ethanol and in
water. The thermodynamic properties associated with hydrophobic interactions in ethanol were found
to be similar to those in water, suggesting that the structuring of liquid is due to the H-bonds present
in H-bonding liquids.
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CHAPTER 2

AFM Force Measurements between Gold and Silver Surfaces Treated in
Ethyl Xanthate Solutions: Effect of Applied Potentials

2.1 Abstract

Many investigators measured surface forces between hydrophobic macroscopic surfaces using
atomic force microscope (AFM). Some investigators observed long-range attractions and attributed them
to the presence of hydrophobic forces, while others suggested that they are artifacts of the nano-bubbles
and cavities associated with the hydrophobic surfaces. Still others suggested that the long-range
attractions are due to the electrostatic interactions between charged patches present on opposing surfaces
and hence are unrelated to surface hydrophobicity. In the present work, we have measured long-range
attractions between gold- (or silver-) coated surfaces hydrophobized in potassium ethyl xanthate (KEX)
solutions at pH 9.2 under controlled potential conditions. The results of our AFM force measurements are
consistent with those of the contact angle and voltammetry experiments, indicating that the long-range
attractions are hydrophobic forces.
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2.2 Introduction

Flotation is the most widely used method of separating minerals from one another. Of the various
parameters affecting the process, particle hydrophobicity is most important and xanthate has been the
most commonly used hydrophobizing agent for conducting minerals such as sulfide and precious metals.
The mechanism by which xanthate renders a mineral hydrophobic is controlled by a pair of
electrochemical reactions, involving oxidation of the xanthate ion (X),

X" > X, +2e [2.1]
and the reduction of dissolved oxygen (O,),
1/20,+2H" +2e > H,0 [2.2]

where X; is dixanthogen. The oxidation product can also be a metal xanthate (MX or MX;). Both X; and
MX (or MX,) are insoluble in water and considered hydrophobic; therefore, they remain on the surface
and render the mineral hosting the electrochemical reactions hydrophobic. The potential at which a
xanthate is oxidized varies from one mineral to another and varies with collector concentration, pH, and
dissolved species, all of which providing means to achieve selective flotation.

Thermodynamically, xanthate adsorption should occur only at potentials above the reversible
potential (E,) for xanthate oxidation (or adsorption). However, Woods et al.*? showed that xanthate
adsorption can occur at potentials considerably below thermodynamic potentials — a phenomenon known
as under-potential deposition or “chemisorption”. The term chemisorption was introduced to indicate that
at potentials below a thermodynamic potential, xanthate adsorbs on the surface, while at higher potentials
chemical compounds such as X,, MX and/or MX, are formed. Formation of the latter can be predicted
from the thermodynamic data available for bulk reactions. However, the surface reactions are more
difficult to predict due to the lack of appropriate thermodynamic data.

Spectroscopic studies showed that metal xanthates (MX,) adsorb on the top of a monolayer of
chemisorbed xanthate, forming multilayers. It has been shown that metal xanthates are hydrophobic®>;
therefore, they can be attracted to the hydrocarbon tails of the chemisorbed xanthate via hydrophobic
interaction and form multi-layers. The multilayer formation effectively increases the chain length of
xanthate and hence increases the hydrophobicity. It has been shown that the hydrophobicity of a metal
xanthate varies depending on the electronegativity difference between sulfur and metal. Thus, the
hydrophobic character of metal xanthates decreases in the order of Hg,X, > CuyX, > PbX, > ZnX,.
According to this theory, dixanthogen should be more hydrophobic than metal xanthates, because the
electronegativity difference between two sulfurs is zero. It may be of interest to note here that adding a
metal xanthate precipitate to a flotation system often reduces mineral recovery®.

In the present work, we have studied the mechanisms involved in the adsorption of potassium
ethyl xanthate (KEX) on gold and silver at different potentials by monitoring the currents due to xanthate
adsorption, water contact angles, and the hydrophobic forces acting between xanthate-coated surfaces.
The hydrophobic forces measured using the atomic force microscope (AFM) may be useful for better
understanding the mechanisms of xanthate adsorption particularly with regards to the role of the
chemisorption mechanism in hydrophobizing gold and silver. Many investigators showed evidences for
the chemisorption of xanthate on gold™® and silver'®*%. The results may also be useful for better
understanding the origin of the long-range attractions observed between hydrophobic surfaces.
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2.3 Experimental
2.3.1  Materials

For AFM surface force measurements, glass plates and spheres (Duke Scientific) were coated
with gold and silver from vapor phase using the Electron Beam Physical Vapor Deposition (EBPVD)
system (PVD-250). The coated plates were also used for electrochemical studies and contact angle
measurements. Prior to the vapor deposition, the substrates were cleaned in Piranha solution (H,O,/H,SO,,
3:7 by volume) for 30 min at 120 °C, rinsed with pure water, and dried in an ultrapure N, gas stream. The
cleaned glass substrates were coated first with a thin layer of chromium (~2 nm thickness) to enhance the
adhesion between the substrate and the precious metals. The EBPDV unit allowed control of coating
thicknesses to ~20 nm. The glass spheres were coated with gold (or silver) after the spheres had been
glued onto AFM cantilevers with the Epon resin 1004F. The spring constants of the diving-board-shaped
cantilevers (Nano world Innovative Technologies) were determined using the thermal tuning program
provided with the multi-mode Nanoscope-V AFM.

Potassium ethyl xanthate (KEX, >90%, TCI America) was recrystallized twice from acetone
(HPLC grade, Fisher Scientific, Inc.) using diethyl ether (>99.9%, Sigma-Aldrich, Inc.). Sodium
tetraborate decahydrate (Sigma-Aldrich) was used as supporting electrolyte. All solutions were prepared
freshly using the Millipore pure water with a conductivity of 18.2 MQ-cm at 25°C.

2.3.2  Voltammetry

A three-electrode electrochemical cell was used for voltammetry experiment using gold- or
silver-deposited glass plates as working electrode, a platinum mesh (10 x 20 mm) as counter electrode,
and a calomel electrode as reference electrode. A potentiostat (Model 273A, EG&G Princeton Applied
Research) was used to control electrode potentials. The potentials were reported versus standard hydrogen
electrode. All of the measurements were conducted in a deoxygenated pH 9.2 buffer solution (0.05 M
Na,B,O-) under nitrogen atmosphere. The working electrode was cleaned electrochemically by ten rounds
of potential sweeps between -600 and 1100 mV for gold and -500 mV and 600 mV for silver in borate
solutions.

2.3.3 Contact Angle Measurement

Contact angle measurements were carried out at different potentials using the captive bubble
technique. Electrode potentials were controlled using the three electrode system. In each measurement, a
gold- or silver-coated glass plate was held initially at a reducing potential (-700 mV) for 2 min in a 0.05
M borate solution containing 10° M KEX and then stepped up to a desired potential. After 2 minutes of
conditioning time, contact angles were measured using a goniometer. With a gold- or silver-coated
electrode placed facedown, an N, bubble was brought to the surface from below. At a given potential, 3 to
4 measurements were conducted and averaged.

2.3.4 AFM Force Measurement

AFM force measurements were conducted in the same manner as described previously™. In each
measurement, a pair of gold- or silver-coated glass sphere and plate was hydrophobized in a 10° M KEX
borate solution at a given potential. The two macroscopic surfaces were treated under identical conditions,
so that both have the same hydrophobicity (or contact angle). This was accomplished by gluing the
cantilever with a sphere on the corner of a plate using a relatively weak glue (Norland Optical Adhesive
74, Norland Products, Inc.) and subjecting the sphere and plate assembly for gold (or silver) coating in the
EBPVD system and for xanthate adsorption in the electrochemical cell. Since the cantilever with a sphere
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was placed at a corner of the plate, the middle part of the plate was open for unhindered coatings of gold
(or silver) and xanthate. After the xanthate adsorption, the sphere and plate assembly was removed from
the electrochemical cell; and the sphere and plate were detached from each other by means of a clean pair
of tweezers and used for AFM force measurement.

2.4 Result and Discussion
24.1 Gold

Figure 2.1 shows the voltammograms of the gold coated plate obtained in 0.05 M borate solutions
(pH 9.2) with and without 10° M KEX. In the absence of KEX, gold was stable until potential was raised
above ~600 mV, where oxide layers began to form. On the cathodic scan, three reduction peaks are
shown, indicating more than one type of oxides were formed during the anodic scan. The contact angle
measured after repeated potential sweeps™ and cathodic polarization was 15°, which was close to the
value reported (~10°)".

The voltammogram obtained in the presence of 10° M KEX was similar to those reported by
others>*®. The anodic peak observed at 450 mV was due to the following reaction,

2EX™ — (EX), +2e [2.3]

representing oxidation of ethyl xanthate to ethyl dixanthogen. The reversible potential (E,) of Reaction
[2.3] at 10° M KEX can be obtained using the Nernst equation,

o RT _B2
E, =E +Fln[EX ] [2.4]

where E° is the standard potential of Reaction [2.3]. From the value of E° = -60mV*’, one obtains E, =
117 mV at 10° M KEX and 298 K. The large cathodic peak observed at -450 mV is due to the reverse of
Reaction [2.3]". Note that the reduction of dixanthogen involves a significant over potential. Although
not shown in this communication, the FTIR spectra of the gold plate conditioned in 10° M KEX solutions
showed characteristic absorption peaks for dixanthogen.

Figure 2.2 shows the AFM surface force measurements conducted using the gold-coated glass
plate and sphere that had been hydrophobized in 10° M KEX solutions at different electrode potentials.
As has already been noted, the two macroscopic surfaces were treated under identical conditions during
gold coating, potential control, and xanthate adsorption. After the hydrophobization at a given potential,
the sphere and plate were transferred quickly to the AFM liquid cell with minimal exposure to the
atmosphere to minimize the possible loss of dixanthogen coating via evaporation. The measurements
were conducted in pure water. It is unlikely that dixanthogen would desorb significantly in pure water,
because its solubility is very low in water (1.14x10° M) It appears also that desorption of dixanthogen
require a considerable over potential as shown in Figure 2.1.

As shown, the measured forces were substantially stronger and longer-ranged than the van der
Waals force. The dashed line representing the van der Waals force was drawn using the value of the
Hamaker constant (A, = 1.2x10° J) for the interaction between gold in water (Wang and Yoon, 2008).
Note also that the hydrophobic force increased with increasing potential and then decreased. The lowest
potential at which an attractive force (hydrophobic force) considerably larger than the van der Waals
force was 0 mV, which was substantially below the reversible potential (E, = 117 mV) for dixanthogen
formation (Eq. [2.3]). That gold-coated surface becomes hydrophobic at potentials below E, indicates
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under-potential deposition or chemisorption of ethyl xanthate. The hydrophobic force increased further
until the potential was increased to 450 mV. At higher potentials (500 and 700 mV), the hydrophobic
force decreased substantially. It appeared that at such high potentials the gold substrate was oxidized
inhibiting further adsorption. In fact, the current vs. potential curves obtained in the absence and presence
of xanthate was about the same at potentials above approximately 700 mV as shown in Figure 2.1. The
solid lines of Figure 2.2 represent the experimental data fitted to the single exponential hydrophobic force
law,

% =C exp[— %) [2.5]

where F is the hydrophobic force, R the radius of the sphere, H the closest separation distance between
the sphere and plate, and C and D are fitting parameters. The value of C represents the magnitude of the
hydrophobic force at H = 0 and D shows how fast the force decays with H. Thus, D is the decay length of
the hydrophobic force. The values of C and D obtained from the curve fitting exercise have been plotted
vs. applied potentials in Figure 2.3. These results are similar to those reported previously™ for the
covellite-KEX system.

Also shown in Figure 2.3 are the contact angles (6) measured in a 10° M KEX solution at
different potentials. The changes in & with potential agree well with those of C and D obtained from the
AFM force measurements. The contact angle remained at 15° and then increased sharply at 0 mV,
reaching a maximum at 400 mV where the current density reached a maximum as shown in the
voltammogram (Figure 2.1). As the potential was further increased, 6 began to decrease most likely due
to the oxidation of the gold substrate. The excellent agreement between the results obtained from the
contact angle and surface force measurements provides strong evidence that the long-range attractions
measured in the AFM force measurements are related to surface hydrophobicity.

Note here that the contact angles increased sharply at potentials close to 0 mV, which is below the
reversible potential (E; = 117 mV) for the oxidation of xanthate to dixanthogen. This finding can be
attributed to chemisorption (or under potential deposition) of xanthate, which is known to occur at
potentials below the thermodynamic potential. It has been shown that the chemisorption of ethyl xanthate
begins to occur approximately 150 mV below the reversible potential®’, which has also been found to be
the case in the present work. Thus, the dixanthogen formed by anodic oxidation (Eq. [2.3]) would adsorb
on the top of the chemisorbed xanthate via hydrophobic interaction.

2.4.2  Silver

Figure 2.4 shows the voltammograms of a silver electrode immersed in 0.05 M borate solutions
(pH 9.2) with and without 10° M KEX. In the absence of xanthate, anodic current began to flow at
approximately 600 mV which is close to the potential range for silver oxide formation as shown by E,-pH
diagram?. In the presence of xanthate, a strong anodic current peak was observed beginning at about -100
mV due to xanthate adsorption. This potential is close to the potential for the formation of silver xanthate
via the following reaction,

Ag® + EX~ — AgEX +e [2.6]

Using the Nernst equation, one can calculate the reversible potential (E;) for this reaction to be -
105 mV at 10° M KEX from the standard potential (E° = -282mV) reported by Leppinen et al.®. Note also
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that the voltammogram shows a small anodic peak which begins at -350 mV. It suggested that this peak
represents the chemisorption of xanthate on silver?.

Figure 2.5 shows the AFM force curves obtained for the interaction between the silver- coated
glass sphere and plate. Both surfaces were hydrophobized simultaneously in a 0.05 M borate solution (pH
9.2) in the presence of 10° M KEX at different potentials. As was the case with the gold-coated surfaces,
the forces measured in pure water were stronger than the van der Waals force. The dashed curve
representing the van der Waals force was drawn using A;3; = 2x10%° J%. As shown, the hydrophobic force
increased with increasing potentials, reaching a maximum at 50 mV, where the anodic current due to
xanthate adsorption reached a maximum (see Figure 2.4). As the potential was increased further to 100
and 200 mV, the hydrophobic force decreased considerably. However, the hydrophobic force remained
substantial at 200 mV.

The decrease in hydrophobic force above 50 mV may be attributed to the adsorption of silver
ethyl xanthate (AgEX) in multi-layers. This interpretation is similar to what has been reported previously
for the gold-xanthate system, in which multi-layer formation was shown to cause a decrease in
hydrophobic force®. The silver xanthate adsorption in multi-layer would decrease the hydrophobicity due
to the exposure of the polar head to the aqueous phase. This interpretation differs from the view that the
metal xanthates in multi-layers effectively increase the chain lengths of short-chain xanthates and hence
increase the hydrophobicity®#*?*

The surface force data obtained in the present work have been fitted to the single exponential
force law (Eq. [2.5]), and the C and D parameters plotted in Figure 2.6. Also shown in the figure are the
contact angles measured on the silver-coated glass plate hydrophobized in 10° M KEX solutions at
different potentials. The contact angle and surface force data are in good agreement. As shown, both the
contact angle and the surface forces increase at potentials above -400 mV, indicating that the anodic
current observed beginning at -350 mV is due to xanthate adsorption. This finding is consistent with the
observation reported by Woods et al.'*® that chemisorption of ethyl xanthate begins at -350 mV.
However, the FTIR spectra obtained by Woods et al.?’ did not show the presence of chemisorbed xanthate
at potentials below -150 mV. On the other hand, Leppinen et al.® observed absorption band at ~1200 cm™
below -200 mV, indicating the presence chemisorbed xanthate on silver.

Note here that the C and D vs. potential curves given in Figure 2.6 show slope changes at
potentials approximately -100 mV, which is close to the reversible potential (E; = -105 mV) for AgEX
formation. It is possible that at potentials below the reversible potential a monolayer of AgEX is formed
possibly with a more or less flat orientation due to low surface coverage. At potentials above the E;, more
of the silver ions are liberated to form AgEX and form close-packed monolayers, resulting in high contact
angles and stronger hydrophobic forces with large values of C and D as shown in Figure 2.6. Note also
that the hydrophobic force observed at -300 mV was rather weak indicating possibly due to the low
adsorption density and flat orientation. At potentials above 50 mV, a multi-layer of AgEX may be formed
causing both the contact angle and hydrophobic force to decrease.

In Figure 2.7, the C and D parameters are plotted versus contact angles (8). As sown, there are
reasonable correlations between the two different parameters representing surface hydrophobicity. It
appears that the force parameters may be uniquely defined by the contact angle regardless the process of
xanthate films formed and the nature of the substrate. On the other hand, the xanthate films formed on
gold tend to give a little stronger hydrophobic force than those formed on silver. The correlation between
hydrophobic force and contact angle has also been shown previously”?,

It has been shown in the present work that ethyl xanthate chemisorbs on both gold and silver. On
silver, the chemisorption occurs at a potential as low as -350 mv, which is 245 mV lower than the
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reversible potential (E, = -105 mV) for AgEX formation. On gold, the chemisorption occurs at a potential
slightly below 0 mV, which is ~150 mV below the reversible potential (E; = 117 mV) for dixanthogen
((EX),) formation. It is surprising that a short-chain xanthate such as ethyl xanthate chemisorbs at all on
gold, which is one of the most inert materials known to humans. A significance of this finding is that
chemisorbed xanthate may be the reason that dixanthogen — an oily substance — can stay on the surface.
The oily substance formed via a simple electrochemical oxidation mechanism (Eq. [2.3]) adsorbs on the
gold substrate via molecular-scale hydrophobic interaction and further increases the hydrophobicity and
hydrophobic force.

2.5 Summary and Conclusion

An atomic force microscope (AFM) was used to measure the surface forces between gold-coated
glass plate and sphere hydrophobized in 10°M KEX solutions at pH 9.2. The results showed that long-
range attractions stronger than the van der Waals attraction are present in the thin liquid films between
two hydrophobic surfaces. In general, the long-range attractions increased with increasing potential above
the reversible potential (E, = 117 mV) for dixanthogen formation. At potentials above 450 mV, the
hydrophobic force decreased possibly due to the oxidation of gold substrate. In general, there was an
excellent agreement between the contact angle and surface force data, indicating that the long-range
attractions were hydrophobic forces. It was found also that the contact angles of gold began to increase
sharply at potentials above approximately 0 mV, indicating chemisorption of xanthate.

