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ABSTRACT
Prehydrolyzed n-octadecyltriethoxysilane (OTE) molecules were self-assembled
as a monolayer on both untreated and argon/water vapor plasma-treated mica.

The

properties and stability of these monolayers have been qualitatively and quantitatively
investigated with a surface forces apparatus (SFA) under various environmental
conditions.
The interaction force between the OTE monolayers immersed in water showed
that plasma treatment reduced the range of the steep short-range repulsion and motivated
the water vapor studies. The humidity tests revealed a substantial monolayer swelling in
the untreated case at 95 %RH or higher but there was no swelling in the plasma treated
case.

Furthermore, adhesive force measurements as a function of variations in

environmental conditions such as temperature, relative humidity, contact time, and high
stress showed that the plasma treated OTE monolayer appears to be more stable than the
untreated monolayer in high humidities.

In dry conditions both monolayers are

molecularly smooth, well ordered and highly compact as well as mechanically robust and
tenacious.

Finally, the thickness^ compressibility studies in both dry and humid

conditions suggested that the OTE phase state for both the plasma treated and untreated
cases is pseudo-crystalline. Further, these studies suggested that the monolayer on both
plasma treated and untreated mica does not fully cover the entire surface and likely exists
as two very discrete phase states composed of large crystalline polymerized OTE
domains and somewhat hydrophilic gaseous regions.

18

The results fi-om several different SFA experiments strongly indicates the OTESAM is covalently attached at least partially to the plasma treated mica while the
monolayer weakly physisorbs to the untreated mica surface. Accordingly, due to the
covalent connection, the OTE-SAM on plasma treated mica is more stable particularly in
highly humid or even completely wet environments although it is thought the monolayer
does not fully cover the mica surface.

19

CHAPTER 1
LITERATURE REVIEW

Why n-Octadccvltriethoivsilane Self-Assembled Monolayer?
Self-assembled monolayers (SAMs) are molecular assemblies that are formed
spontaneously by the immersion of an appropriate substrate into a solution of an active
surfactant in an organic solvent.''^ As the definition implicates, self-assembly is simple,
relatively low cost and widely applicable in areas such as lubrication, corrosion
protection, templating, optoelectronics and microelectromechanical systems (MEMS).^
There are several types of self-assembly methods that yield organic monolayers. For
example, some of most representative methods include alkylsilane on Si02 based oxide
surfaces (silicon wafer, glass and silica) or alkanethiols on gold, silver or copper.
Particularly, alkylsilane SAMs have been the focus of much attention and have been
widely used in industry as well as in academia because of their exceptional stability. It is
well known that such exceptional stability comes from cross-polymerization and covalent
attachment of the alkylsilane molecules to silicon oxide surfaces.^' '*
Wasserman et al.'* studied SAMs formed from

For example^

alkyltrichlorosilanes, e.g., n-

octadecyltrichlorosilane (OTS), on silicon-silicon oxide (Si/SiOj) substrates using x-ray
photoelectron spectroscopy (XPS).

No chlorine was deteaed in the alkylsilane

monolayers, which confirms the complete surface reaction of the -SiCb groups.
Recently, Allara et al.^ compared the structure and ordering of alkylsilane
monolayers formed from OTS self-assembled on silicon oxide sur&ces and on gold

surfaces activated by UV-ozone exposure. IR spectroscopy, ellipsometry, and wetting
measurements showed identical average film structures. They concluded from this study
that surface-bound water promotes the decoupling of the film from the underlying solid
surface. The alkyi chains in the OTS monolayers were tilted 10 ± 2° from surface normal,
with a small amount of gauche defects near the chain terminus. Similar results in terms of
alkyI chain orientation were obtained by other research groups.^' ^
The structure and conformational order of these anchored alkyl chains are
important factors in determining the performance of the alkylsilane monolayers.
However, direct control of the alkylsilane structure with known conformational order is
still not possible, mainly due to the lack of an exact understanding of the silanization
process. One of the major problems in forming SAMs fi'om alkyltrichlorosilanes is
reproducibility in terms of water and surface silanols involved in the silanization process.
Submonolayers of alkylsilanes are obtained in the absence of water,^'^ while monolayers
to multilayers are readily achieved with excess water, which facilitates the hydrolysis and
polymerization of alkylsilanes.
The hydrolysis of trifunctional silanes is shown in Figure 1-1, and it can be seen
that the ability to obtain non-cross-linked silanols will depend on the relative rates of eqs
1, 2, and 3. Thus, if