The AFM force measurements were also between silver-coated surfaces hydrophobized in 103 M
KEX solutions at pH 9.2. It was found that both hydrophobic forces and contact angles increased sharply
at potentials above the reversible potential (E, = -105 mV) for the formation of silver ethyl xanthate
(AgEX). It was found, however, that significant hydrophobic forces and contact angles were also
observed below the reversible potential, indicating chemisorption of xanthate. On the other hand, the
hydrophobic forces were considerably weaker than those measured at potentials above the reversible
potential, possibly due to the low surface coverage and/or flat orientation.

The results obtained in the present work showed clearly that the long-range attractions measured
between xanthate-coated surfaces are closely related to the surface hydrophobicity. This finding suggests
that the long-range attractions are due to hydrophobic interactions.
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Figure 2.1 Voltammograms of gold in 0.05 M Na,B,O; (pH 9.2) solution with and without 10° M
KEX. Sweep rate was 50 mVs™.
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Figure 2.2 Force curves obtained in pure water between gold-coated glass surfaces treated in 10° M
KEX solutions for 2 minutes at different potentials. The solid line represents the
experimental data fitted to the single-exponential force law (Eq. [2.5]). The dashed line
represents van der Waals force for the gold-water-gold system with Hamaker constant value
of 1.2x10% J.
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Figure 2.3 Effects of applied potentials on the contact angles and the C and D constants of the
hydrophobic force law (Eqg. [2.5]). The measurements were conducted with gold-coated
surfaces treated in 10° M KEX solutions for 2 minutes.

24



200| i

g o '
I=
Qo

200} i
O

- - - No KEX
-400 - ——KEX10°M A
300 0 300 600

Potential (mV vs SHE)

Figure 2.4 Voltammograms obtained with the silver-coated glass plate in the presence and
absence of 10° M KEX at pH 9.2 at a sweep rate of 50 mV s™.
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solutions.
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CHAPTER 3

AFM Surface Forces Measured between Xanthate
Treated Gold Surfaces: Effect of Salts

3.1 Abstract

Although the stability of mineral particles in flotation has been described by classical DLVO
theory quite well, in cases where hydrophobic minerals are involved, this theory fails to accurately
describe stability unless an additional attractive interaction component—namely, hydrophobic force—is
taken into consideration. In the present work, atomic force microscopy (AFM) using the colloidal probe
technique was conducted to determine surface force measurements between gold surfaces treated with
xanthate, a widely used collector for the flotation of sulfide minerals and precious metals. The measured
long-range attractive forces are much stronger than the van der Waals force, and can be fitted by extended
DLVO theory which incorporates a hydrophobic force component. Results showed that attractive forces
increased with immersion time until reaching a maximum attractive force; at higher concentrations and
with longer chain length xanthates, however, maximum attractive force was achieved under shorter
immersion times. The increased efficiency of these surfactants on hydrophobic force was attributed to
faster adsorption kinetics. In contrast, measured attractive force decreased when an electrolyte (NaCl) was
added to pure water. The decay length (D) of the hydrophobic force was, however, not equal to half of the
Debye length (x™), which is inconsistent with the charged-patch model. The effect of the various anions
was evaluated by comparing the impact of Nal, NaBr, NaCl as the electrolyte, while NaCl, MgCl,, and
AICI; were used to evaluate the effect of different cations on measured force. Further discussion of the
probable origins of hydrophobic force is based upon the force measurement results obtained in this study.
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3.2 Introduction

Flotation, which is a widely-used solid-solid separation method in the mineral processing industry,
is affected by the dosage of the collector and flotation time'. One commonly-used collector,
alkylxanthate®, adsorbs strongly on the surface of sulfide minerals and alters their wettability properties.
As reported by Mermillod-Blondin et al., effective flotation results were obtained in the presence of a
monolayer of xanthate on the surface of the minerals®.

Surface force provides kinetic properties between air bubbles and mineral particles during the
processes of adhesion and detachment, which occur during flotation. Laskowski and Kitchener first
speculated that the hydrophobic influence, which is distinct from van der Waals force and electrostatic
force, was responsible for flotation. This influence is the so-called “hydrophobic force,” which was first
described by Blake and Kitchener in wetting films®. AFM has recently been used to measure the
hydrophobic force between KEX-coated gold and silver surfaces, where the adsorption of a surfactant
was controlled by electrochemical potential®. As the researchers showed, hydrophobic interaction, which
was in good agreement with contact angle, provided more complete information for predicting flotation
behavior than contact angle alone.

While the measurement of a hydrophobic interaction provides important information about the
hydrophobicity of a given surface,’ it also points to the underlying mechanism for the interaction®. The
origins of hydrophobic force have been studied for years, and the most popular theories have attributed
the measured attractive force between hydrophobic surfaces to the bridging of nanobubbles', electrostatic
force™*?, or the structuring of water films**—all of which are relevant to electrolytes in pure water. For
those forces ascribed to bridging of nanobubbles or cavities, a negligible effect of NaCl was detected until
the concentration exceeded 5 M, when an increase in liquid-vapor surface tension is assumed to be
responsible for the 10% increase in attractive force. However, Craig et al."* reported that above a
concentration of 0.1 M, NaCl begins to reduce the coalescence of air bubbles. Forces of electrostatic
origin are sensitive to the presence of electrolytes, especially at a low concentration. According to Attard,
the decay length should be equal to half of the Debye length'>. The diminution effect also exists for
hydrophobic forces that originate from water structuring, because the ordering of water is disturbed by the
presence of non-adsorbing salt™, thereby decreasing range while increasing the magnitude of the
attractive force. By comparing the measured attractive force in pure water and an electrolyte solution, one
can determine the origin of the hydrophobic force.

In the present work, we used AFM to measure the hydrophobic force between xanthate-coated
gold spheres and plate surfaces. Two different chain length xanthates were used as surfactants: potassium
ethyl xanthate (KEX) and potassium amyl xanthate (PAX). A long-range attractive force without
discontinuities on the force curve was detected, with the strength of the force affected by both immersion
time and the concentration and the xanthate chain length. It should also be noted that while the addition of
salt decreased attractive force, the extent of that reduction was dependent on the salt concentration, with
higher NaCl concentrations producing more significant decreases. The remainder of this discussion will
further investigate the likely origins for these hydrophobic interactions.

3.3 Experimental
3.3.1 Materials
Two surfactants, potassium ethyl xanthate (KEX, >90%, TCl America) and potassium amyl

xanthate, (PAX, >90%, TCl America) were recrystallized twice from acetone (HPLC grade, Fisher
Scientific, Inc.) with diethyl ether (>=99.9%, Sigma-Aldrich, Inc.) before use. Sodium chloride (NaCl,
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99.999%, Sigma-Aldrich) applied as an electrolyte was heated in an oven at 560°C for at least 4 hours to
decompose organic impurities. Magnesium chloride (MgCl,, 99.999%) and aluminum chloride (AICls,
99.999%) were used as the electrolyte without further treatment. Sulfuric acid (H,SO, 98%, VMR
international) and hydrogen peroxide (H,O,, 29-32%, Alfa Aesar) were used to clean the gold-coated
glass plates. Ultrapure water with a resistivity of 18.2 MQ-cm at 25°C was produced from a Millipore
Direct-Q 3 water purification system (Millipore, MA).

Gold spheres were created according to the method developed by Raiteri et al.*®> Gold wire with a
diameter of 12.7 um (>99.9%, Alfa Aesar) connected to a 120V power supply was heated by short circuit
and gold spheres were produced in the spark. The diameters of the gold spheres measured with an
Olympus BH-2 light microscope ranged from 6-40 pm. Spheres with diameters of 15-20 um were
selected and adhered to the tip of cantilevers, which then underwent UV-irradiation for 30 minutes to
remove any possible organic contamination.

Gold-coated glass plates were bought directly from Evaporated Metal Films. A pre-deposited
chromium layer of 5 nm guaranteed a robust adhesion between the upper gold layer of 100 nm and the
glass plate. The received gold plates were cut into 0.5x0.5 inch square plates and cleaned in a
H,SO4/H,0, solution with a volume proportion of 2:1 (piranha solution) at 85°C for 30 minutes. The gold
plates were then rinsed with ultrapure water in an ultrasonic bath for 10 minutes and blow-dried using a
nitrogen stream before the atomic force measurement.

3.3.2 Surface Force Measurement

A Digital Instrument- Nanoscope V atomic force microscope (AFM) was used for the surface
force measurements between the gold-coated glass plates and xanthate-treated gold spheres. The
measurements were conducted at room temperature according to a manner described as the colloidal
probe technique'®*’. Silicon nitride AFM probes from Nano World with a spring constant of ~ 0.48N/m
were used, and the cantilevers were calibrated by thermally tuning prior to the force measurement. For
each experiment, a probe with a gold sphere attached was mounted on a standard AFM liquid cell. The
gold-coated glass plate was placed on the top of the scanner E. An o-ring ensured a watertight space
between the plate and the liquid cell to accommodate the injected surfactant solution. Hydrophobization
of both the sphere and plate was initiated as soon as the xanthate solution was injected. Hydrophobicity
was adjusted by moderating the concentration of surfactant and the immersion time. The force
measurement was taken after the surfactant solution was replaced by pure water, electrolyte solutions or
other liquids in the cell. Measured forces (F) normalized by the radius (R) of the gold sphere were plotted
vs. the separation distance (h) between the sphere and plate.

3.4 Results and Discussion
3.4.1 Xanthate Adsorption Kinetics

Figure 3.1 shows AFM force measurements obtained after the gold-coated glass plate and gold
sphere were immersed in 10° M KEX-in-water solution for different periods of minutes. Starting at 10
minutes, the detected attractive interaction was observed to be active over a greater distance and stronger
than the van der Waals force calculated with a Hamaker constant of 1.2x10% J*. This finding suggests
the appearance of an additional attractive force, using extended classical DLVO theory. The attractive
force increased with immersion time up to 210 minutes, after which it started to decrease. A similar force-
related trend with immersion time was observed when higher concentrations of 10* M KEX (Figure 3.2)
and 10° M KEX (Figure 3.3) were used. As research has shown, adsorbed xanthate on gold surface
facilitates its flotation because xanthate increases its hydrophobicity'®. Additionally, studies indicate that
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adsorption increases with time, accompanied by transition from the disordered phase to the ordered
structure of a complete monolayer, with each molecule coordinating to the gold surface through two
sulfur atoms®. The gold surface becomes more hydrophobic once a complete monolayer is formed, and
additional KEX adsorbed onto the chemisorbed layer may decrease the hydrophobicity of the surfaces. As
noted in flotation studies, a monolayer of xanthate is sufficient to obtain effective results®. This
observation is further supported by the fact that force change with immersion time. Maximum attractive
forces were obtained within 40 minutes when immersed in 10 M, and within 10 minutes when immersed
in 10° M KEX, indicating a much faster adsorption rate with KEX than the initial reaction with 10° M
KEX. The dependence of attractive force on xanthate concentration and reaction time is identical to that
of the contact angle of xanthate-coated gold substrates as reported by Wang et al.*, who stated that
contact angle increases with reaction time prior to a maximum value, followed by a minor decrease. In
addition, a higher concentration of KEX increases the contact angle more rapidly. Recently, Li and Yoon
reported good agreement between the attractive force between KEX-coated gold surfaces and its contact
angle, which was adjusted by controlling electrochemical potentials®. The long-range attractive force
detected in the present work was determined by surface hydrophobicity.

Figure 3.4 presents the forces measured between gold surfaces treated by a longer chain xanthate-
PAX as a function of immersion time. It took 10 minutes of immersion to obtain maximum attractive
force with the 10 M PAX, whereas a period of 40 minutes was required to obtain maximum force for the
KEX of the same concentration, as discussed above (Figure 3.2). Figure 3.5 illustrates maximum force
results after the gold surfaces were exposed to PAX for 40 minutes, whereas the concentration (5x10° M )
used here was only 5% of the KEX solution used in Figure 3.2 (10 M).

The more rapid Kinetics of adsorption for longer chain xanthates is consistent with other reports
in the literature. For example, as revealed by means of infrared reflection absorption spectroscopy (IRAS)
and Auger electron spectroscopy (AES)%, adsorption on metallic copper and silver surfaces was noted to
be faster for octyl xanthate in comparison to ethyl xanthate. The faster adsorption for longer chain
xanthate may be due to the nature of xanthate adsorption on minerals or metals from aqueous solutions as
a reverse process of metal xanthate dissolution. Except for very long chain xanthates with poor solubility,
the effect of xanthate as a flotation collector increases with hydrocarbon chain length. In addition, the
longer chain length is believed to give rise to higher hydrophobicity. Therefore, we can say that measured
force is a hydrophobicity related (or induced) force.

3.4.2 Salt Effect

AFM force measurements of gold plates and spheres in pure water and in the presence of NaCl
are presented in Figure 3.6. The gold plates and spheres were treated by being immersed in 10° M KEX
solution for 10 minutes. The first measurement was conducted after the KEX solution was replaced with
pure water; subsequent measurements were obtained in NaCl solution at three different concentrations
ranging from 10° M to 10 M. Finally, the salt solution was again replaced by pure water for the final
measurement. As shown, attractive forces that were longer-ranged and stronger than the van der Waals
force were detected in all the aqueous solutions. It should be noted, however, that the forces decreased
with increasing concentrations of NaCl.

For those forces attributed to the bridging of nanobubbles or cavities', the effect of NaCl was
negligible until the salt concentration was increased to 5 M, at which point it appears that an increase of
liquid-vapor surface tension caused the 10% increase in attractive force. In a differing report, Craig et
al.* reported that NaCl begins to reduce the coalescence of air bubbles after exceeding a 0.1 M
concentration of NaCl. In general, the liquid-vapor interfaces are relatively stable in the presence of salt at
low concentrations (< 0.1 M). The negative effect of salt (10° M-10° M) on the attractive forces
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measured in the present work was not believed to be due to the change in surface tension. Therefore, the
bridging of nanobubbles is not responsible for the long-range attraction observed here.

As noted by Podgornik, the NaCl plays a role in reducing the attractive force of electrostatic
nature®. Later, Miklavic** proposed a charged-patch model for the forces between heterogeneous charged
surfaces. The referred force decays exponentially with decay length (D), which is related closely to the
Debye screening length (x*). More precisely, the value of D for the force between charged patches should
equal half the value of x* which is decreased with the presence of salt****. To check the relation between
D and «™, the measured forces were fitted with extended DLVO theory, with a single exponential force
law representing the hydrophobic force as follows:

F h
. —Cexp(- B) [3.1]

where C represents the magnitude of the hydrophobic force and D indicates decay length. The fitting
parameters C and D for the forces in Figure 3.6 are presented vs. the concentration of NaCl in Table 3.1,
with the values of «™* for comparison. The value in the last row represents the case when 1 mM NaCl
solution was replaced by pure water. While both C and D decreased with increasing concentrations of salt,
it was not possible to generalize a singular relation between «*and D. As shown, D was smaller than %™
when NaCl concentration was equal to or less than 10° M, above which D approached to or exceeded x™.
This finding contradicts predictions for attractive force of electrostatic origin'?, which suggests that D
should equal half of ™.

Actually, electrostatic origin has been rejected as an explanation for the long-range attractive
force between chemisorbed surfaces i.e., silanated glass surfaces®, since the force decays exponentially
over the separation distance with D (5.6 nm) much greater than the value of x* (3nm). Even for some
physical-adsorption surfaces, exponentially-decaying attraction can extend as far as 40 nm in a
cetylpyridinium chloride (CPC) solution? containing 0.1 M NaCl. The remaining attraction in such a high
concentration of salt contradicts electrostatic mechanisms. Also, the Charged-patch model proposed by
Miklavic®* has been denied for the alkylammonium physically adsorbed-surfaces”. As reported by Zhang
et al.?®, the lattice patch size, which was back calculated from the measured force, was much larger than
those estimated from the aggregation numbers®, with the latter one close to the value obtained by means
of the scanning tunneling microscopic (STM) imaging. In other words, to obtain the strong attractive
force as detected in the force measurements, the charged patch model ask for patches of significantly
greater size than those actually observed with self-assembled monolayers. In addition, xanthate
chemisorbed on gold surfaces lacks horizontal mobility, which is a prerequisite for electrostatic forces to
be attractive. As stated by Christenson®, the generation of long-range attraction requires either a shift of
adsorption/desorption equilibrium or a lateral diffusion of surface patches.

In a contradictory study, the diminution effect of salt on long-range hydrophobic attraction has
been shown to be related to the metastability of liquid films confined by hydrophobic surfaces”’. As stated
by Eriksson et al.’, non-adsorbing ions or other solutes may disturb the water structure, causing a shorter
decay length of the hydrophobic force. In the early 1970s, the solvation force interaction was predicted to
have an exponential relationship to the separation distance. The measured forces in the present work agree
well with the solvation force on the exponentially decaying property.

Note also that the long-range attractive force became comparable to the first measured force in
pure water after the 10° M NaCl solution was replaced with pure water (Figure 3.6), as was indicated by
the quite comparable fitting parameters for the hydrophobic forces measured in those two cases (Table
3.1). Actually, the recovery of hydrophobic force was observed as soon as the medium was replaced. This
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finding indicates the following: 1) the chemisorption of KEX on gold is sufficiently stable to withstand
the disturbances of salt, and 2) the effects of salt on hydrophobic force are reversible. Moreover, the
recovery of attractive force suggests that NaCl is a non-adsorbing salt and therefore only affects the
properties of the medium between the two hydrophobic surfaces. NaCl has been found to be an H-
bonding network breaker® and the hydration of Na* or CI” has been shown to result in structural changes
to water, as research has suggested® . lons that increase the fluidity of water may also break the
structure of water®. The reduction of force with increasing salt strength agrees with Eriksson et al.** who
proposed that the attraction between two hydrophobic surfaces in water is due to H-bond-propagated
ordering effects of thin water films confined between two hydrophobic surfaces—and that this force
should have a shorter range when a nonadsorbing electrolyte is added.

Figure 3.7 shows AFM forces measured between KEX-coated gold surfaces in pure water and in
10" M sodium electrolytes with different anions (NaCl, NaBr, Nal). The attractive force obtained in pure
water was shown to be stronger in comparison to results obtained with salt. Although not significant, the
differences in the force curves obtained in the agqueous solutions were still observable, with Nal showing
the greatest decrease in force, followed by NaBr and NaCl. This diminution effect was related to the
increase in the atomic weight of the anions. Forces measured in pure water in the presence of chloride
salts of different valences (NaCl, MgCl, and AICI3) were also compared with those obtained in pure water,
as shown in Figure 3.8. Although the same concentration of 10° M was used for all salts, AICI; was
found to produce the greatest decrease in attractive force. The different effect of anions or cations on the
hydrophobic force is probably related with their structure breaking abilities.

Since the solubility of oxygen in water decreases when sodium chloride is added, the decrease
in force may be related to the dissolved gas. Chapter 6 presents a study of the effect of degassing on
hydrophobic force. The observation that force decreases after degassing also supports the influence of
dissolved gas on the hydrophobic force, which is reinforced by similar observations in the literature®=°. A
clathrate model® for the structured water films confined by two hydrophobic surfaces indicates that gas
molecules enhance the stability of the structured clathrates. Therefore, the effect of dissolved salt on the
measured forces in the present work may be caused by the change in gas solubility, suggesting the
possibility of water structuring as the origin of hydrophobic interaction.

3.5 Conclusions

Long range hydrophobic forces have been observed and characterized between xanthate-treated
gold surfaces. The attractive forces were found to increase with immersion time until a maximum force
was detected, after which a slight decrease was observed. The maximum force was detected after shorter
immersion times only if higher concentrations or longer chain length xanthates were used, suggesting
faster adsorption kinetics. Although measured force decreased in aqueous solution in the presence of
electrolytes (NaCl, Nal, NaCl, MgCl,, AICI;), the effect differed depending on the type of salt.
Additionally, the decay length of the forces measured in the NaCl solution was not equal to half of the
Debye length, which contradicts what we know of measured forces of the measured force of electrostatic
origin.
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Table 3.1: The fitting parameters of C and D for the hydrophobic forces presented in Figure 3.6

(a: The solution of 1 mM NaCl was replaced by pure water).

NaCl (mM) x*(nm) C (mN/m) D (nm)
0 134.2 -1.7 46
0.01 94.9 -1.1 40
0.1 30 -1.05 29
1 9.5 -1.75 114
0 134.2 -1.59 43.5
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Figure 3.1 Surface forces measured in pure water between gold surfaces treated by 10°M KEX
solution for different periods of time. The dashed line represents the van der Waals force
calculated with a Hamaker constant of 1.2x10% J. The arrows indicate where the two

surfaces make contact.
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Figure 3.2 Surface forces measured in pure water between gold surfaces treated by 10* M KEX
solution for different periods of time. The dashed line represents the van der Waals force.
The arrows indicate where the two surfaces make contact.
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Figure 3.3 Surface forces measured in pure water between gold surfaces treated by 10°M KEX
solution for different periods of time. The dashed line represents the van der Waals force.
The arrows indicate where the two surfaces make contact.
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Figure 3.4 Surface forces measured in pure water between gold surfaces treated by 10* M PAX
solution for different periods of time. The dashed line represents the van der Waals force.
The arrows indicate where the two surfaces make contact.
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Figure 3.5 Surface forces measured in pure water between gold surfaces treated by 5x10° M PAX
solution for different periods of time. The dashed line represents the van der Waals force.
The arrows indicate where the two surfaces make contact.
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Figure 3.6 Surface forces between gold surfaces treated by 10°M KEX for 10 minutes conducted in
NaCl solutions of various concentrations. The solid square symbol scatter represents the
force curve measured between the hydrophobized gold surfaces in water, while the open
round symbol is the one measured after the high concentration salt was replaced by pure
water. The rest curves from bottom to top represent the forces measured in NaCl solution

with a concentration from 10° M to 10 M.
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Figure 3.7 Surface forces between gold surfaces treated by 10° M KEX for 10 minutes. The
measurements were conducted in pure water and 10° M sodium electrolytes-NaCl, NaBr

and Nal- sequentially as presented from bottom to top.

43



- —vdW force
0.0 S—
Ve
/ oV
~~ / v ’ © A ”’
g Il N © ¢ A\AAA ‘0”’
Z -04 B © A L 2
o d | * Salt typ
T | f . alt type
: T ¢ 2 Reo
a
-0.8 ': © MgCl,
I I \V4 lA'C:I3
0 20 40 60 80 100
h (nm)

Figure 3.8 Surface forces between gold surfaces treated by 10° M KEX solution for 10 minutes. The
measurements were conducted in pure water and 10 M chloride electrolytes-NaCl, MgCl,,

AIClI;- sequentially as presented from bottom to top in the figure.
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CHAPTER 4

Thermodynamics of Hydrophobic Interaction between Silica Surfaces
Coated with Octadecyltrichlorosilane

4.1 Abstract

Surface force measurements conducted with thiolated gold surfaces showed previously that
hydrophobic interaction entails a decrease in excess film entropy, suggesting that hydrophobic force
originates from changes in the structure of the medium (water) confined between hydrophobic surfaces®.
As a follow-up work, surface force measurements have been conducted in the present work using an
atomic force microscope (AFM) with silica surfaces coated with octadecyltrichlorosilane (OTS) at
temperatures in the range of 10 to 40°C. A thermodynamic analysis of the results show that both the
excess film entropy (AS") and excess film enthalpy (AH") decrease with decreasing thickness of the water
films between the hydrophobic surfaces. It has been found also that |JAH"| > [TAS'|, which represents a
necessary condition for the excess free energy change (AG') to be negative and hence the hydrophobic
interaction be attractive. Thus, the results obtained with both the thiolated and silylated surfaces show that
hydrophobic forces originate from the structural changes in the medium. It is believed that the water
molecules in the thin liquid films (TLFs) of water form clusters as a means to reduce the free energy
when they cannot form H-bonds to neighboring hydrophobic surfaces.
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4.2 Introduction

Hydrophobic particles placed in water are attracted to each other much more readily than
predicted by the DLVO theory due to the presence of the hydrophobic force*3, which is longer-ranged
and stronger than the van der Waals force. Israelachvili and Pashley” reported the first direct measurement
of hydrophobic force using the surface force apparatus (SFA). Many investigators®™® confirmed its
existence and discussed possible origins, while others suggested that the hydrophobic force is an artifact
due to bubbles or cavities**™**. Still others suggested that hydrophobic forces, particularly those of longer

range, may originate from mechanisms that are unrelated to surface hydrophobicity™**.

In an effort to better understand the origin(s) of hydrophobic force, one of us determined the
thermodynamic functions of the hydrophobic interactions by conducting surface force measurements at
several different temperatures’. The results showed that macroscopic hydrophobic interactions entail
decreases in both the excess entropy (S") and the excess enthalpy (H') of the thin liquid films (TLF) of
water confined between hydrophobic surfaces. Here, the term “excess” refers to the thermodynamic
indicator of the thin film in question relative to that of the infinitely thick film (or bulk water). It was
found also that the changes in excess film enthalpy (AH") are slightly larger than the absolute temperature
(T) times the changes in excess film entropy (AS"). Based on these results, it was suggested that
macroscopic hydrophobic interactions may involve building structures of water in the vicinity of
hydrophobic surfaces. In effect, AH' represents the energy gained in building the structures, while TAS'
represents the thermodynamic cost of building the structure. In this previous work, the surface force
measurements were conducted using an atomic force microscope (AFM) with gold-coated silica surfaces
hydrophobized with n-ethanethiol (C,-SH) and n-hexadecane thiol (Cy5-SH).

The thermodynamic studies described above suggested that hydrophobic force is a structural
force, a term first used by Derjaguin and Kusakov'® to describe the repulsive hydration force present in
wetting films. In general, the term structural force refers to the non-DLVO force created when two
boundary layers, whose structures are different from that of the bulk solution, overlap*’. The non-DLVO
forces observed between two hydrophilic surfaces are referred to as positive structural force, while those
observed between hydrophobic surfaces are referred to as negative structural force®. Eriksson et al.*
suggested that the long-range attractive forces observed between hydrophobic surfaces may be due to the
surface-induced changes in water structure.

In the present work, we have conducted AFM force measurements using silica surfaces
hydrophobized with octadecyltrichlorosilane (OTS) at temperatures in the range of 10 to 40°C. The
results have been converted to the excess Gibbs free energies (AG") of the TLFs using the Derjaguin
approximation”®, which were then used to determine AS" and AH" in the same manner as described
previously™.

Silylated silica may provide a more stable and robust hydrophobic surface than thiolated gold, as
the latter is susceptible to oxidation. It has been shown that upon exposure to air under ambient
conditions, self-assembled monolayers (SAMSs) of alkane thiolates oxidize to alkane sulfonates??. In the
presence of halide, the thiol groups oxidize to disulfide and subsequently to sulfonate, with the substrate
(Au) being oxidized to Au®" species® Stability of hydrophobic surfaces using thiolated gold may thus
become an issue particularly when conducting force measurements at elevated temperatures. On the other
hand, OTS-coated silica surfaces are stable at temperatures up to 175°C*,

Surface force data obtained with silylated surfaces and reported in the literature are controversial.

Some investigators showed strong hydrophobic forces®?°, while others showed capillary forces related to
bubbles or cavities™*"?. The experimental data obtained in the present work showed the presence of
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long-range hydrophobic forces with no evidences for bubbles or cavitation causing them. Thermodynamic
analysis of the results led to the same conclusion as obtained previously using thiolated gold surfaces:
hydrophobic forces originate from changes in the water structure’.

4.3 Experimental
4.3.1 Materials

All experiments were conducted using ultrapure water obtained using a Direct-Q3 water
purification system from Millipore. The water had a resistivity of 18.2 MQ-cm and <10 ppb of total
organic carbon. Silica spheres (Whitehouse Scientific) of ~10 pm radius and fused-quartz plates
(Technical Glass Products Inc.) were used as macroscopic surfaces for surface force measurements. The
spheres and plates were hydrophobized by immersion in octadecyltrichlorosilane (OTS, 95% purity, Alfa
Aesar)-in-toluene (99.9% purity, Fisher Chemical, dried with a molecular sieve) solutions. The
hydrophobized surfaces were rinsed with chloroform (99.9% purity, Fisher Chemical), acetone (99.9+%
HPLC grade, Aldrich) and ultrapure water sequentially. Silicon wafers (Sumco, Oregon) were used for
imaging the OTS-coated surfaces. Sulfuric acid (H,SO,4, 98% purity, VMR international) and hydrogen
peroxide (H,0,, 29.0-32.0% purity, Alfa Aesar) were used to clean the macroscopic surfaces before
hydrophobization with OTS.

4.3.2 Sample Preparation

The macroscopic surfaces used in the present work were cleaned in piranha solutions
(H202/H,S0y, 3:7 by volume) at ~80°C for 1 hour to remove organic contaminants. The plates were then
rinsed thoroughly with ultrapure water in an ultrasonic bath for 10 minutes and blow-dried in a pure
nitrogen stream.

The cleaned surfaces were hydrophobized by immersing them in freshly-prepared OTS-in-toluene
solutions. Special care was taken to remove water from the solvent. The hydrophobicity of the silylated
surfaces, as measured by water contact angles, was controlled by varying the immersion time in a 5x107°
or 3x10° M OTS-in-toluene solutions contained in TFPE beakers. The excess OTS present on silylated
surfaces was removed by subjecting the plates and spheres to ultrasonic vibration sequentially in
chloroform, acetone, and pure water for a few minutes. The silylated surfaces free of excess OTS were
then blow-dried with pure nitrogen gas and stored.

4.3.3 AFM Imaging

A Nanoscope V atomic force microscope (AFM), Veeco Instruments Inc., was used to capture the
images of the silylated surfaces under contact mode in air. A silicon nitride AFM cantilever (Nano world
Innovative Technologies) with a spring constant of ~0.48 N/m was used.

4.3.4 Surface Force Measurement

The Nanoscope V AFM was also used to measure the surface forces acting between silylated
silica sphere and silica plate in ultrapure water. The AFM was equipped with a temperature control
system, which allowed the measurement of surface forces at different temperatures. The measurement
was conducted in the range of 10 to 40°C in the same manner as described previously*. For a given series
of measurements, a silylated silica sphere was glued onto the tip of a cantilever (Al silicon probe, Budget
Sensors) with a spring constant (k) of ~7.4 N/m using a polymer resin (EPON-1004F, Shell Chemical
Co.). The resonant frequency technique® was used to accurately determine the spring constant for each
cantilever.
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4.3.5 Contact Angle Measurement

Droplets of ultrapure water were placed on the silylated fused-silica and silicon wafer surfaces to
determine the contact angles using the sessile drop technique. A Ramé-Hart goniometer was used for the
measurements. Advancing and receding angles were measured by changing the volume of the ultrapure
water drops by means of a Microliter syringe. For a given surface, five different measurements were
conducted and averaged.

4.4 Results and Discussion
4.4.1 OTS Monolayer on Silica

The AFM images of the fused-silica plates used in the present work showed grains of ~100 nm in
dimension, and the distinct boundaries between them made it difficult to see the surfactant molecules
adsorbed on the surface®. Further, some of the images showed lines representing scratches created during
polishing. Therefore, we used silicon wafers for imaging OTS-coated surfaces. Silicon wafers readily
oxidize to form silicon dioxide®; therefore, the information derived using the wafer may be relevant to
the surface force data obtained using the silylated silica surfaces.

Figure 4.1 shows the water contact angles of ultrapure water placed on the surfaces of silicon
wafers treated with OTS-in-toluene solutions at 5x10°and 3x10° M. Table 4.1 shows the data obtained at
the lower concentration. As anticipated, both the advancing (6,) and receding angles (&) increased with
contact time, and the kinetics of adsorption was much faster at the higher concentration. Also shown is
the contact angle hysteresis at the two different concentrations. In both cases, the hysteresis decreased
with increasing contact time, indicating that as the adsorption density of OTS increased, the adsorption
layers became smoother.

Figure 4.2 shows the AFM images of the silicon wafers contacted with 5x10° M OTS-in-toluene
solutions for different time periods to obtain equilibrium contact angles (6,) of 30°, 80°, 93° and 101°.
Untreated surface exhibited an equilibrium contact angle of 4°. The images were captured in air with a
scan area of 1x1 um and a vertical color scale of 3 nm. The vertical profiles shown under the images
represent the changes in height along the horizontal lines drawn in the images. The bare silicon surface
with 6, = 4° showed RMS roughness of 0.11 nm, demonstrating that the silicon wafer surface was smooth
(Figure 4.2a).

After a short contact time of 20 min, &, became 30° (Figure 4.2b) and small spots of ~20 um
diameter appeared. These spots indicated that OTS adsorbs in clusters due to lateral interactions. As 6,
increased to 80° (Figure 4.2c), the clusters became more abundant, larger (40-100 nm), and taller as
shown in the vertical profiles. It appears that as 6. increased to 93° (Figure 4.2d) and then to 101° (Figure
4.2e) with increasing contact time, the clusters coalesced and became larger, eventually creating a smooth
monolayer.

The series of AFM images presented in Figure 4.2 shows that the monolayer coating has a
thickness of approximately 2.5 nm, as was also reported by other investigators®**. This value is close to
the length of 18 carbon alkane chain, indicating that the OTS coatings obtained in the present work were
monomolecular layers. It is believed that the key to forming a smooth monolayer was to ensure that the
solvent (toluene) was completely dehydrated before use. The adsorption layers formed in the presence of
water produced much thicker (~200 nm) layers®, possibly indicating the formation of polymeric silanes.
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4.4.2  Surface Forces and Contact Angle

In Figure 4.3, surface forces (F) measured between silylated silica plates and spheres normalized
by the radii (R) of the spheres are plotted vs. thickness (h) of the TLF of water formed between the two
macroscopic surfaces. In each experiment, a pair of silica plate and sphere was hydrophobized in an OTS
solution (5x10° M in toluene) simultaneously, so that the two surfaces have identical contact angles.
Figure 4.3 shows the results obtained with silica surfaces of €. = 50.0, 78 and 92.5°. The contact angles
were varied by controlling the immersion time in the OTS solution. As shown, all of the force curves
exhibited net attractive forces stronger than the van der Waals force with a Hamaker constant (A3;) of
0.8x102°J%, Note here that the force curve obtained at 6, = 92.5° were smooth, showing no evidence for
bubbles or vapor cavities affecting the measurement. Cavitation is thermodynamically possible at contact
angles above 90°. If bubbles and/or cavities were the causes for the non-DLVO attractive forces™, the
forces measured at €. < 90° should be equal to the van der Waals force. The experimental results were
contrary as shown in Figure 4.3. Further, the attractive forces increased with increasing contact angle,
indicating that the non-DLVO forces shown in Figure 4.3 are related to the hydrophobicity of the surfaces
used in the measurements.

The arrow on each curve represents the distance at which a sphere jumps into contact with a plate
due to the presence of the attractive hydrophobic force in the TLF confined between the macroscopic
hydrophobic surfaces. The solid lines in Figure 4.3 represent the surface forces calculated using the
extended DLVO theory, which includes contributions from the van der Waals force, electrical double-
layer force, and the hydrophobic force. The hydrophobic force is represented by the single-exponential
form,

% =—C exp(— %} [4.1]

where C and D are fitting parameters. The double-layer force was calculated using the surface potential of
-40 mV for the OTS-coated silica surfaces, which was assumed to be the same as the C-potential
measured in the present work using the Zetasizer Nano-ZS, Malvern. We found that the {-potentials did
not change significantly with the OTS concentrations used in the present work for hydrophobization. It
was found that contributions from van der Waals and double-layer forces were minimal as compared to
those from hydrophobic forces.

4.4.3 Effect of Temperature on Hydrophobic Force

Figures 4.4-4.5 show the surface forces measured with OTS-coated silica surfaces in ultrapure
water at temperatures in the range of 10 to 40°C. The objective of these measurements was to determine
the thermodynamic functions of the macroscopic hydrophobic interactions, which may help better
understand the origin(s) of the hydrophobic force. It has been shown previously that hydrophobic
interactions entail decrease in the excess entropy of the TLFs, which lead to a conclusion that the water
structure becomes more ordered in thin films than in thick films.