and

are very small relative to ^i, then it might be possible to

obtain a solution of silanetriol that would have a finite, useful lifetime for use in self
assembly work.
It is well known in silicone chemistry that silanol end-capped silicone oligomers
are stable for extended periods, and condensation of even moderately sterically hindered

organosilanols has been shown to be very slow.'^'

This implies that, in nonpolar media

in the absence of acid, ^3 in Figure I-l can be very small, and the tendency for
chlorosilanes (X = CI) to form three-dimensional gels must be due to a relatively large kz
or a dramatic increase in kz and/or k^ in the presence of acid.
Alkoxysilanes (X = OR) are more stable to hydrolysis than chlorosilanes.'^'

A

major reason for this is that both steps 1 and 2 in Figure 1-1 result in the production of
acid when X = CI, as in the hydrolysis of chlorosilanes. This acid catalyzes further
reactions and quickly leads to gel formation. In addition, the fact that steps 1 and 2 for
the hydrolysis of chlorosilanes are substantially more exothermic than for the hydrolysis
of alkoxysilanes implies, via the Hammond postulate,'^ that the activation energy for
steps I and 2 will be lower and the rate of hydrolysis of chlorosilanes may be faster. It is
an empirical fact that moisture must be rigorously excluded from trichlorosilanes, but
alkoxysilanes can be stored and used for extended periods with minimal protection from
hydrolysis.
In fact, Kessel and Granick'^ used n-octadecyltriethoxysilane (OTE) and
prehydrolyzed it with a predetermined amount of HCI and water in non-polar media and
successfully showed that the prehydrolyzed OTE self-assembles to form a close-packed,
well-ordered monolayer on a high energy surface such as mica. They also found that a
prehydrolyzed OTE solution aged more than one or even two weeks gives the same
quality monolayer.

Such a controlled method, indeed, significantly reduced the

formation of thick muhilayers on the alkylsilane SAM during self-assembly. As a result,
it made it possible to consistently produce molecularly smooth and aggregate-free
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alkylsilane monolayers while the preparation of the same quality monolayer from
alkyltrichlorosilanes over a large area was not straightforward. Kessel and Granick's
work'^ has been very important to those studying physicochemical properties of
alkylsilane SAMs because using the prehydrolyzed OTE solution allows preparation of
broadly aggregate-free monolayers.

Growth Mcchaniams of OTE-SAM on Mica
Self-assembled monolayers of long-chain alkylsilane compounds (R-SiCb, RSi(OEt)3, R = alkyi group with >10 carbon atoms) on mica have been the subject of
numerous investigations'*'

since the monolayers can be prepared on a broadly step-

free and atomically flat surface so that more precise and accurate characterization of
alkylsilane monolayer is possible. General agreement has emerged from previous studies
that complete monolayers of these alkylsilane compounds represent highly ordered,
crystalline-like phases in which the hydrocarbon chains are oriented close to
perpendicular to mica surface.'^'

The mechanism for nucleation and growth of these

films, however, remains a matter of controversy.