Parker et al.'' reported the measurement of attractive forces between silica surfaces
hydrophobized with (tridecafluoro,1,1,2,2,-tetrahydroxyoctyl)dimethylchorosilane at 41°C and room
temperature (22°C). They found that the forces became stronger at the higher temperature, which was
contrary to what was observed in the present work. The fluorinated surfaces exhibited advancing and
receding contact angles of 110° and 90°, respectively, and the surfaces showed no crystallinity. The force
curve obtained at the room temperature showed significant steps, which became stronger at the higher
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temperature. Therefore, the authors attributed the increase in attractive force with temperature to the
growth of bubble size, which should promote the bridging mechanism.

In the present work, two sets of force measurements were conducted, one with OTS-coated silica
surfaces of 6, = 92.5° and 6. = 78.0°. If the bridging mechanism played a role, the result obtained at the
higher contact angle would have been similar to what has been reported by Parker et al."*. The results
were diametrically opposite. First, the force curves obtained at 6 = 92.5° were smooth, as shown in
Figure 4.4, providing no evidence for bridging nano-bubbles affecting the force measurement. Second, the
measured forces decreased with increasing temperature. Further, the hydrophobic forces increased with
increasing surface hydrophobicity. It appears, therefore, that the long-range attractions observed in the
present work were due to hydrophobic interactions rather than to bridging bubbles.

The results obtained with surfaces with &, = 78.0° are presented in Figure 4.5. Again, the force
curves were smooth without visible steps, and yet the forces were substantially stronger than the van der
Waals force with a Hamaker constant of 0.8x10% J. It may be of interest to note here that the surface
force measurements began at 10°C, and then stepped up to 20°C, 30°C, and 40°C. After the last set of
measurements, the temperature was brought down to 20°C and the measurements were repeated. The
results were reproducible indicating that the OTS-coated surface was stable in the range of temperatures
where the measurements were conducted. It has actually been reported that OTS-coated surfaces are
stable up to 175°C as measured by water contact angle**.

Note that Figure 4.4 shows the data obtain at temperatures at 10, 20 and 30°C only. At 40°C, we
saw some bubbles nucleating on the OTS-coated silica plate with &, = 92.5°, and the results were not very
reproducible. Nevertheless, the force curves were smooth and showed no discontinuities or steps. In view
of the difficulties with reproducibility, we decided not to include the results obtained at 40°C in the data
set presented in Figure 4.4. We did not have this problem with the OTS-coated silica surfaces with 6, =
78.0° as shown in Figure 4.5. Obviously, bubbles can more readily nucleate on the more hydrophobic
surface, and the surface force measurements become irreproducible in the presence of bubbles.

The solid lines of Figures 4.4-4.5 represent the extended DLVO theory, with the hydrophobic
forces represented by Eq. [4.1]. The C and D parameters used to fit the experimental data are plotted in
Figure 4.6. As shown, both of these parameters decrease linearly with increasing temperatures (T),
indicating that hydrophobic forces decrease with increasing temperature. The slopes of the C vs. T plots
obtained at &, = 92.5° and 78.0° are about the same. The slopes of the D vs. T plots are also about the
same, although the slope obtained at 8, = 92.5° tends to be slightly steeper than that obtained at 4, = 78.0°.
The results presented in Figure 4.6 are similar to those reported by Wang et al. with gold surfaces
thiolated with C,SH and C1,SH. These results are consistent with those reported by other investigators.
Israelachvili and Pashley® showed that the hydrophobic forces measured between mica surfaces coated
with CTAB by self-assembly decreased as the temperature was increased from 21to 50°C. Tsao et al.*
also showed that the attractive forces measured between mica surfaces hydrophobized by L-B deposited
double-chain cationic surfactants decreased as the temperature was raised from 25 to 50°C.

Using the Derjaguin approximation®, one can relate the surface force (F/R) measured at a
separation distance h to the Gibbs free energy change per unit area (AG") as follows,

F_ 2nAG [4.2]
R
where
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AG" =—[Ti(h)dh [4.3]

o0

as shown in Eq. [4.3], the free energy change is the same in magnitude as the work done in thinning an
infinitely-thick plane-parallel film to a finite thickness h against the disjoining pressure I1(h), which in
turn is a function of film thickness. For a water film confined between two hydrophobic surfaces, the
disjoining pressure should include contributions from the hydrophobic force as discussed above.

The partial differential of AG" with respect to T at a constant pressure and film thickness allows

us to calculate the change in the excess film entropy for moving a plane-parallel film from an infinite
thickness to an h as follows,

(8AGJ :(a(F/an)j _AS 44
p,h p,h

oT oT

in which AS' is the change in excess entropy per unit area of the liquid film confined between two
hydrophobic surfaces.

From Eqgs. [4.1], [4.2] and [4.4], one obtains,

AS" = [4.5]

_F [dInC+£dlnDj
2R\ dT D dT

which can be used to calculate the changes in excess film entropy (AS") at different film thicknesses using
the surface force data, such as F/R, D, and the temperature coefficients for the C and D parameters given
in Figure 4.6.

Figure 4.7 gives the values of AS" in this manner from the surface force data obtained with OTS-
coated silica surfaces with 6. = 78.0° and 92.5°. The entropy change becomes increasingly negative with
decreasing h, indicating that the entropy (S") of the TLF confined between two hydrophobic surfaces
decrease with decreasing film thickness. As has been suggested previously®, the low entropy may be due
to structuring of the water molecules in the vicinity of hydrophobic surfaces. The vicinal water molecules
must be of high free energy state as they cannot form H-bonds to the hydrophobic surface. This is akin to
the case for the non-H-bonded water molecules at the air/water and hydrocarbon-water interfaces being
responsible for high interfacial tensions®. One way to expend the excess free energy would be to form
structures, in which the “frustrated’ vicinal water molecules form stronger H-bonds with neighbors by
taking advantage of the cooperative bonding mechanism first recognized by Frank and Wen® and used to
explain the mechanism of hydrophobic hydration. It has been shown that the O-O distance between water
molecules decreases with increasing number of water molecules in a structure (or cluster)*. The structure
can be coplanar or concave (or clathrate-like) depending upon the temperature, pressure, and dissolved
species™*. It may be reasonable to assume that the clusters become larger and more abundant when
water is confined in a TLF formed between very hydrophobic surfaces. Recent spectroscopic studies
conducted in bulk water showed that water molecules can form low-density liquid (LDL) species more
readily than previously thought to be possible®“. These clusters may be collectively referred to as
‘partial clathrates.” Clathrates are found in supercooled water or at high pressures and lower temperatures

particularly in the presence of dissolved hydrophobic solutes*“?,
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Figure 4.7 shows also that AS" becomes more negative with increasing hydrophobicity and
decreasing temperature. The former may be due to the likelihood that the number of non-H-bonded water
molecules increases with increasing surface hydrophobicity, while the latter can be attributed to the low
kinetic energies of the water molecules at a low temperature and hence increased propensity to form
clusters.

One can readily obtain AG' from the surface force data using the Derjaguin approximation (Eq.
[4.2]). From the values of AG" and AS', the excess film enthalpy per unit area (AH") can be determined as
follows,

AH" = AG" +TAS' [4.6]

Figure 4.8 shows the changes in AH' determined in this manner. As shown, the enthalpy change
associated in forming H-bonded structures becomes more negative with decreasing h and T. This finding
suggests that both the number and size of the clusters increase with decreasing film thickness. Further, the
strength and life time of the clusters may also increase as film becomes thinner. Figure 4.8 shows also that
the enthalpy change becomes more negative as the confining surfaces become more hydrophobic and the
temperature is lowered. As has been the case with the entropy change, the former may be related to the
increased number of non-H-bonded water molecules, while the latter to decreased kinetic energies of
water molecules.

The values of AG', TAS and AH' determined in the manner described above are presented in
Figure 4.9. These values represent the changes in the thermodynamic functions involved in the
macroscopic hydrophobic interactions between the OTS-coated silica surfaces with &, = 78.0° and 92.5°C
at 20°C. Note that at both contact angles |[AH" | > |[TAS" |, which is a necessary condition for the
hydrophobic force to be attractive when both enthalpy and entropy changes are negative. The enthalpy
term represents the free energy gained in building the structures, while the entropy (TAS) term
representing the thermodynamic cost for building structures. As a result of the enthalpy-entropy tradeoff,
the hydrophobic forces in general are weak and are difficult to be measured. As noted by Eriksson et al.*,
the excess free energy per molecule related to the long-range attractions is in the range of 10° to 10° kT,
while the energy of a hydrogen bond is about 7 kT. Note also that AG' is more negative at the higher
contact angle, which can be attributed to more negative AH".

The condition that |AH" | be larger than [TAS' | for macroscopic hydrophobic interactions is
opposite to what is generally known for molecular-scale hydrophobic interactions or hydrophobic effect.
For the latter, it is necessary that |JAH"| < [TAS'| for two hydrophobic molecules to attract each other as in
self-assembly. It is generally accepted that the inequality arises from the entropy increase associated with
the release of the water molecules surrounding hydrophobic moieties of high curvatures. The basic
difference between the macroscopic- and molecular-scale hydrophobic interactions is due to the
differences in curvatures of the surfaces involved, as discussed by Chandler*.

The authors of this communication showed recently that long-range attractions are also observed
in short-chain alcohols such as methanol, enthanol, and butabol—all well-known H-bonding liquids®*’. It
has been suggested that the origin of the long-range attractions observed in these short-chain alcohols is
the same as the hydrophobic forces observed in water, i.e., structure formation. It was found also that the
long-range attractions become stronger as the confining surfaces become more hydrophobic. The same
has been observed in the present work with water as H-bonding liquid. It may be suggested, therefore,
that hydrophobic force is the consequence of an H-bonding liquid striving to minimize free energy when
it cannot form H-bonds to confining surfaces. Conversely, a key to increasing hydrophobic force is to
eliminate H-bond sites from the confining surfaces.
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There have been long-standing controversies concerning the origin of the hydrophobic force since

Israelachvili and Pashley” published a seminal paper in 1982. It is hoped that the results presented in this
communication have provided a basis for the hydrophobic force be recognized as a thermodynamic force
rather than an artifact due to bubbles or cavities.
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Table 4.1 Water Contact Angles and Surface Roughness of the Silicon Wafer Surfaces Treated
in a 5x10° M OTS Solution at Different Contact Times

Contact Time Contact Angle (°) Contact Angle | Surface Roughness
(min) 0 0, o Hysteresis (°) (nm)
20 30 35 25 10.0 0.18
200 80 85 67.5 175 0.46
380 93 98 88 10.0 0.22
720 101 104 95 9.0 0.11

55



120l 5x10°MOTS (@)
A
80 g
& 0
Q@
D 4
C O | | | | |
@®
. 0 200 400 600 800 1000
@® X
£ ool 310°MOTS (b)
S A
' g
80 1
40
*N\‘_“ (9h
O 1 1 1 1 1
0 20 40 60 80 100

Immersion time (min)

Figure 4.1 Effects of immersion time on the water contact angles of silicon wafer in a) 5x10° M and b)
3x10° M OTS-in-toluene solutions. &, and & represent advancing and receding angles. The
contact angle hysteresis (6,) decreases with time indicating formation of smoother OTS
monolayers. OTS adsorbs much faster at the higher concentration.
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Figure 4.2 Contact mode 1x1 pm AFM images of the silicon wafers of different equilibrium contact angles.
a) bare surface with 6, = 4°, b-e) surfaces with different 6, values as obtained by varying the
immersion times in a 5x10° M OTS solution. Height profiles given below each image were
obtained along the white line across the image. OTS adsorbs in patches, which coalesce to obtain
a smooth monolayer.
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Figure 4.3 Surface forces (F) normalized by the radius (R) of spheres vs. the closest separation
distance (h). The surfaces were treated in a 5x10° M OTS solution for different times to
obtain different contact angles. Solid lines represent the extended DLVO plots with
v1= -40 mV and Ay3; = 0.8x10%° J. The double-layer and van der Waals forces are
negligibly small particularly at longer separations. Thus, the measured forces practically
represent the hydrophobic forces, which are shown to increase with &.. The arrows
represent the separations at which two surfaces jumped into contact.
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Figure 4.4 Surface forces (F) measured at different temperatures in the range of 10 to 30 °C and
normalized by the radius of sphere (R) vs. separations (h). The silica surfaces were
treated in a 5x10° M OTS solution to obtain €. = 92.5°. The measured forces became
stronger and longer-ranged with decreasing temperature of the medium.
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Figure 4.5 Surface forces (F) measured at different temperatures in the range of 10 to 40°C and
normalized by the radius of sphere (R) vs. separations (h). The silica surfaces were
treated in a 5x10° M OTS solution to obtain &, = 78°. The measured forces became
stronger and longer-ranged with decreasing temperature of the medium.
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Figure 4.6 a) C vs. tand b) D vs, t plots. The C and D parameters of the hydrophobic force
represented by Eq. [4.1] were obtained by fitting the experimental data presented in
Figures 3. 4-3.5 to the extended DLVO theory with y; = -40 mV and A3, = 0.8x10% J.
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Figure 4.7 Changes in excess film entropy (AS") in the thin films of water between OTS-coated
silica surfaces with contact angles of 78.0° and 92.5° at different medium
temperatures.
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Figure 4.8 Changes in excess film enthalpy (AH") in the thin films of water between OTS-coated
silica surfaces with contact angles of 78.0° and 92.5° at different medium temperatures.
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Figure 4.9 Changes in the excess thermodynamic properties for the thin liquid films between
OTS-coated silica surfaces with @, = 78.0° and 92.5° at 20°C.
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CHAPTER 5

Temperature Dependence of Surface Forces between Silica Surfaces in
Octadecyltrimethylammonium Chloride Solution

5.1 Abstract

Hydrophobic forces between thiolated gold surfaces® and silylated silica surfaces® are believed
to originate from the structuring of water confined by hydrophobic surfaces, as indicated by a decrease in
hydrophobic forces at higher temperatures, accompanied by a less negative value for the change of excess
entropy (AS"). In the present work, AFM surface force measurements were carried out at temperatures in
the range of 10 to 40°C between silica surfaces in solutions of octadecyltrimethylammonium chloride
(CsTACI). Long-range attractive forces were detected between these silica surfaces coated with
physically adsorbed cationic surfactants. Furthermore, the measured forces were observed to decrease
with increasing temperature, which is in agreement with the results found between chemisorbed surfaces®.
Moreover, thermodynamic calculations confirmed that AS" decreased when the two surfaces approach
each other or when the temperature was decreased. Thermodynamic analysis of SFA force measurements®
obtained at various temperatures revealed that AS" was more negative at shorter ranges as compared to
longer ranges. The results indicate that hydrophobic forces observed between surfaces coated with
physically adsorbed surfactants may also be linked to changes in water structure, and this effect becomes
more significant when the two hydrophobic surfaces are closer together.
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5.2 Introduction

Two methods are typically used for preparing hydrophobic surfaces*: L-B films deposited on
mica®, or surfactant films adsorbed to mica from cyclohexane®. Both of these techniques give rise to
strong attractive force with both short-range and long-range components as detected by SFA®.
Additionally, the following methods enhance the stability of the hydrophobic surfaces: (1) via
polymerized L-B deposited on mica®, (2) by creating hydrophobic surfaces of silylated silica and mica’, (3)
via thiol self-assembling on gold®. The last one, on the other hand, may produce less stable hydrophobic
surfaces by preparing surfaces through the in-situ adsorption of surfactants. As noted by Christenson®, the
particular preparation method can give rise to specialized surface features, as indicated by direct surface
force measurements. Important to this study is the fact that researchers have not always agreed on
whether the origin of hydrophobic forces can be attributed to the formation of cavities or the bridging of
nanobubbles®'?, to electrostatic origin', or to the structuring of water'?. Thus, investigating the forces
measured between different types of hydrophobic surfaces may be helpful in solving the controversy.

The influence of temperature on hydrophobic interactions has been carried out between thiolated
gold surfaces® by means of atomic force microscope (AFM). Specifically, the hydrophobic interactions
between these surfaces using chemisorbed surfactants were found to decrease with increasing temperature,
which was accompanied by a less negative value for the excess film enthalpy (AS'). Follow-up studies
were conducted using more stable silylated silica surfaces due to the concern that the thiolated gold
surfaces may oxidize to alkane sulfonates under ambient conditions upon exposure to air'®'*; in contrast,
OTS-coated silica surfaces have been shown to be stable at temperatures up to 175°C™. Force
measurement results for the OTS-coated silica surfaces were comparable to those obtained for the
thiolated surfaces. In summary, studies have indicated that long-range attractive forces may be attributed

to the structuring of water induced by the hydrophobic surfaces.

Conversely, surfactant in situ adsorption surfaces are not typically as hydrophobic in comparison
to electrically-neutral L-B deposition monolayer surfaces; additionally, the contact angle of the former
(<90°) tends to be smaller than the latter (>90°)*°. However, researchers have shown that a neutral
monolayer is formed under optimal conditions—namely, when incomplete or additional adsorption can be
avoided by using a specific concentration'’, which gives rise to highly hydrophobic surfaces'. The
attractive force between neutral mica surfaces with double-chained alkylammonium acetate adsorbed®
from water solution is much stronger than the van der Waals force and is extended to a separation
distance of 10 nm. Moreover, the attractive force is very sensitive to hydrophobicity, which is attributed
to the structure of water that results from surface hydrophobicity. In fact, macroscopic hydrophobic
surface induced hydrogen bonding is believed to extend farther than the structuring of water in the
vicinity of hydrophobic molecules®.

The present work was designed to study the influence of temperature on measured force using a
surface well known to be less stable—namely, a silica surface hydrophobized by in-situ adsorption of
C1sTACI. Hydrophobic interactions between these surfaces were found to decrease in the same manner
that the forces between thiolated" and silylated surfaces were observed to do. Thermodynamic analysis
results confirmed that both the change of excess film entropy (AS') and of the excess film enthalpy (AH")
is more negative with decreasing temperature, suggesting that a more structured phase of water had
formed under the same conditions, even between the physical adsorption surfaces.

However, controversy persists regarding whether the hydrophobic forces in different ranges (i.e.:
short-range and long-range) are due to different mechanisms. Some investigators, who observed intact
short-range force and disappearance of long-range attraction upon removal of dissolved gas in water,
proposed two distinct force regimes for the hydrophobic interaction forces. Most recently, Hammer et
al.”® tried to explain the hydrophobic force by a three-regime force-law: form 10-20 nm to 100 nm, the
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force is due to electrostatic attractions and/or bridging vapor cavities; in the range of 1.5-15 nm, the
“pure” attractive force is attributed to the enhanced Hamaker constant; while the attractions below 1.5 nm
is ascribed to H-bond associated water structuring. Therefore, the hydrophobic forces in different ranges
were supposed to be caused by different mechanisms. On the other hand, the disjoining pressure
determined by thin film pressure balance (TFPB) technique indicated that while the short-range
hydrophobic force is in charge of film rupture, the long-range hydrophobic force which speeds up the film
thinning is also essential. Additionally, dependence of hydrophobic force on temperature was observed in
both short-range and long-range, with the effect in the previous range much more significant compared to
the latter one®.

Through the use of surface forces apparatus (SFA), it is possible to obtain surface force composed
of both short-range and long-rang components. L-B depositions of dimethyldioctadecyl-ammonium
bromide (DDOA) monolayers on smooth mica® were confirmed to be tightly packed as revealed by X-ray
photoelectron spectroscopy, with the thickness of the deposition constant (2 nm) in both air and water.
The SFA surface force® measured between the prepared hydrophobic surfaces over a temperature range of
25-50°C was approximated using the double exponential function. Results revealed no detectable double-
layer force due to the very small surface charge. The influence of temperature on resulting force
measurements is not consistent with cavitation mechanisms or bridging nanobubbles®, which suggested an
increase of attractive force upon increasing temperatures. On the other hand, observed decreases in force
with increasing temperature agrees well with predictions of water structuring®?. Additionally, the greater
effect of temperature on the short-range components in comparison with the long-range component was
observed. Thermodynamic analysis of the hydrophobic interaction revealed the molecular orientational
preferences of thin water film was more significant when the water film is thinner.

5.3 Experimental
5.3.1 Materials

Ultrapure water with a resistivity of 18.2 MQ-cm at 25°C was produced using a Millipore Direct-
Q3 water purification system (Millipore, MA). The surfactants octadecyltrimethylammonium chloride
(CsTACI) from TCI was recrystallized twice by acetone from ethanol before using. Silica spheres
(Whitehouse Scientific) with radius of ~10 um and fused-quartz plates (Technical Glass Products Inc.)
were used for force measurements. H,SO, (98% purity, VMR international) and H,0, (29.0-32.0% purity,
Alfa Aesar) were used to rinse the silica plates and spheres.

5.3.2  Cleaning of Quartz Plate and Silica Spheres

Quartz plates were boiled in a piranha solution (H,0,/H,SO,, 3:7 by volume) at ~120°C for 1
hour, rinsed with ultrapure water in an ultrasonic bath for 5 minutes, and then blown dry with nitrogen
before using. The silica spheres were rinsed by the same method but collected with filter paper, then dried
in a fume hood and placed in a sealed glass vial for further use.

5.3.3 Surface Force Measurements

A Nanoscope IV atomic force microscope (AFM) was utilized to obtain the surface force
measurements between the quartz plate and silica sphere according to the colloid probe technique® at
various temperatures. Silicon nitride AFM probes from Nano World with a spring constant of ~0.48 N/m
were applied, which were calibrated using the resonant frequency technique?. A cleaned silica sphere
was attached to the tip of the calibrated cantilever with a polymer resin (EPON-1004F, Shell Chemical
Co.). The diameter of the sphere was measured using an Olympus BH-2 microscope. A probe with a
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sphere was then fixed in the AFM liquid cell. The quartz plate was placed on the heater/cooler element
that was attached on the top of scanner “J”. A Digital Instrument Thermal Applications Controller (TAC)
was utilized to set and control the temperature of the liquid in the AFM cell. Typically, a 10°C rise in
temperature took about 10 minutes in the temperature range of 10°C to 40°C. 5x10° M CisTACI was
injected into the cell to initiate the hydrophobization of the silica plate and sphere at 10°C, then ramped
up to higher temperatures. All force measurements were obtained after the temperature equilibrium was
obtained. Measured force (F) normalized by the radius of sphere (R) was calculated versus the distance
between sphere and plate.

5.4 Results and Discussion
5.4.1 Temperature Dependence of Long-range Attraction

The stability of the physisorption-surface was an issue for the detection of temperature effect on
the hydrophobic force. Therefore, the steadiness of the measured surface force at the same temperature
was assessed over a temperature range of 10-40°C. Representative results at 10°C and 20°C are presented
in Figures 5.1-5.2. The hydrophobization of the silica plate and sphere was initiated at 10°C once a
solution of 5 x 10° M C,sTACI was injected into the AFM liquid cell. As shown in Figure 5.1, long-range
attractive force was initially detected at the 5-minute mark, after which it increased until 20-minute mark,
at which point it remained very stable for up to 90 min. Then the temperature was stepped to 20°C, the
adsorption equilibrium was achieved in only 5 minutes, and the force was stable for up to 40 min or even
longer (Figure 5.2). Temperatures were further increased to 30, 35 and 40 °C sequentially to assess force
stability, with similar outcomes. Thus, long range attraction was found to be stable at the same
temperatures and for long immersion times. Additional adsorption is unlikely to occur after a complete
monolayer or adsorption equilibrium is formed, even after an extended period of time.

Although either incomplete or additional adsorption associated with in-situ adsorption typically
results in shorter-range attractive forces in comparison to L-B deposition techniques, in-situ adsorption
can still give rise to comparably strong forces as long as optimum conditions are satisfied'’. The strongest
attractive forces have been identified between surfaces hydrophobized by in-situ adsorption of surfactants
with a concentration around the p.c.n.****#%, The concentration of 5x10° M used the present work for the
C1sTACI solution is also close to the p.c.n.?*, as proven by the strong long-range attractive force shown in
Figures 5.1-5.2. The measured force is much stronger than the van der Waals force (dashed line), which
was calculated with a Hamaker constant value of 0.8x10° J*. Continuous force curves, i.e., without a
step, do not support the possible bridging of nanobubbles®. In fact, refractive index values as detected by
ellipsometry have revealed the absence of air bubbles on the CigTA-adsorbed silica surfaces?. In addition,
the contact angles of surfaces prepared with long-chained CsTACI have been shown to be lower than
60°%*, which is much smaller than the lower limit for the thermodynamic formation of cavities. In fact, the
survival of long-range attractive force in degassed C,3TACI solution®* proved that the measured force did
not originate from the bridging of nanobubbles. Instead, the long-range attractive forces between CnTACI
(n=12-18) adsorbed surfaces were found to be associated with surface hydrophobicity measured by
contact angles, which is related to chain length of the surfactant®.

Depending on the stability of the long range attraction at the same temperature as measured
between silica surfaces in a solution of 5x10° M CsTACI, AFM studies were conducted to determine the
influence of temperature on the attraction. As shown in Figure 5.3, attractive forces were strongly evident
across the entire temperature range from 10-40°C without any discontinuities on the force curves.
Although the measured forces decreased with increasing temperature, the weakest one, which was
obtained at 40°C, was still much stronger than the van der Waals force. This finding corresponds to the
reported results obtained in studies of silylated surfaces? and thiolated gold surfaces’. The measured
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forces were then fitted to extended DLVO theory—with hydrophobic force described by a single
exponential force law, as represented in the following equation:

F h
S -C exp(—B) [5.1]

where the hydrophobic force (F) is normalized by the radius of the silica sphere (R), h is the closest
separation distance between the silica sphere and silica plate, C represents the magnitude of the force, and
D is the decay length. The fitting parameters of C and D are shown in Figure 5.4. The decrease of C and
D along with temperature increments corresponds to the diminution of hydrophobic force as a function of
temperature.

The force data (Figure 5.3) obtained at various temperatures was subsequently used for the
thermodynamic analysis of hydrophobic interactions to clarify the relation between the measured force
and the properties of the confined liquid, as described by Wang et al.'. The measured forces normalized
by R at a separation distance of h are related to changes in the Gibbs free energy per unit area (AG"), as
well as changes in the surface tension (Ay) of the thin liquid films according to the Derjaguin
approximation® as follows:

F f foo _ f_ f
>R y -y Ay =AG [5.2]
where Ay" equals 5" (the film tension of the planar water film with thickness h) minus y" (the film tension
at infinite separation), Ay’ represents the change in excess film tension when two surfaces approach each
other from infinite distance to a given distance of h. The partial differential of Ay" with respect to
temperature (T) at constant pressure (P) and distance (h) is related to changes in excess film entropy, as
reflected in the following equation:

f
GA7 | _ S [5.3]
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where AS' is the change in excess film entropy per unit area. Thus, the following equation is obtained:

dinC hdInD
+
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7O o ar
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which was then used to calculate AS' based on the results from the force measurements obtained at
various temperatures.

Figure 5.5 presents AS' as a function of temperature, as calculated from the force data obtained
earlier (Figure 5.3). As illustrated, AS' results became increasingly negative as the distance between the
two hydrophobic surfaces became smaller and the confined thin water film became thinner. As is well
known, entropy represents a critical thermodynamic property for measuring the degree of structuring of a
system in solution”’; for example, low entropy is representative of more structured aqueous films'.
Correspondingly, aqueous films become more structured when compressed by two hydrophobic surfaces.
On the other hand, when less negative AS' values are noted with increasing temperature, one can assume
that the structuring of water has been adversely affected by high temperature. As suggested by Laskowski
and Kitchener®, hydrophobic influences associated with the rupture of the wetting films around
methylated particles are likely related to the instability of the water structure in the vicinity of the

69



hydrophobic surface. Similarly, stronger hydrophobic forces at low temperature (Figure 5.3) are probably
correlated with more structured water under the same experimental conditions.

Hydrophobicity is featured with the growth of free OH-bonds in the confined water film®. Just
like nonpolar solutes which fail to form H-bond with the neighboring water molecules®, the macroscopic
hydrophobic surfaces cannot readily hydrogen bond to the water molecules in the vicinity neither. As a
result, the water film confined by hydrophobic surfaces experiences an increase in free energy®. In order
to return to a low free energy state, the “frustrated” water molecules bond to their neighboring water
molecules and become more stable. Once a first H-bond is formed, the charge distribution involved in the
monomers transforms to result in: previous H acceptor growing to be better H donor and former H donor
obtaining increased capability to be an acceptor. This mutual reinforcement effect gives rise to the

N . . . . . . 31
cooperative H-bonding in water film, with shorter mean bond length compared to the simple dimer~". The
hydrophobicity induced H-bonding clusters can be called low-density liquid (LDL)* which is
characterized by “ice-like” H-bond complex and favored at low temperatures.

The structure formation is, in effect, associated with the change of excess film enthalpy per unit
area (AH"), representing the free energy gained in building the structures, which is obtained by the sum of
AG"and TAS',

AH" =AG" +TAS' [5.5]

where TAS' represents the thermodynamic cost of building the structure. Negative value of AH' is an
indication that structured clusters is formed. The existing form of structured water or LDL is supposed to
be partial clathrates' which become more pronounced at lower temperatures. Since H-bonded networks
are cooperatively strengthened, namely, clusters with greater sizes are essentially more stable than that
with smaller sizes*. When a more negative AH" value is obtained with thinner films or under lower
temperature conditions (or both), one can infer that the size and the number of clusters is increasing, as
was the case in our results (Figure 5.6).

Figure 5.7 depicts AG', TAS"and AH'results that were determined in the manner described above.
AG' < 0 is the condition for the hydrophobic force to be attractive, in other words, |[AH| > |TAS' |
represents an essential relationship when both TAS and AH are negative. As shown, the absolute value of
AH"is larger than that of TAS', it supports the presence of long-range hydrophobic forces as found in
Figures 5.1-5.3. Different from the entropic, hydrophobic interaction in molecular scale, which become
stronger at higher temperatures®, the hydrophobic force in macroscopic scale which decrease with
increasing temperature is enthalpic. The difference for the hydrophobic interaction in macroscopic scale
and molecular scale is attributed to the different dimension of the hydrophobic units involved®.

5.4.2 Temperature Dependence Extended to Short-range Component

Although some investigators tried to explain the hydrophobic force in different ranges (i.e., short-
range and long-range) by different mechanisms®**, the disjoining pressure determined by thin film
pressure balance (TFPB) technique indicates that both short-range and long-range hydrophobic forces are
essential for the thinning of film. Additionally, the dependence of the hydrophobic force on temperature
was observed at both short-range and long-range®. This result indicates a single origin accountable for the
hydrophobic force of the whole detectable range. The above discussion revealed that the structuring of
confined liquid is responsible for the long-range hydrophobic force. The following study illuminates the
mechanism behind the short-range hydrophabic force.
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Unlike the case of in-situ equilibrium adsorption from solution', additional or incomplete
adsorption of surfactant is avoided by utilizing the L-B deposition technique in a surfactant-free media.
Based on reported procedures, hydrophobic surfaces were prepared using a modified L-B technique®*®
involving the adsorption of dioctadecyldimethylammonium acetate (DODAA) from an apolar
cyclohexane solution® on mica. Subsequent AFM imaging revealed a uniform and continuous monolayer
of surfactant on the prepared mica surfaces®. The adsorbed monolayer of DODA also exhibited high
stability. The surface force measurements obtained at 25°C, 40°C and 50°C using surface force apparatus
(SFA) provided force curves with both short-range and long-range components. The force plot presented
in the form of d(F/R)/dh vs. h was then fitted to the double exponential force law as follows:

F h h
— =—C,exp —— |-C, exp| - — 5.6
R 1 exp( Dlj 2 exp( D, J [5.6]

where C; and C, represent the magnitude of the short- and long-range components of the hydrophobic
force, respectively, and where D; and D, represent the decay lengths. The four parameters: C,, C,, D; and
D, at various temperatures are presented in Table 5.1. As shown, both range and magnitude decreased
with increasing temperature for both the short- and long-range components of the force. The fitting of the
hydrophobic force was then presented as a function of temperature in Figure 5.8. Obviously, the
temperature dependence of attractive force is especially substantial at higher temperatures. This finding is
in accordance with the apparent decrease of force and the corresponding fitting parameters from 30 to
40°C, as shown in Figures 5.3-5.4. Specifically, D; and D, decreased to approximately half of the
respective values as the temperature was increased from 20 to 50°C. Note that the temperature-dependent
change in C; was much more significant than the analogous finding for C,, i.e., increasing the temperature
decreased the magnitude of the short-range component much more significantly. In general, the decrease
of hydrophobic force at both long-range and short-range indicates that both components probably arise
from the same mechanism.

By using the surface force data, thermodynamic analysis of the hydrophobic interactions was
extended to include the short-range component in the present work. Depending on the choice of
calculation described above (Egs. [5.2-5.5]), we developed a modified way to assess the attractive force
of short-range and long-range components. The long-range (Fsnor) and short-range hydrophobic force
(Fiong) is related to the changes in surface tension (Ay"), as well as changes in Gibbs free energy per unit
area (AG") as follows:

A}/f :AGf — Fshort + I:Iong

ﬁ = 2R = A7/sfhort + A7/I<f)ng [57]

where the film tension can be separated into two parts: Ayfshon and Ayfkm respectively. The partial
differential of film tension with respect to temperature at constant pressure (P) and thickness (h) is then
related to the changes in excess film entropy (AS"):

f oF,
ory') _ et 1 (anhmj L L [ OFiog 58]
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With the force data and the temperature coefficients of C;, C,, D; and D, parameters, one can make a
calculation of AS', as follows:
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the change in excess film enthalpy (AH") can then be obtained by adding Ay’ (or AG") to TAS' as shown in
Eq. [5.5]. In particular, the AS' can be calculated using Eq. [5.9], which is also presented in Figure 5.9.
As shown, AS'tends to be more negative at lower temperatures and when the film thickness is smaller.
This observation supports the results shown in Figure 5.5, which illustrates how more structured water is
likely to be formed under the same conditions. It is interesting to note the especially negative value for the
short-range component in comparison to the value for the long-range component. Moreover, the slope of
AS" vs. h plot was much larger for the short-range element, which corresponds to the fact that when a thin
film is compressed to a certain thickness (lower than 20 nm), the structuring becomes easier to form. Also
significant is the fact that the transition point was smaller at higher temperatures than at lower
temperatures, further confirming that the structuring of water is favored at lower temperatures.
Specifically, the entropy change in the detectable range (20nm) which is about 0.008% of the comparable
figure for the water-to-ice phase transition' may be associated with a less structured phase for the
hydrophobic surfaces confined water film compared to ice. However, as reported herein, the significantly
larger change value for the short-range components corresponds to the much more ordered water film,
which is related to the much stronger attractive force at the short-range than at the long-range. Therefore,
the limit of molecular dynamic simulation to detect the water structuring, which is effective only for the
thickness of a few layers of water molecules®*°, may be attributed to the restricted accuracy of
simulation for the unconspicuous structuring in the longer range. Furthermore, simulations have not
always been reliable or straightforward. Some classic simulations®” describing density changes in thin
water film based on simplistic water potential could also be considered suspect, especially since structural
rearrangements of water molecules are known to occur without any notable changes in volume®. In this
regard, thermodynamic calculations of both short-range and long-range components, which reveals the
structuring of water at both ranges, is essential for providing complete information on the ordering
changes in thin water films associated with the presence of hydrophobic surfaces.

Figure 5.10 shows the change of excess film enthalpy (AH') as a function of temperature. The
negative value of AH'is associated with the formation of H-bonded clusters which may be in the form of
partial clathrates’, resembling the clathrate cages® formed in the water phase with the presence of
nonpolar solute molecules. Obviously, the structured clusters are favored at lower temperatures as shown
by the more negative value of AH' at the same conditions, because of the stability of formed clusters at
lower temperature and also the increased likelihood for formation of clusters when the water molecules
bear decreased kinetic energies at low temperatures. Since clusters of greater sizes are essentially more
stable than that with smaller sizes** owing to the cooperative effect, a more negative AH value obtained
with thinner films or under lower temperature conditions (or both) is a sign for the increasing of size and
even larger number of clusters. The much more negative values of AH"at the short-range than at the long-
range indicate that the increasing speed for the formation of bigger structured clusters along with h get
through a promotion at the transition point from Fguort t0 Fiong.