A.continuous

derived from >'-ray reflectivity^' and IR-ATR data,'®'

growth model has been

which indicates that a liquidlike,

disordered OTS film is formed initially, which is successively converted into the final,
highly ordered film with increasing coverage. In contrast, AFM'^ and X-ray diffraction
studies'" of OTS SAMs provide evidence that submonolayer films are composed of
islands of densely packed film molecules with a local structure similar to the complete
monolayer, which are separated by uncovered surface regions. With increasing coverage.

these islands have been shown to grow laterally and combine under formation of larger
aggregates till these islands meet together. Then, while the islands do not grow further
laterally, OTS monomers or dimers are more slowly adsorbed from solution to fill
uncovered regions. In this controversy between a continuous growth and an island-type
growth mechanism. Valiant et al.^' recently showed that the growth mechanism of OTSSAM on mica is strongly affected by different preparation conditions. For example, they
found that as water content in the OTS solution increases and the solution ages the
monolayer favors an island-type growth mechanism. This suggests that prepolymerized
aggregates in the OTS solution control the kinetics of the monolayer growth. The authors
also found that an OTS-SAM on mica has higher structural order and a higher adsorption
rate than on a silicon surface.

They concluded that this may be due to the mica-

independent structure of the OTS monolayer. Moreover, Britt and Hlady^^ tested the
effect of annealing (115 °C) on the nucleation and aggregation of condensed OTS
domains self-assembled on mica. The test showed that extended annealing results in
surface diffusion and aggregation of these domains and nucleation of new condensed
domains from the surrounding expanded OTS phases.
However, there has been relatively little study'^ on the growth mechanism of
OTE-SAMs on mica. Most studies have concentrated on the characterization of the
monolayer itself However, based on the results of OTS studies, it is possible that the
OTE monolayer self-assembled on mica from a prepolymerized solution will also favor
an island-type growth mechanism and annealing the monolayer will encourage phase
separation between condensed and expanded OTE phases.
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Structure of OTE-SAM on Mica
An n-octadecyltriethoxysilane self-assembled monolayer on mica was first
introduced by Kessei and Granick'^ in 1991. They reported that a close-packed, wellordered monolayer is formed on a freshly cleaved muscovite mica surface by allowing
hydrolyzed octadecyltriethoxysilane to self-assemble from a dilute hydrocarbon solution.
Contact angle measurements and Fourier-transform infrared (FT-IR) spectroscopy'^ also
revealed that the layer is in all respects equal to a Langmuir-Blodgett monolayer in
packing density (~20 AVmolecule) and order. Peanasky et al.

showed that the OTE-

SAM on mica has an average alkyl chain tilt angle of 13 ± S ° from the surface normal
while the monolayer thickness was ~2.S nm from independent ellipsometry and surface
forces apparatus (SFA) measurements. The thickness agrees well with a fiilly transextended length of OTE molecule.^ They also found that the monolayer is molecularly
very smooth, which is evidenced by an oscillatory force between two monolayers in
undecane (C11H24). Xiao et al.^^ studied an OTE-SAM on mica and used AFM to show a
high resolution image (SO x SO

of the monolayer. Ifowever, it did not show well-

ordered lattices, but instead showed only some short range residual ordering.

Stability of OTE-SAM on Mica
It is known that OTE-SAM is chemically and mechanically very stable'^

For

example, Xiao et al." showed that an OTE film on mica could be removed leaving 2S A
deep holes by applying a load above 10 nN with a sharp Si3N4 tip (radius < 300 A) while.

using same tip, a thiol monolayer on gold could be displaced at loads ~S nN. In addition,
the contact angle and mass coverage of the OTE-SAM did not change even after soaking
into various solvents (CH2CI2, C6H12, and H2O) for 8 hours.'" The authors concluded that
the stability is mainly due to cross-polymerization of the OTE molecules although they
do not know its lateral extent.
On the other hand, there has been a question of whether the OTE-SAM is
covalently anchored to the mica substrate. Kessel and Granick'^ suggested that the OTE
monolayer is occasionally anchored by an exchange reaction which breaks mica surface
Si-O-Si bonds and creates mica/monolayer Si-O-Si bonds.
showed