Since both of AH" and AS"are negative, the condition for the hydrophobic force to be attractive is
that the absolute value of AH'is larger than that of TAS". Figure 5.11 presents the value of | AH'|- | AS'
|vs. thickness of the thin water film confined by the hydrophobic mica surfaces (h). The positive value
over the whole range (0-60 nm) demonstrates that |AHf | is larger than |TASf| , which satisfied the
condition for the presence of attractive hydrophobic force. For the same h, the value of | AH'|-|AS' | is
larger at low temperature, therefore, hydrophobic force is favored at low temperature. Besides, a
transition of the slope of | AH'|-| AS" | vs. h plot is observed at a point which separates the long-range

72



and short-range hydrophobic forces. As a result, after the water film is compressed to thinner than this
specific point, the hydrophobic force become more possible.

5.5 Conclusions

AFM force measurement studies conducted between silica surfaces in a Ci;gTACI solution
revealed long-range hydrophobic attractive forces without any visible steps present on the force curves.
The stability of the measured force at a given temperature confirmed that the decrease of hydrophobic
force with increasing temperature is caused by only temperature rather than other factors. Subsequent
thermodynamic analysis of hydrophobic interactions showed more negative AS at lower temperatures or
as the film is thinner confined by hydrophobic surfaces, which is in good agreement with the stronger
forces measured under the same experimental conditions. The results indicate that the forces between
hydrophobic surfaces typically associated with the physical adsorption of surfactants may also be linked
to a change in the degree of structuring of the water. This investigation also used published force data® to
look at the influence of short-range component of the hydrophobic forces. Our findings revealed that thin
water films are much more structured, principally because the two surfaces are confined by hydrophobic
surfaces to thinner than 20 nm.
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Table 5.1 Fitting parameters C,, Dy, C,, D, for the hydrophobic forces measured at various
temperatures between DODA monolayer adsorbed mica surfaces at various

temperatures.

Temperature (°C) C: (mN/m) D; (nm) C, (mN/m) D, (nm)
25 331 2.07 1.25 25
40 175 1.75 0.75 15
50 4.2 1.4 0.25 10
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Figure 5.1 AFM surface force measurement conducted at 10°C between silica surfaces in 5x10° M
C1sTACI solution after the surfaces has been exposed to the surfactant for different periods
of times. The arrows indicate where the two surfaces jump into contact. The dashed line
represents the van der Waals force.
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Figure 5.2 AFM surface force measurement conducted at 20°C between silica surfaces in 5x10° M
C1sTACI solution after the surfaces has been exposed to the surfactant for different periods
of times. The arrows indicate where the two surfaces jump into contact. The dashed line
represents the van der Waals force.
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Figure 5.3 AFM surface force measurement conducted between silica surfaces in 5x10° M C;sTACI
solution at various temperatures. The arrows indicate where the two surfaces jump into
contact. The dashed line represents the van der Waals force, while the solid lines are the
fitting of the experimental data by extended DLVO theory.
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Figure 5.4 Fitting parameters of C and D as a function of temperatures for the hydrophobic forces
presented in Figure 5.3.
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Figure 5.5 The change of excess film entropy (AS') per m? in the thin aqueous film with the presence
of 5x10° M CsTACI at various temperatures.
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Figure 5.6 The change of excess film enthalpy (AH") per m? in the thin aqueous film with the presence
of 5x10° M CsTACI at various temperatures.
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Figure 5.7 Changes in the excess thermodynamic functions for the hydrophobic interaction between
hydrophobic silica surfaces in 5x10° M C,5TACI at 20°C.
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Figure 5.8 The calculated hydrophobic force from the fitting parameters (Table 4.1) as measured
between two hydrophobized mica surfaces by the monolayer deposition of
dioctadecyldimethylammonium (DODA).
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Figure 5.9 The change of excess film entropy (AS") per m? at various temperatures in the thin water
film confined between two hydrophobized mica surfaces by the monolayer deposition of
dioctadecyldimethylammonium (DODA).
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Figure 5.10 The change of excess film enthalpy (AH') per m? at various temperatures in the thin water
film confined between two hydrophobized mica surfaces by monolayer deposition of
dioctadecyldimethylammonium (DODA).
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Figure 5.11 The difference between | AH"| and | TAS'| vs. the thickness of the water film confined
between hydrophobic DODA deposited mica surfaces at different temperatures.



CHAPTER 6

Effect of Dissolved Gases on Long-Range Hydrophobic
Force and Structuring of Water

6.1 Abstract

Surface force measurements conducted between thiolated gold surfaces exhibited a decrease in
hydrophobic interactions at higher temperatures, accompanied by a less negative value for the change in
excess entropy (AS'), indicating that the hydrophobic force originates from the structuring of water
induced by hydrophobic surfaces®. In the present work, the effect of dissolved air on the hydrophobic
force was studied. Although the attractive force decreased in degassed water in comparison to results
obtained in equilibrated water, it was still much stronger than the van der Waals force. As a result, air is
not a prerequisite for the appearance of a hydrophobic force. Furthermore, force measurements were also
conducted in gas (helium, nitrogen, argon or carbon dioxide) equilibrated water. The results showed that
the dependence of hydrophobic force on these gases was related not only with their solubility, but also
their type.

The absence of discontinuities or steps on the force curves precluded the possibility of
nanobubbles causing the long-range attractions. On the other hand, the long-range attractions increased in
the presence of certain type of dissolved gases, which may be attributed to enhancement of partial
clathrate structures in the presence of gases™.
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6.2 Introduction

The stability of oil in a water emulsion was found to increase after degassing®. This phenomena
indicates that hydrophobic interactions, which tend to destabilize oil droplets, was reduced by removing
the dissolved gas®. Direct force measurements confirmed the decrease of long-range attractive forces upon
degassing®®. As reported by Meagher and Craig®, the range of the hydrophobic interaction between
polypropylene surfaces is shorter in a degassed dilute NaCl solution than in an untreated NaCl solution. In
Mahnke et al.’s study on the symmetric interaction forces between methylated surfaces or dehydroxylated
surfaces, the large jump-in distance (> 25 nm) representing an extra attraction decreased significantly
after the electrolyte solution was degassed®. In addition, it has been reported that the diminution effect of
degassing water on the attractive force was confined to only the long-rang component®’, leaving the
short-range component intact®. In other words, the elimination of dissolved gas in water was accompanied
by the absence of long-range attraction. Researchers have also assessed attractive force between
polyethylene surfaces in water in the presence of various types of dissolved gases®. The presence of more
soluble gases such as argon and butane results in more step-like irregularities on obtained force curves.
These findings suggested that the measured long-range attractive force originated from the bridging of

nanobubbles®°.

The study on the effect of degassing and dissolved gases on the attractive force, actually, made
two important observations which support the “nanobubbles theory”: 1) the presence of discontinuities (or
“steps™) on force curves, 2) the disappearance of long-range attractive forces once the medium has been
degassed. However, more recent reports have indicated the presence of long-range attraction even in
degassed aqueous solutions'™*?. Additionally, Wang and Yoon showed that previously-observed steps on
force curves could be eliminated by adjusting experimental conditions and procedures®,

While AFM tapping mode imaging technique showed the formation of nanobubbles on the
hydrophobic surfaces when the surfaces are brought into aqueous solutions'®****, the imaged hydrophobic
samples are usually treated by an alcohol-water exchange procedure which consists of flushing the AFM
liquid cell by water, ethanol and water sequentially'®*®. On the other hand, it is not necessary to treat the
force measurement samples by the same procedure™*® to obtain the long-range attractive force. Most
importantly, the force curve did not show the featured “steps” on the force curves. In this regard, the
relation between the presence of nanobubbles and the measured long-range hydrophobic force is
guestionable.

On the other hand, hydrophobic force may be related with the structuring of water. The smooth
attractive force between thiolated gold surfaces was found to be stronger at lower temperatures than at
higher temperatures. Thermodynamic analysis (excess entropy, excess enthalpy, and excess energy)
involved in the hydrophobic interactions between thiolated gold surfaces confirmed that the structuring of
water is weakened under higher temperatures'. As a result, hydrophobic force is related with the
structuring of water film. Researchers have also proposed a model for the structured water in the form of
clathrate induced by hydrophobic surfaces and hydrophobicity®. Specifically, they suggested that the
dissolved gas strengthens the stability of the clathrate cages by the van der Waals force between the gas
molecules and the surrounding the water molecules, thereby increasing hydrophobic interactions—
although it should be noted that dissolved gas is not necessary for the formation of clathrate cages and the
appearance of the hydrophobic force.

Therefore, the aim of present work is to find out the role of dissolved air or gases on the
hydrophobic force, so as to reveal the origin of hydrophobic force. We have conducted AFM force
measurements between alkanethiols-coated gold surfaces in degassed water. Strong Attractive forces in
the absence of dissolved gas are unlikely to be due to the bridging of nanobubbles. Furthermore, the force
is related with the hydrophobicity of the surfaces. As will be discussed, although the degassing of water
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decreased attractive force, long-range attractive forces were still observed even in completely degassed
water. The results suggested that dissolved air is not a prerequisite for the appearance of long-range
attractive force. This observation reputes the prediction of nanobubble theory which predicts the
disappearance of long-range attractive force in degassed liquid, but corresponds to reported models for
structured water molecules in the form of clathrates’. To find out how the dissolved gas molecules
promote the hydrophobic force, force measurements were also conducted in gas (helium, nitrogen, argon
or carbon dioxide) equilibrated water. The results showed that the dependence of hydrophobic force on
these gases was related not only with their solubility, but also their type. The absence of discontinuities or
steps on the force curves indicated that dissolved gas molecules do not exist in the forms of nanobubbles.

6.3 Experimental
6.3.1 Materials

Gold plate and sphere: Gold-coated silicon plates were obtained by physical vapor deposition of
pure gold onto silicon surfaces with a thickness of 50 nm. A thin layer of chromium (5 nm) was deposited
under the gold to achieve stronger bonding between the gold and silicon. The deposition was
accomplished by means of an Electron Beam Physical Vapor Deposition system (EBPVD), Model -250.
Gold spheres were produced in accordance with procedures established by Raiteri et al.'’. Gold wire
(radius: 0.0127 mm, 99.9%, Alfa Aesar) was connected to a 120V power supply, after which the wire was
heated by the short circuited current and gold spheres were produced in the spark. The spheres with
various redii were collected over a petri dish; the diameter of the sphere was measured by taking
advantage of a simple optical microscopy. The ones with a radius of around 10 um were chosen and
attached to the tip of a cantilever by means of resin (EPON, 1004F) which is insoluble in ethanol. The
cantilever with spring constant of ~ 0.48 N/m was calibrated via the thermal tune function and the
calibration process was monitored by the AFM Nanoscope V 7.3 software.

Boiling piranha solution—a mixture of sulfuric acid (H,SO4, 98%, VMR International) and
hydrogen peroxide (H,O,, 29.0-32.0%, Alfa Aesar)— was used to clean the gold-coated silicon plates for
20 minutes. After that, the plates were taken out by a pair of forceps and washed in a beaker containing
ultrapure water and subjected to an ultrasonic bath for 5 minutes. The treated plates were then rinsed
repeatedly by ultrapure water and dried by nitrogen stream before using.

The gold sphere attached to cantilever was not rinsed cleaned by boiling piranha solution because
the solution can dissolve the 1004F resin. Instead, the sphere-cantilever assembly was irradiated under an
ultraviolet lamp with the wave length of 254 nm turned on for 1 hr to remove possible organic
contaminants.

A Millipore water purification system provided deionized ultrapure water with a resistivity of
18.2 MQ-cm at 25°C. The hydrophobizing agents: Ethanethiol (C,SH, 98%, TCI America), 1-butanethiol
(C4SH, 97%, TCI America), 1-dodecanethiol (C1,SH, 98%, TCI America) and 1-hexadecanethiol (C1sSH,
97%, TCl America) were dissolved in ethanol (200-proof, >99.5% pure, Decon labs, Inc.) just before
using. Potassium ethyl xanthate (KEX, >90.0%, TCI America) was recrystallized by diethyl ether (>99%,
Alfa Aesar) from acetone (99.8%, Fisher Scientific) at least twice to remove any impurities.

6.3.2 Hydrophobization of Gold Surfaces

After being flushed in ethanol, a pair of cleaned gold-coated silicon plate and gold sphere
cantilever assembly was immersed in a freshly prepared thiol-in-ethanol solution immediately for
hydrophobization. The hydrophobicity of the surfaces was controlled by the immersion times and the
chain lengths of thiols, while same condition for each set of plate and sphere guarantee same
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hydrophoibicity of them. Four sets of gold-coated silicon plate and gold sphere were then treated in the
following solutions: 10° M C,SH (55 mins), 10° M C,SH (17 mins), 10° M C1,SH (23 mins), and 107
M CisSH (45 mins). After hydrophobization, the plates and spheres were rinsed with ethanol to remove
any residual alkanethiol on the surface. The hydrophobization of the gold-coated silicon plates and gold
spheres with KEX was accomplished by in- situ adsorption in an AFM liquid cell.

6.3.3 Preparation of Degassed Water and Gas-Equilibrated Water

Ultrapure water was degassed via a minimum of three freeze-pump-thaw cycles, as reported in
the literature®, as follows: ultrapure water was placed in a Schlenk flask, vacuumed for 30 mins, frozen
completely in a liquid nitrogen bath (freeze), and then pumped off atmosphere for 1 hour (pump). The
sealed flask was then placed in a tepid water bath to thaw the water (thaw). The freeze-pump-thaw cycles
were repeated until no gas evolution was observed during thawing®™. The degassed water was used within
several minutes following de-gassing.

To obtain the gas-equilibrated water, the ultrapure water was maintained in a flask with the
desired gas while bubbling for 6 to 8 hours to afford helium (He), nitrogen (N,), argon (Ar) and carbon
dioxide (CO,) equilibrated water respectively.

6.3.4 AFM Force Measurement

A Nanoscope V Atomic Force Microscope (AFM) was utilized to conduct the force measurement
according to the colloidal probe technique described previously®. For measurement between thiolated
gold surfaces conducted in degassed water, the AFM was placed in an airtight hood connected to a
vacuum pump before conducting force measurements. The flask containing degassed water was
connected to an AFM liquid cell via a tube, whose outlet was joined to another sealed flask. Just prior to
measurement, a vacuum was applied to the flask joined with the outlet to pull the water through the cell.
After the cell was filled with degassed water, the inlet and outlet of the cell was sealed and the force
measurements initiated. After force measurements in degassed water were obtained, air equilibrated water
was injected into the AFM liquid cell to determine those force measurements.

In order to compare the difference between the surface forces measured in air-equilibrated water
and the other gas (He, N, Ar or CO,)-equilibrated water solutions, after gold surfaces had reacted with
KEX for specific period of time to obtain the reaction equilibrium, the KEX solution was replaced first by
air-equilibrated ultrapure water and then by one gas-equilibrated ultrapure water. Force measurement was
conducted as soon as the air or gas-equilibrated water was injected into the cell. Four sets of tests were
carried out by using gases: He, N, Ar and CO, respectively.

All the measured forces (F) normalized by the radius of sphere (R) was plotted vs. the distance (h)
between the sphere and plate.

6.4 Results and Discussion
6.4.1 Effect of Degassing on Hydrophobic Force

Figure 6.1 illustrates the results of AFM surface force measurements conducted in air-
equilibrated water and degassed water between gold plates and spheres hydrophobized by C,SH, C,SH,
C12SH and CySH, respectively. The hydrophobization was conducted in a low concentration thiol in
ethanol solution (10° M) and the immersion time was controlled in less than 1 hour. Note that the result
of the force measurement is independent on the position of the surfaces where the measurement was
conducted. The van der Waals force between gold surfaces in water represented by the dashed line was
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calculated with a Hamaker constant of 1.2x10%° J%. As shown in the figure, the attractive force measured

in degassed water (open symbols) is clearly weaker compared with the corresponding result in air-
equilibrated water (solid symbols). This finding was not unexpected since a number of studies have
reported the diminution effect of degassing of the liquid medium on the measured attractive forces
between hydrophobic surfaces®*!. In cases where an additional attractive force between polypropylene
surfaces existed in air-equilibrated NaCl solution (as indicated by a larger jump distance than van der
Waals force), the oscillating jump distances typically became smaller in a degassed NaCl solution®. The
range of the long-range attractive interaction was also found to decrease after the dissolved gas was
removed®?, which is related to the fact that air dissolved in water generally enhances long-range
attractive forces.

However, there was no observation of discontinuities or “steps” (or the intervention of
nanobubbles) on the force curve between thiolated gold surfaces which was hydrophobized in 10° M
solution. Conversely, when the gold surfaces were hydrophobized in a higher concentration of C;sSH (10°
% M) for longer than 15 hours, steps appeared on the corresponding attractive force curves?. This finding
indicates that “steps” are avoidable by adjusting the experimental conditions*®. Most importantly,
although the force in degassed water was smaller than the analogous result obtained in air-equilibrated
water, it was still much stronger than the van der Waals force. In fact, under the condition when there
were no nanobubbles on the hydrophobic surfaces, some studies have already detected an additional
attractive force'®??* with the range of a few tens of nanometers. The weakest attractions measured in
dearated water were four times stronger than van der Waals forces between Teflon surfaces™ in the
absence of surface nanobubbles. The range of the force measured in degassed water in the present work is
actually comparable to the attractive force, which (extended to 50 nm) detected between a carbon sphere
and an ordered pyrolytic graphite (HOPG) surfaces without presence of nanobubbles on them®. These
findings confirm, therefore, that although the dissolved air in water increases the magnitude of long-range
attractive forces measured between hydrophobic surfaces in air-equilibrated water, presence of air is not a
prerequisite for the appearance of long-range attractive force. So far at least, our observation reputes the
prediction of nanobubble theory on the disappearance of long-range attractive force in degassed liquid
and on the presence of steps on the long-range attractive force.

It has been reported that the diminution effect of degassed water on attractive force is confined to
the long-rang component®’, leaving the short-range component intact*. Therefore, they tried to explain
hydrophobic force in different ranges by different mechanisms®. Due to the small spring constant used
(~0.48 N/m) in the present work, the two hydrophobic surfaces jumped into contact at a distance of
approximately 10 to 20 nm, while no detailed information on the shorter-range component was observed.
However, as revealed in Figure 6.1, once the water was degassed the force continuously decreased over
the entire force curve range. In other words, it was not interrupted by the limits associated with short-
range and long-range force (~ 20-25 nm). Moreover, the decrease in force magnitude becomes even
stronger when the distance between the two surfaces was smaller. We speculated that this degassing effect
probably extended to even shorter-range part of the force. In this regard, the force in the whole range
should be caused by the same mechanism rather than by different ones in different ranges.