that,

in

contrast

to

the

case

of

OTE,

However, Xiao et al.^
films

formed

by

octadecyldimethylmethoxysilane (ODMS), which does not cross-polymerize, contain
only 3-D clusters with poor adhesion to the mica substrate. Based on these resuks, they
proposed that the mechanical stability does not come from chemical bonding to the mica
substrate. In a study investigating the effect of humidity on SAM stability Tian et al.^^
reported that water molecules can condense on and penetrate into the OTE film resuhing
in monolayer swelling and deterioration of film quality. The authors concluded that such,
instability is mainly due to the absence of covalent bonding between the SAM and the
mica surface.
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Plasma Prctreatmcnt of Mica Surface
Definition of Plasma
Considering the energy of the particles constituting it, plasma is energetically the
fourth state of the matter, apart from the solid, liquid, and gas states.^' Plasma which is
composed of electrons and ionized particles is a very highly kinetic and ionic state. Due
to its unique self-sustaining property, plasma can survive even at room temperature after
its ignition. Plasma can exist over very wide temperature (295 -3 x10'* °K) and energy
(l-lC* eV) ranges."

Tvpe of Plasmas
Plasmas are generally of two types, thermal and cold (low temperature),
depending on their temperature. Thermal plasma can exist only when heavy particles are
ionized and very energetic at atmospheric pressure. The temperature of a thermal plasma
can reach 3 x lO'* °K and it exists at local thermodynamic equilibrium. Its production and
properties make it appropriate for deposition of coatings by plasma spraying processes
and in extractive metallurgy, for reduction, or for smelting of ores." On the other hand,
cold plasma can exist only at low pressure (<10 torr) and thermodynamic equilibrium
between the electrons and heavy particles is never reached, even at a local scale. In the
cold plasma, the temperature of the electrons is much higher than that of the heavy
particles. The electrons can reach temperatures of lO^-lO' °K (I-IO eV), while the
temperature of the gas can be as low as room temperature." The cold plasma has been
developed specifically and purposefully based on its nonequiltbrium properties and the

capability to cause physical and chemical reactions with the gas at relatively low
temperatures, although we do not clearly understand how the reactions actually occur.
The applications of cold plasmas are widespread and put to use in a variety of fields, with
special focus on treating solid surfaces, film deposition, modification of surfaces such as
- 26.29. 33-35
mica.

Exposure of mica to water vapor plasma is an example of many successful
applications.^^ Water vapor plasma is a typical cold plasma made up of argon and water
vapor at low pressure.

When mica is exposed to the plasma, highly kinetic water

molecules and heavy argon ions will bombard the surface and preferentially sputter
potassium and aluminium atoms and introduce OH- groups on the surface.

However,

the specific reaction mechanism is not clearly understood.

Comparison between Plasma Treated and Untreated Mica
Force measurements between plasma treated mica surfaces has shown that the
plasma treatment changes the mica properties.^^ The magnitude of the electrostatic
double-layer force is considerably smaller for water vapor plasma treated mica than for
natural mica at the same pH S.S-6.0.^ In pure water, the surface potential of mica is
typically -130 to -150 mV, whereas a value of only -80 mV is obtained for water vapor
plasma treated mica. In a 10'^ M KCI solution the zeta-potential for mica is about 80
mV^^ whereas a somewhat higher value is obtained from sur&ce force measurements.^'
The surface potential obtained for plasma treated mica in 10*^ M KBr is only about -55
mV so it is clear that the surface charge is lower than bare mica.