6.4.2 Relation between Hydrophobic Force and Surface Hydrophobicity

The equilibrium water contact angles (6.) of the gold surfaces treated by C,SH, C4,SH, C1,SH and
C1sSH were 80°, 92°, 102° and 107°, respectively, as listed on Table 6.1. Also presented are the
advancing (¢,) and receding contact angles (¢;). As shown, the surface hydrophobicity measured by
contact angle is related to the chain length of the alkanethiols. As has been proposed, contact angle as a
common measure of hydrophobicity is in good correspondence with the hydrophobicity results associated
with variations in chain length of the analog surfactant used®. As shown in Figure 6.1, the attractive force
measured in air-equilibrated water becomes longer ranged and of greater magnitude in accordance with
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increasing chain length and contact angles. The force measured between C,SH surfaces is particularly
informative due to the low contact angle (80°) of the surfaces, which is less than the 90° threshold for
cavity formation. Depending on the theory of capillary force, the force between surfaces lower than 90° is
the same as the van der Waals force”®?’. This is obviously different from the long-range attractive force
found in the present work.

The measured force can be fitted by extended DLVO theory, which combines the effects of the
van der Waals attraction, electrostatic force, as well as an additional hydrophobic force. The hydrophobic
force is represented by a single exponential force law, as follows:

% =—C exp(—%) [6.1]

where F is the measured hydrophobic force, R the radius of the gold sphere, h the closest separation
distance between the sphere and plate, and C and D are fitting parameters representing the magnitude and
the decay length of the hydrophobic force, respectively. The values of C and D (solid symbols), which
best fit the force curves (Figure 6.1), were plotted vs. contact angle of the surfaces (6) in Figure 6.2. As
shown, both C and D (solid symbols) which represents the force observed in air-equilibrated water
increased with 6. It quantified the relation between hydrophobic force and surface hydrophobicity.
Obviously, the smooth transition of the fitting parameters through the point of 90° does not support cavity
or bridging nanobubbles.

Even though, some researcher hesitated to classify bridging force as “true” hydrophobic attraction,
because the force is not only related to the hydrophobic nature of the substrates but also to the
intervention of the bubbles or gas content in the medium. As a result, the hydrophobic force measured in
the degassed water is of great interest. The forces measured in degassed water could not be linked to the
formation of nanobubbles whose formation is highly unlikely under degassing condition®. Furthermore,
the measured force lacks measurement-position dependence as mentioned above, while the attractive
force attributed to nanobubbles varied with the position where the force was detected®. As shown in
Figure 6.2 by the empty symbols, C and D representing the long-range attractive force measured in
degassed water increased with the surface contact angle and the surface hydrophobicity. This change is
especially significant for C. After precluding the involvement of the bubbles attached onto hydrophobic
surfaces, the hydrophobicity dependence of the force is an indication that the measured force is “true”
hydrophobic force.

Actually, the hydrophobicity dependence has been predicted as the most important characteristics
of short-range hydrophobic force which is assumed to be “true” hydrophobic force?®*°. Although the
range of the usually mentioned short-range hydrophobic force is less than 20 nm or even 10 nm, as
obtained between silylated mica® or glass® surfaces, plasma-polymerized films on mica® surfaces and
bulk polymer surfaces®, more recently study confirmed longer-ranged attractive forces without presence
of nanobubbles®. Present work detected long-range attractive force, which is closely related with the
surfaces hydrophobicity, has the nature of the true hydrophobic force as well. Therefore, we believe that
although dissolved air promotes hydrophobic force, the air is not a prerequisite for the presence of long-
range hydrophobic force. Air dissolved in water increase hydrophobic attractions between hydrophobic
surfaces in a way other than nanobubbles.

6.4.3  Structuring of Water

Surface force measurements conducted between thiolated gold surfaces exhibited a decrease in
hydrophobic forces under higher temperatures, accompanied by a less negative value for the change in
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excess entropy (AS"), indicating that hydrophobic force originates from the structuring of water induced
by hydrophobic surfaces®. In the present work, forces measured in degassed water were found to have
similar features as those in air equilibrated water—only smaller and shorter ranged. As already noted,
even though dissolved air in water tends to promote hydrophobic force, it is not a prerequisite for it.
Therefore, dissolved gas does promote hydrophobic force in ways other than via cavity formation or the
bridging of nanobubbles. Rather, in keeping with the clathrate model*, which suggests that the structuring
of water confined between two hydrophobic surfaces may be in the form of partial clathrate cages, and the
formation of clathrate is boosted by dissolved gas molecules. As indicated by that model, the presence of
gas molecules is not a necessary requirement for structure formation; rather, they facilitate and strengthen
the formation of clathrates’.

Akin to the case for the non-H-bonded water molecules at the air/water and hydrogen/water
interfaces being responsible for high interfacial tensions®, the vicinal water molecules must be of high
free energy state as they cannot form H-bonds to the hydrophobic surfaces. One way to reduce the free
energy is forming H-bonded networks with neighboring water molecules, while the formation of
“clathrate-like” structures, which embrace both convex cages and pentagonal rings, cost minimum
entropy for building the structures®. As a result, partial clathrates may form at ambient conditions in the
water film confined by two hydrophobic surfaces, as indicated by the negative entropy change with the
film thinningl. The dissolved air molecules, which are encompassed in the clathrates, further decrease the
free energy because of the van der Waals force between the air molecules and the surrounding water
molecules. As a result, dissolved air make the clathrates structure more stable and even increase the
density of formed clathrates when the film is confined to the same thickness (h). Correspondingly, the
attractive force is stronger at the same h in air-equilibrated water than in degassed water. Furthermore, the
formation of clathrates can extend to longer h in air-equilibrated water, which explains the longer range of
the hydrophobic force under the same experimental conditions.

Since the likelihood that the number of non-H-bonded water molecules increases with increasing
surface hydrophobicity®, the water film is supposed to be more structured when confined by more
hydrophobic surfaces. The increase of both C and D with the increase of water contact angle of surfaces is,
actually observed in the air-equilibrated water and degassed water, which means hydrophobicity is an
important determinant for the structuring of water and for the corresponding hydrophobic force no matter
air is present or not. In other words, dissolved air is not the origin for the hydrophobic force but only a
promoter.

6.4.4 Effect of Dissolved Gas on Hydrophobic Force

An additional component of this research involved comparing AFM forces measured in air-
equilibrated water and other types of gas-equilibrated water—and results are presented in Figures 6.3-6.4.
The hydrophobic surfaces utilized were KEX-coated gold surfaces. Figure 6.3a, Figure 6.3b, Figure 6.4a
and Figure 6.4b are captured between four different sets of gold surfaces which were treated by the same
method. For each set of gold surfaces, the force measurement was conducted first in air equilibrated water,
then in one other type of gas-equilibrated water. As shown (Figures 6.3-6.4), the long-range attractive
force was smooth without any visible steps or discontinuities on the force curve. No sign of bridging of
nanobubbles are found here. Research has reported that attractive forces between KEX-coated gold
surfaces correspond to the contact angle of the surfaces and the surface hydrophobicity™®. It is the same as
for the hydrophobic force between thiolated gold surfaces as talked above. As shown in Figure 6.3, there
was no difference between the forces measured in air-equilibrated water and in N,-equilibrated water
(Figure 6.3a) or air-equilibrated water and He-equilibrated water. A significant increase of the attractive
force was found in Ar-equilibrated water in comparison with that in air-equilibrated water (Figure 6.4b).
Note that the solubility of Ar (34.2 ml/L) is larger than either He (15.8 ml/L) or N, (8.6 ml/L)%".
Researchers have also described stronger attractive forces between silylated surfaces in Ar-saturated
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water compared to air saturated water®®, Even though the force is related to the solubility of the dissolved
gas, as generalized from Figure 6.3a, Figure 6.3b and Figure 6.4b, this may not be the only determinant.
As an example, for CO, (Figure 6.4a), whose solubility is similar to Ar (Figure 6.4b), the measured force
was weaker in comparison to air.

The influence of dissolved gas on the interaction force between hydrophobic polyethylene
surfaces was systematically studied by Nalaskowski et al.®. As reported, more step-like irregularities
appeared in the force curves for argon and butane—whose solubility is higher—in comparison to the
analogous force curves for helium and nitrogen. As the first derivative of free energy, steps on the force
curves indicate a rapid alteration of free energy, which is related to phase transition. Therefore,
“submicrocavities” and “bridging of the surfaces” were assumed to precipitate measured long-range
attraction. In contrast, the absence of steps on the force curves associated for Ar-, He-, N,- or CO,-
equilibrated water in present work do not support “submicrocavities” or “bridging of the surfaces” as
being the origin for measured forces. Yaminsky and Ninham® showed that attraction between
hydrophobic surfaces is caused by phase transition or cavity formation between two surfaces. Higher
concentrations of dissolved gas in a system are linked to the formation of cavities, which will affect both
the range and magnitude of attractive force. However, solubility is not sufficient to explain the effect of
dissolved gas on the attractive force as illustrated in Figure 6.4, since the analogous solubility of Ar and
CO, did not give rise to similar strength of attractions. This finding does not support the relation between
gas solubility and the formation of nanobubbles.

Therefore, the dissolved gas molecules (Ar, He, N, or CO,) probably also promote the structuring
of water as dissolved air molecules do, although the result of the present work is not enough to explain the
different effect of various types of gas. Water molecules surrounding the hydrophobic solutes develop
“frozen patches” “° or ‘clathrate cages’ “**? in order to maintain the H-bond network. The smooth long-
range attractive force is probably attributed to the structured water in the form of clathrate which is
stabilized by the dissolved gas.

6.5 Conclusion

For this study, the surface forces between thiolated gold surfaces in degassed water and air-
equilibrated water were measured. Although surface force was found to decrease with the degassing of
water, long-range attractive forces were still evident after degassing. In other words, dissolved air is not
essential for the presence of attractive forces. The absence of steps on the force curves did not support
bridging of nanobubbles as the origin of the measured force. Another finding from this research is that the
forces are related with the hydrophobicity in both degassed water and in air-equilibrated water. As a result,
the measlured hydrophobic force is probably attributed to the structuring of water induced by hydrophobic
surfaces.

Furthermore, the dependence of hydrophobic force on the type of dissolved gas tends to be
related to the solubility of the gas. For example, the incorporation of helium, nitrogen —gases with
similar solubility parameters—give rise to similar long-range attractive forces. Despite this finding,
significant force differences measured in carbon dioxide-equilibrated water and argon-equilibrated water
as identified in this research cannot be explained by the solubility of these gases. However, as confirmed
by analyses of obtained force curves without presence of discontinuities, all the utilized dissolved gases
are not likely to be associated with nanobubbles or cavities. This study also showed that gas molecules
may strengthen the stability of clathrate in structured water films so as to promote long-range
hydrophobic force.
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Table 6.1 Water Contact Angles of the Gold Surfaces Treated in a 10° M thiol in ethanol Solution

: Contact Time Contact Angle () Contact Angle
Thiol (min) A
o, ) . Hysteresis (°)
C,SH 55 84 69 80 15
C,SH 17 96 86 92 10
C1,SH 23 105 98 102 7
Ci16SH 45 109 102.5 107 6.5
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Figure 6.1 AFM force measurement conducted between C,SH (a), C4SH (b), C1,SH (c) and C1sSH (d)
coated gold surfaces in degassed and air equilibrated water. The solid lines represent the
extended DLVO fitting with a single exponential force term (eq. 6.1), sphere and triangle
dots represent the experimental data. The dashed line represents the calculated van der
Waals interaction (Hamaker constant for gold in water: A3=1.2x10?° J)
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Figure 6.2 Fitting parameters from eq. 6.1 for hydrophobic forces shown in Figure 6.1, the parameters
are shown versus the contact angles of the hydrophobic surfaces. Solid symbols represent
the parameters from air equilibrated water, while the empty ones are for the parameters in
degassed water.
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Figure 6.4 AFM force measured between xanthate coated gold surfaces in the carbon dioxide (a) or
argon (b) equilibrated water compared with that in air equilibrated water.
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Chapter 7

Thermodynamics of Interaction between Alkanethiol (C,SH)-Coated
Gold Surfaces in Ethanol

7.1 Abstract

It has been reported that the hydrophobic forces measured between gold surfaces in water
decreased upon addition of ethanol, reaching a minimum at ethanol mole fractions in the range of 0.15-
0.21%. At higher concentrations, the hydrophobic force began to increase, reaching a maximum close to
that obtained in pure water. The initial decrease in hydrophobic force with increasing ethanol addition
was attributed to the disruption of H-bonded water clusters, while the subsequent increase at higher
concentrations was attributed to the formation of H-bonded ethanol structures.

In the present work, AFM force measurements were conducted in pure ethanol using gold
surfaces hydrophobized with alkanethiols (C,SH) with n = 2-16. The measurements were carried out at
temperatures in the range of 5 to 35 °C to derive thermodynamic information. With a given alkanethiol
and at a given temperature, both the excess enthalpies (AH") and entropies (AS") of the thin liquid films
(TLFs) of ethanol become more negative with decreasing film thickness (h). Further, the changes in
excess Gibbs free energies of the film (AG') are negative as |AH| > |TAS'|. These findings suggest that the
long-range attractions observed in the present work may be due to the formation of H-bonded ethanol
clusters, with the TAS' term representing a thermodynamic cost for building the structures. It has been
found also that the long-range attraction becomes stronger and AG' becomes more negative with
increasing chain length and hence water contact angles (6s).

The results obtained in the present work are similar to those obtained with the TLFs of water
confined between silica surfaces hydrophobized with octadecyltrichlorosilane (OTS)?. It appears that the
long-range attractions observed in water and ethanol are the consequences of the H-bonding liquids
confined between hydrophobic surfaces forming clusters to minimize free energies.
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7.2 Introduction

Water confined between two hydrophobic surfaces appears to be structured differently in
comparison to bulk water®, which has prompted researchers to investigate the unique molecular structures
existing in interfacial fluid molecules®. Well-ordered structures in water films confined by hydrophobic
graphite slabs have been identified by classical molecular dynamic simulations®. Thin liquid films (TLFs)
of water confined by two thiolated gold surfaces were found to be better-ordered at lower temperatures,
or as the film thickness became smaller®, which was confirmed by the lower excess film entropy under
the same experimental conditions. Such well-ordered water molecules are believed to exist in the form of
partial clathrates®.

The ordering of water may be related to the non-DLVO force known as “structural force”’, which is
negative when two confining surfaces are hydrophobic®. Eriksson et al.® utilized a mean-field theory with
square-gradient assumption as a basis for explaining attractive forces measured between hydrophobic
surfaces. These authors attributed the attractive hydrophobic forces to the H-bond-propagated molecular
ordering effects’. Other investigators conducted molecular dynamic simulations to investigate the
structural change of water in the vicinity of hydrophobic surfaces,®** with the results showing that the
structuring is limited only to several layers of water molecules. On the other hand, thermodynamic
analysis of macroscopic hydrophobic interactions provide an alternative means to explore the possibility
that hydrophobic force originate from structuring of water in the TLFs’.

The structural component of disjoining pressure plays a significant role not only in the films of
water but also in the films of other polar liquids. For example, structural forces have been identified in the
symmetrical films of water and alcohols'*®. Research has shown that the ordering of water can be
mediated by hydrogen bonds®. The mixture of water and another type of H-bonding liquid, e.g., ethanol,
also undergoes a structural change as indicated by the unexpected low increase of entropy during mixing*’.
Structuring of the ethanol/water mixture has been analyzed by means of spectroscopic, X-ray diffraction,
or mass spectrometric investigations™®?. As these studies have shown, when the mole fraction of a
ethanol/water mixture was less than ~0.2, water was precluded from the thin film leaving only ethanol in
the TLFs confined by hydrophobic surfaces, as indicated by the change in the film excess of ethanol (I',)".
As the mole fraction of ethanol was increased, H-bonded clusters of ethanol began to be formed, during
the course of which water is excluded from the TLFs'*. Wang et al." showed that the long-range
attractive forces measured between hydrophobic surfaces in pure ethanol is due to the cluster formation®.

In fact, the structural component associated with the disjoining pressure for thin films of water or
alcohol has a similar “correlation length,” which is a parameter resembled to the “decay length” in single
exponential force law—as has been found between surfaces of rutile®. Given that incremental increases in
temperature is known to be harmful to the stability of H-bond networks, the unique properties of water
films were noted to disappear when the temperature was increased to 65°C*. To further explore the
notion of whether hydrophobic force is of structural origin mediated by H-bonds, we measured the
surface force in another H-bonding liquid - ethanol — confined between thiolated gold surfaces at various
temperatures. Since thermodynamic analysis has been found to provide a more complete information on
the structuring of water films®, this method was used as previously described to analyze the TLFs of
ethanol in the present work.

7.3 Thin Liquid Film Thermodynamics

The following is an analogue of the Gibbs-Duhem equation for an interface,
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SAT - VdP + Ady+ > _n;dy; =0 [7.1]

where S, V, A, and vy, are entropy, volume, interfacial area, and interfacial tension, respectively, while n;
and ; are the number and chemical potential of species i under consideration.

For a thin liquid film (TLF) of thickness h confined between two surfaces (or interfaces), it would
be necessary to consider the interaction energy (Ildh) between two surfaces, where IT is the disjoining
pressure. Further, it would be necessary better to consider thermodynamic properties of film rather than
those of an interface. One can then rewrite Eq. [7.1] as follows,

dyf =-s"®/AdT + V' /AdP -T1dh - > I *dy, [7.2]

where y' is the film tension in units of Jm?, S"* V"* and I';"*are the excess properties relative to those
of the bulk liquid. For an aqueous solution of a single solute?,

st /A=S"/A-T's\ —Is! [7.3]

Vi /A=h-Tfs" —I7s [7.4]
and

' =r!-r}c/c, [7.5]

In pure solvent and in dilute solutions, the second and third terms of Eq. [7.3]-[7.5] can be ignored, in
which case S"*/A=S"/A VI®/A=h, and T/ =T . For simplicity’s sake, we may represent

Sf'eX/A asS' in the present communication
When a liquid film thins from h = o to a thickness h, Eq. [7.2] may be rewritten as
dAy' =—ASde+th—Hdh—ZAl“iui [7.6]
in which AS" =S" —s"”and |
u, =p;° +RTIna, [7.7]
where a; is the activity of species i.