The adhesion force between water vapor plasma treated mica surfaces is about 6
mN/m, which is much smaller than the 40 mN/m observed for untreated mica.^^ Hence,
the interfacial tension against water appears to increase after treatment despite the fact
that the surface charge at natural pH is lower. This could be due to an increased surface
roughness or the result of introducing OH- groups on the surface in place of the less polar
Si-O-Si bonds present on untreated mica surfaces. The short range of the non-DeijaguinLandau-Verwey-Overbeek (DLVO) repulsion (D < 10 A) between water plasma treated
surfaces demonstrates that the surface roughness is at most this value after plasma
treatment.^®
Another consequence of water vapor plasma treatment is that the surface layer
becomes more brittle. Hence, care should be taken to avoid artifacts caused by the use of
a too high compressive force. It should be noted that if the plasma power and/or the
treatment time is increased, then the stability of the surface layer decreases even more.^'
On the other hand, if the power and/or treatment time is decreased a less extensive
surface modification is achieved. Hence it is not possible to make a general statement
about the pressure necessary to cause the surfiwe to break down. Instead, this has to be
tested for each application and each preparation condition.

Comparison between Plasma Treated Mica and Glass
Water vapor plasma treated mica, glass and silica surfaces all expose OH- groups.
Since the very outermost layer significantly influences surface forces, the interactions
between these substrates should be very similar. A comparison of the forces acting

between water vapor plasma treated mica and glass^^ demonstrates that this indeed is the
case. In particular the surface potentials and the range of the non-DLVO repulsion (about
10 A) are very similar for the two types of surfaces. The results for water vapor plasma
treated mica differ from those for glass in that an adhesion force is observed. It is
because glass and silica surfaces are rougher than mica surface by 2-70 A.^^'

These

resuks clearly suggest that water vapor plasma treatment is necessary and the treated
mica is potentially a better substrate than glass and silica in terms of surface smoothness
while all of the surfaces contains OH- groups.

Silinization of Plasma Treated Mica
Several research groups^^'

treated mica with an argon/water vapor plasma

to introduce hydroxyl functional groups on the surface that could potentially form
covalent bonds with a silane monolayer. Parker et al.^^ and Okusa et al.^^ deposited gas
phase alkyltrichlorosilanes on plasma treated mica.

Parker et al.^' showed that the

surfaces were hydrophobic but the contact angles decreased over time after soaking in
aqueous salt solution.

Nakagawa and Soga^** studied alkyhrichlorosilane SAMs on

plasma treated mica using AFM and contact angle measurements. They reported that
long chain alkyhrichlorosilanes (n > 8) strongly favor an island-type growth mechanism
while short chain silanes (n < 8) do not. However, the authors did not report results
related to monolayer stability except a contact angle (108°) of an OTS-SAM on plasma
treated mica. Wood and Sharma^^ used the Langmuir-Blodgett (LB) technique to deposit
prepolymerized OTE on plasma treated and untreated mica. They found that plasma

activation was necessary to produce a monolayer that was hydrophobic and robust with
contact angles that did not change over several hours when tested with up to 0.1 M KNO3
solutions. Consequently, these studies have demonstrated that plasma pretreatment of
mica appears to increase the stability of SAMs while there is still room for improvement.

Surface Forces Annanitm
Importance of Surface Forces apparatus
Much of colloid and surface science during the first half of the twentieth century
was concerned with theoretical investigations of the forces benv.^n surfaces.

The

contributions of Hamaker, de Boer, Langmuir, Deijaguin, Landau, Lifshitz, Verwey and
Overbeek are well known. Their predictions about long-range van der Waals forces and
electrical double-layer forces acting between surfaces were confirmed experimentally
only much later.

Now, as the twenty first century becomes a reality, measurement

can be said to have truly overtaken theory. There are many resuhs of force measurements
that are incompletely understood. In most cases it is now easier to measure the surface
forces in a particular ^stem rather than attempt to predict them theoretically.
This dramatic turn-around has been due to one device in particular - the surface
force apparatus (SFA). The amount of knowledge it has provided during the past three
decades has completely revolutionized our understanding of surface forces. The SFA
grew out of the results of a series of scientific developments made in England from about
1940 to 1970. Tolansky,^^ at the University of London, developed the technique of
multiple-beam interferometiy with silvered surfaces. He used this refinement of the

classical Fabry-Perot interferometer to study the surface topography of crystals and
showed that a very high resolution (to about 3 A with available surface preparation
procedures) in thickness determination was possible. The technique was used to study
the cleavage planes of naturally occurring muscovite mica. Bailey and Courtney-Pratt^^
at the University of Cambridge then began using mica sheets in a crossed-cylinder
configuration combined with muhiple-beam interferometry to study the shearing of
surfaces. The shear strength of the mica-mica junction and the lubricating effects of
coating the mica surfaces with calcium stearate were studied.^^
The surface energy of mica had previously been measured by direct cleavage by
Obreimoff,^' and the experiments were repeated and extended by Bailey and Kay,^" who
also used multiple-beam interferometry to study the profile of freshly cleaved surfaces in
the vicinity of the cleavage. Since the shape of the surfaces around the bifurcation
depends on the surface forces acting across the gap, this was in efTea a measurement of
the van der Waals forces in air.

Subsequently, the first version of a surface force

apparatus was designed by Tabor and Winterton^' to study van der Waals forces in air.
Their results showed the effects of retardation oa the interaction and were in good
agreement with estimates from the Lifshitz theory of van der Waals forces. Subsequently,
Israelachvili and Tabor'*" constructed a second device for measuring van der Waals forces
with improved techniques. Finally, the design of a surface force apparatus for working
with mica surfaces immersed in liquids was published by Israelachvili and Adams.^*
Several alternative designs of such instruments, all using multiple-beam interferometry to
measure surface separation, have since been described in the Uterature.*^'^
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There are now many different force-measuring techniques available, but the SFA
retains its place at the forefront of surface-force and thin-film research. It is the only
technique that allows the unambiguous determination of the absolute zero of distance,
and it is the only technique that allows the measurement of the refractive index of the
medium between the surfaces. Because of this the SFA is much more than a surface
force apparatus - it is a versatile instrument for studying the properties of thin films of
liquids and vapors confined between solid surfaces. The study of fnction and lubrication,
viscosity, adhesion, surface deformations, phase transitions, electrochemistry, and
spectroscopy are some of the possible applications of the surface force apparatus.

Requirements for Direct Force Measurements
If one is to measure directly the force between two surfaces as a function of
separation, there are three basic requirements. First, one needs a surface that is flat and
smooth, that can be easily prepared in suitable size and then arranged in a convenient
configuration.

Secondly, there must be ways of both controlling and determining

accurately the surface separation^ and finally, a method of measuring the force at a given
surface separation is required.

Surface and Geometry
Naturally occurring muscovite mica satisfies so perfectly the necessary criteria for
a force-measuring substrate that one cannot help but wonder whether or not it was
intended chiefly for that purpose. Nfica is an aluminosilicate mineral with a layered
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structure. It can easily be cleaved into macroscopic (« cm^) areas of uniform thickness in
the micrometer range, with molecularly smooth surfaces. It is sufficiently elastic that the
sheets can be bent and mounted as curved surfaces, and thereby one avoids the alignment
problems of using flat surfaces. It is inert, resists attack by almost all solvents and does
not swell in aqueous solutions of weather appreciably in an ordinary atmosphere.
Consequently, the zero of distance, which corresponds to contact between two opposing
mica sheets, is practically invariant under a range of conditions. This is an invaluable
feature when studying the details of the short-range forces between surfaces.

Basic Principles of Operation
Description of Apparatus
In the SFA two back-silvered mica surfaces of area « 1 cm^ are glued to
cylindrically polished silica discs of (typical) radius of curvature R = 2 cm with an epoxy
resin. The surfaces are mounted as crossed cylinders, and this configuration is equivalent
to that of a sphere on a flat surface (see Figure 1-2). The measured force F between these
curved surfaces is proportional to the free energy of interaction Gr per unit area of
parallel, flat surfaces, or

F = 2}cRGf

(Deijaguin approximation).