For an aqueous solution of a single solute (surfactant), Eq. [7.6] may be rewritten as
dAy" =—AS'dT + hdP - ITdh — AT dp, [7.8]

Differentiating Eq. [7.7]

du, = RTdIna, =-2_dina, [7.9]

dlna
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Substituting Eq. [7.9] into Eq. [7.6],
dAy" = —AS"dT + hdP —I1dh — AT,RTdIna,
[7.10]

— _AS'dT +hdP—TTdh — AT, - s _dina,
oln

S

which can be used to obtain changes in film tension (Ay") as functions of T, P, h, T, and surfactant
activity (as).

One can then use the Derjaguin approximation to relate the energy changes (Ay") with the changes
in the surface forces (F) measured as follows,

Ay' =vy —v, =AG
h h
=—[Itdh = —[ (1T, +T1, +I1, Jdh [7.11]
_ F
27R
where TI,, TIg, and TI, represent the disjoining pressures due to electrostatic, van der Waals and
hydrophobic forces, respectively, and R is the radius of curvature of the macroscopic surfaces (between

sphere and plate or between two curves surfaces) used in surface force measurements.

The surface forces measured in experiment are often represented by a single-exponential force
law:

F h
'S -C exp(— EJ [7.12]

Substituting Eq. [7.12] into Eq. [7.11],

F C h
Ayf =——=—~exp ——
" TR T 2n p[ DJ

= AG'

[7.13]

and differentiating Egs. [7.13],

ASF = _( OAG' J
T P.ha

_ _(Mj [7.14]

oT

___F dInC+£dInD
~ 27R\ dT D dT

which gives changes in excess entropy from the surface force data obtained in experiment.
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From the values of excess entropy and excess free energy data, one can also obtain the enthalpy
change using the following relation,

AH" = AG" + TAS' [7.15]

The thermodynamic relations derived above may be useful for understanding the constraints involved in
determining the thermodynamic functions for macroscopic interactions from experimental surface force
data.

7.4 Experimental
7.4.1 Materials

Gold-coated substrates were obtained by deposition of gold onto silicon surfaces using the Electron
Beam Physical Vapor Deposition system (EPPVD), Model-250. The thickness of the gold layer was 50
nm with a thin layer of chromium (5 nm) underneath to reinforce the adhesion of gold to the silicon
surface. Gold spheres were produced as described by Raiteri et al.?. In this method, gold wires (radius:
0.0127 mm, 99.9%, Alfa Aesar) connected were short circuited at 120V AC to melt thewires and produce
gold spheres of various radii. The spheres with radii of ~10 um were selected for AFM surface force
measurements. In each measurement, a gold sphere was glued on the tip of a cantilever with spring
constant of ~0.48 N/m. The cantilever was calibrated by using the thermal tune function® of the AFM
used in the force measurement, while its deflections were monitored by means of the AFM Nanoscope V
7.3 software. The diameter of the sphere was measured by means of an optical microscope.

Gold-coated silicon plates were cleaned in a boiling piranha solution, which was a mixture of
sulfuric acid (H,SO4, 98%, VMR International) and hydrogen peroxide (H,O,, 29.0-32.0%, Alfa Aesar).
After 20 minutes of boiling, the plates were removed by a pair of forceps and placed in a beaker
containing ultrapure water and subjected to an ultrasonic vibration for 5 minutes. The plates were
removed from the water, cleaned repeatedly with ultrapure water, and dried in a nitrogen stream.

The gold sphere were attached to cantilevers by means of a resin (EPON 1004F), which is insoluble
in ethanol. However, the resin breaks down in a boiling piranha solution. Therefore, the sphere-cantilever
assembly was cleaned by a UV irradiation at a wavelength of 254 nm for 1 hr to remove organic
contaminants.

Ultrapure water with a resistivity of 18.2 MQ-cm at 25°C was produced using the Millipore water
purification system. All of the hydrophobizing agents, which included ethanethiol (C,SH, 98%, TCI
America), 1-butanethiol (C4,SH, 97%, TCI America), 1-dodecanethiol (C1,SH, 98%, TCI America) and 1-
hexadecanethiol (C1sSH, 97%, TCI America) were dissolved in ethanol (200 proof, >99.5% pure, Decon
labs, Inc.) before use. All of the surface force measurements were conducted in ethanol.

7.4.2 Hydrophobization of Gold Surfaces

After the cleaning procedures described above, the gold-coated silicone plates and the sphere-
cantilever assembly were washed thoroughly with ethanol and then subjected to surface hydrophobization.
For a given set of force measurements, a pair of a gold-coated silicon plate and a gold sphere was
immersed in a thiol-in-ethanol solution of known concentration simultaneously for a given period of time,
so that both the plate and sphere have an identical hydrophobicity. After a given immersion time, the
macroscopic surfaces were washed thoroughly with pure ethanol to remove residual thiol. In the present
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work, the surface hydrophobicity was controlled by using i) n-alkane thiols (C,SH) of different chain
lengths with n = 2, 4, 12 and 186, ii) thiol-in-ethanol solutions of different concentrations, and iii) different
immersion times in a given solution.

743 AFM Forces Measurement at Various Temperatures

The surface forces acting between thiolated gold plate and sphere were measured in pure ethanol
using a Nanoscope V Atomic Force Microscope (AFM). Starting from 5°C, the temperature of the ethanol
in the AFM liquid cell was then ramped up to 15, 25 and 35°C sequentially using the heater/cooler
accessory placed under a liquid cell. A Digital Instruments Thermal Applications Controller (TAC) was
utilized to set and control the temperatures. All of the force measurements were carried out using the
colloidal probe technique as described previously”®. Measured forces (F) were normalized by the radius of
gold sphere (R) and plotted vs. the closest separation distance (h) between the sphere and plate.

7.5 Results and Discussion

Thiols chemisorb on gold and give rise to robust hydrophobic surfaces that are ideally suited for
surface force measurements. Chemisorbing reagents would not be laterally mobile enough to provide a
mechanism of charge correlation, which is necessary for the charged patch model of Miklavic et al.” to
explain the long-range attractions between hydrophobized surfaces. Further, it is not likely that thiol
adsorption can reverse the surface charge of gold and, therefore, would not create oppositely charged
patches.

When gold surfaces are immersed in a 10° M C;,SH-in-ethanol solution for a long period of time
(>15 hrs), very hydrophobic surfaces are obtained with advancing water contact angles (&) in the
neighborhood of 110°%%, The hydrophobic surfaces obtained under such conditions showed
discontinuities (or steps) in the (F/R) vs. h curves, which lead to a conclusion that long-range attractions
are due to cavitation or the preexisting air bubbles on the surface®. It has been shown, however, that the
steps disappear when gold surfaces are hydrophobized at a low thiol concentration and/or at a short
immersion time®®,

In the present work, gold surfaces were hydrophobized at low C,SH concentrations (10° M) to
minimize the possibility that cavities and/or air bubbles affect the measurement. The water contact angles
of the hydrophobized surfaces varied depending on the chain lengths and the immersion times employed,
as shown in Table 1. As shown, the contact angles increased with increasing chain lengths. With C,SH, a
60 min immersion time was necessary to obtain an equilibrium contact angle (0,) of 82°. Note also that
the contact angle hysteresis decreased with increasing chain lengths, indicating that the surface coatings
became smoother with increasing chain length.

Figure 7.1 shows the results of the AFM force measurements conducted with C,SH-coated gold
surfaces at different temperatures in the range of 5 to 35°C. In all cases, the force vs. distance curves were
smooth, suggesting that the long-range attractions were not due to bubbles and/or cavities. At
temperatures above 40°C, however, bubbles nucleated on hydrophobic surfaces. Therefore, no force
measurements were conducted at temperatures above 35°C. It is well known that ethanol has a much
higher solubility for inert gases than water. As temperature rises, gas solubilites decrease and bubbles
nucleate on hydrophobic surfaces.

The results obtained with all of the C,SH-coated gold surfaces showed attractive forces that were
substantially stronger and longer-ranged than the van der Waals force. In the present work, the van der
Waals force was represented by a Hamaker constant (A;3;) of 0.94x10%° J as obtained using the
combining rule,
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A131 = (\/A_ll_\/A_ss)2 [7.16]

where A;; = 9.11x10% J and As; = 4.2x10% J are the Hamaker constants of gold and ethanol,
resepectively, in vacuum. The value of A;; was back-calculated from the value of Ay = 1.2x10% J that
was obtained from direct force measurement and from the methylene iodide contact angle method®. The
value of A;; was much lower than those (25-40x10% J) from the Lifshitz theory®. The results presented
in Figure 7.1 show that the surface forces measured in the present work were substantially stronger than
the van der Waals force. Therefore, the experimental data have been fitted to the extended DLVO theory,
which includes contributions from the hydrophobic force. In this exercise, double-layer forces were
calculated using the value of the ¢-potential (-56.2 mV) of gold nanoparticles measured in ethanol® as the
surface potential (y,) of the C,SH-coated gold surfaces in ethanol. The hydrophobic force was
represented by a single exponential force law (Eq. [7.13]).

Figure 7.2 shows the changes in C and D parameters with temperature for the experimental force
data obtained using the C,SH-coated gold surfaces. As shown, both C and D parameters increase with
decreasing temperature, indicating that hydrophobic forces increase with decreasing temperature. At a
given temperature, both parameters increase with increasing chain length of the hydrophobizing agents
(C,SH) and hence the water contact angles (see Table 7.1). Note that C vs. temperature (t) plot for the
C1sSH-coated surfaces shows a higher slope, indicating that C becomes more sensitive to t in the thin
liquid film confined between more hydrophobic surfaces. However, the slopes of the D vs. t plots are
more or less constant for all of the hydrophobic surfaces studied in the present work. These findings show
that hydrophobic forces are closely related to the hydrophobicity of the confining surfaces, as has also
been shown in previous studies®***.

Based on the data presented in Figure 7.2, the changes in excess film tension (Ay"), or Gibbs free
energy (AG'), have been calculated using Eq. [7.13] and are plotted vs. film thickness (h) in Figure 7.3.
The free energy change is less than zero and becomes increasingly negative with decreasing film
thickness (h).

The data presented in Figure 7.2 have also been used to calculate the excess film entropies (AS')
using Eq. [7.14] and are plotted vs. h in Figure 7.4. The entropy changes are negative and become more
negative with decreasing h and decreasing temperature.

Based on the values of AG" and AS presented in Figures 7.3 and 7.4, respectively, the values of AH'
have been obtained using Eq. [7.15] and are plotted in Figure 7.5 vs. h. The results show that the enthalpy
changes become more negative with decreasing h and temperature.

Figure 7.6 shows the changes in AG", TAS', and AH" at 25°C for the interaction between CSH-
coated gold sphere and plate in pure ethanol. As shown, AH" is more negative than TAS', indicating that
the macroscopic interaction is driven by enthalpy change. When both AS" and AH are negative as shown
in Figures 7.4 and 7.5, respectively, it is necessary that |[AH'| > | TAS| for AG" < 0. That is, two
macroscopic surfaces are attracted to each other when the change in excess film enthalpy is more negative
than the temperature times the change in excess film entropy.

It is well known that hydrophobic interaction at molecular scale, e.g., self-assembly of
hydrocarbon chains, is driven by entropy increase. Water molecules form low-entropy cages around
hydrocarbon chains, which can be shed of when they self-assemble, resulting in entropy increase. Water
molecules can surround hydrocarbon chains without compromising the angles between two H-bonds due
to the high curvature of the hydrocarbon chains. Frank and Evans® showed actually that the water
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molecules forming the lo-entropy cages actually form stronger H-bonds due to the cooperative bonding
effect.

The results presented in Figure 7.5 show, on the contrary, that interaction between macroscopic
hydrophobic surfaces in ethanol entails decrease in entropy. At the same time, the interaction entails
decrease in enthalpy, which may be attributed to the formation of H-bonded ethanol structures in the thin
liquid films (TLFs) of ethanol confined by hydrophobic surfaces. Since the hydrophobic surfaces cannot
support the H-boding of ethanol, the ethanol molecules should be of high free energy state, which in turn
increase the propensity of ethanol to form H-bonded structures. It is well known that ethanol forms chain
structures; however, certain fraction of ethanol molecules forms two-dimensional structures. When they
are confined in between hydrophobic surfaces, it is possible that larger H-bonded clusters may be formed
owing to the high free energy, which should cause a decrease in enthalpy. A thermodynamic cost for
building the larger and more numerous clusters will be the decrease entropy.

Figures 7.7-7.9 show the results obtained with gold surfaces hydrophobized with C,SH, C,SH,
C1,SH and CysSH at 25°C. The equilibrium contact angles (0¢) were 82°, 92°, 102° and 107°, respectively.
As shown in Figure 7.7, AH" became more negative with increasing chain length and 6.. Likewise, Figure
7.8 shows that AS" becomes more negative with increasing chain length and 6. These findings suggest
that the higher the hydrophobicity, the more negative the changes in enthalpy and entropy. The higher the
hydrophobicity, the less likely H-bonds can form with the surface. At the same time, the non-H-bonded
ethanol molecules would have higher propensity to form structures. As a consequence, AG" becomes
increasingly negative as shown in Figure 7.9.

7.6 Conclusion

AFM surface force measurements have been conducted using gold surfaces hydrophobized with
alkanethiols (C,SH) of n = 2-16. The measurements were conducted in ethanol, a well-known H-bonding
liquid. The results obtained are similar to those measured in pure water in that long-range attractive forces
were measured in both. The attractive force curves measured in the present work showed no discernible
discontinuities, excluding the possibility that the long-range attractions observed in ethanol were caused
by bubbles or cavities.

Thermodynamic analysis of the AFM force data obtained at several different temperatures showed
that both of the excess film entropy (AS") and enthalpy (AH") became increasingly negative as film
thickness became smaller, suggesting that the long-range attractions are due to the increased formation of
H-bonded structures in the TLFs of ethanol. That the long-range attractions increase with decreasing
temperature suggests that the structuring become easier at lower temperatures. The decrease in excess
film enthalpy is an indication for the increased formation of H-bonded structures, while the decrease in
entropy is the thermodynamics cost for building the structures. It appears that the long-range attractions
observed in both ethanol and water are the consequences of the H-bonding liquids confined between
hydrophobic surfaces forming clusters to minimize free energy.
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Table 7.1 Water Contact Angles of the Gold Surfaces Treated in a 10° M thiol in ethanol Solutions

Thiol Immersion Time Contact Angle (°) Contact Angle
(min) 6, P 6, Hysteresis (°)
C,SH 60 85.5 70.0 82.0 15.5
C,4SH 17 96.0 86.0 92.0 10.0
Cy,SH 23 105.0 98.0 102.0 7.0
C1SH 45 109.0 102.5 107.0 6.5
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Figure 7.1 Surface forces (F) measured in ethanol at various temperatures normalized by the radius
(R) of spheres vs. the separation distance (h) between the plate and sphere. The surfaces
were treated in C,SH (a), C4SH (b), C1,SH (c) and C4,SH (d) solutions respectively. The
dashed line represents the van der Waals force calculated with a Hamaker constant of
0.94x10° J. The experimental data plotted as symbol lines were fitted by extended DLVO

theory (solid lines).
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Figure 7.2 C (a) vs. tand D (b) vs. t plots as a function of the chain length of alkanethiols. The Fitting
parameters C and D for the hydrophobic force represented by Eq. [7.12] were obtained by
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fitting the experimental data (Figure 7.1) with an extended DLVO theory.
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Figure 7.3 The change of Gibbs free energy of the thin ethanol film confined between two C1sSH-
coated gold surfaces vs. the film thickness (h) at various temperatures.
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Figure 7.4 Change of excess film entropy (AS") in the thin films of ethanol confined by C,sSH-coated
gold surfaces vs. film thickness (h) at different temperatures of the medium.
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Figure 7.5 The change in the excess film enthalpy (AH") of the ethanol film confined between two
C16SH- coated gold surfaces vs. the film thickness (h) at various temperatures.
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Figure 7.6 Changes in the excess thermodynamic properties at 25°C for the thin ethanol films between
hydrophobic gold surfaces treated by C;SH.
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Figure 7.7 The change of excess film enthalpy (AH") at 25°C for the thin ethanol film confined
between two hydrophobic gold surfaces modified by C,SH, C4SH, C1,SH and C1,SH

respectively to have water contact angle (6,,) of 82°, 92°, 102° and 107° as shown from top
to bottom.
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Figure 7.8 Changes in excess film entropy (AS") at 25°C in the thin ethanol film confined between
different sets of hydrophobic gold surfaces. The surfaces were prepared by being immersed

in C,SH, C,SH, C4,SH and C,5SH -in-ethanol solutions respectively to have water contact
angle (6,,) of 82°, 92°, 102° and 107° as shown from top to bottom.
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Figure 7.9 The change of Gibbs free energy (AG') at 25°C for the thin ethanol film confined between
two hydrophobic gold surfaces modified by C,SH, C,SH, C1,SH and C4sSH respectively to
have water contact angle (6,,) of 82°, 92°, 102° and 107° as shown from top to bottom.
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CHAPTER 8

Conclusions

Hydrophobic force vs. distance curves show no steps, indicating that bubbles and cavities are not
responsible for the long-range forces observed in the present work.

The hydrophobic interaction at macroscopic scale entails decreases in both film entropy and enthalpy.
Under this condition, the macroscopic interaction is driven by enthalpy change, i.e., | AH | > | TAS' | ,
which is contrary to molecular-scale hydrophobic interactions. The enthalpy change is due to the
formation of H-bonded structures, possibly partial clathrates or low-density liquid (LDL) species.

In the presence of dissolved gases, hydrophobic forces become stronger. Gas molecules may promote
structuring via the van der Waals interaction between the guest and host molecules in the same
manner as in gas hydrate formation. Hydrophobic force increases in different gases in the order of
CO,<He <N,;< Ag.

Hydrophobic force decreases in the presence of electrolytes: possibly due to breakage of H-bonded
structures.

Strong attractive forces are present in the thin liquid films (TLFs) of pure ethanol confined between
hydrophobic surfaces. The attractive forces increase with increasing the water contact angles of the
confining surfaces. This finding suggests that the ethanol molecules in the vicinity of hydrophobic
surfaces form H-bonded structures as a means to minimize free energy.

The hydrophobic forces observed in H-bonding liquids (i.e, water, ethanol, and methanol) are the

consequences of forming structures amongst themselves as a means to minimize free energy. In this
regard, the hydrophobic force may be regarded a thermodynamic force.
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