(1)

One of the surfaces (discs) is mounted at the end of a cylindrical piezoelectric tube
(Figures 1-3 and 1-4), and its expansion and contraction with applied potential gives the

34

fine control of surface separation. The standard Mark IV uses a piezoelectric cylinder
with a total range of 1.6 |im.
The second surface is held on a member of varying flexibility.

In most

applications this is a double-cantilever spring, which ensures the absence of shearing
during deflection. For very stiff beams a single cantilever is adequate as the extent of
shearing is negligible. A rigid support is useful in many applications where properties
other than surface forces are being investigated. These include adsorption (obtained fi'om
refractive index variations), surface deformations, capillary condensation and cavitation.
The mechanical positioning controls act on the second surface and spring via a
rigid shaft. This shaft enters the chamber through an 0-ring or a flexible diaphragm,
which provides the seal between the chamber and the outside (Figure 1-3). The coarse
positioning is carried out with a micrometer driven by a dc motor and gearbox via a belt.
If precautions are taken to avoid excessive lateral force on the micrometer screw it is
possible to position the surfaces with an accuracy of SOO A (O.OS (im) or better with this
simple arrangement.
The various models of the SFA differ mainly in details of the chamber geometry
and size as well as relative position of the surfaces and the drive mechanism.

A

photograph of a simplified version of the Mark IV is shown in Figure 1-4, together with a
prism and a microscope stand for focusing the transmitted wavelengths onto the
spectrometer slit. All designs of the SFA rely on interferometry to measure the sur&ce
separation, spring deflection for force detection, and fine positioning with a piezoelectric
device.

Multiple Beam Interferometry (MBI)
The mica surfaces are initially studied by observing the transmitted interference
pattern of monochromatic (sodium) light through a lOx objective. The silvered mica
sheets together with the intervening medium form a symmetrical three-layer
interferometer. A fraction of light normally incident on the lower surface passes through
the silvered surfaces and suffers multiple reflections before it emerges in specific
wavelengths. The set of concentric rings formed by interference of the sodium light is
called Newton's rings. When clean mica surfaces are in contact, the number of rings
remains constant. If more rings appear to form as the surfaces are slightly compressed,
then the contact position is contaminated. Also, the contact position should be away from
an edge or air bubble and adhesive (identifiable as a distinct jump from contact). The
point of contact can be changed by moving the upper mount. The surfaces should not be
left in contact for more than a minute to avoid capillary condensation.
Once a suitable contact position is found, sodium light is replaced by white light
and the transmitted interference pattern is sent to a spectrometer and observed as fringes
of equal chromatic order (FECO fiinges). The fiinges occur at wavelengths (X.) for which
2D/X is constant, where D is the surface separation.

The movable eyepiece on the

spectrometer contains a graticule placed in the focal plane with a 10 mm x 10 nun grid.
This grid is used for quick measurements of fringe spacing and contact flattening but is
not a true distance measurement.

Fringe separation can be converted to sur&ce

separation, but the measurement is generally used as a guide. As the surface separation
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changes, the fnnge moves to a new wavelength that is seen as a movement in the
spectrometer. The fringes are generally apparent when the surface separation is about
0. IS mm and at these large distances resemble fingerprints. As the surfaces are brought
closer together, the fnnge separation increases and they appear as parabolas in the
spectrometer. Clean mica surfaces in contact appear as parabolas containing a flattened
end as shown in Figure 1-SB. Alternating odd and even fnnges are readily identifiable in
nitrogen by the convex and concave shape at contact, respectively. The fnnges appear as
doublets due to the birefHngence of the mica in the cleavage plane. The P component of
the fringe (shortest wavelength) is conventionally chosen.

The other (longest

wavelength) component is called the y component. Once the component is chosen, it is
used consistently during the experiment.
The spectrometer dispersion. A, is calibrated between Hg reference lines;

where Xrv = wavelength of the inner yellow Hg reference spectral line ( = 576.960 ran),
^Hg = wavelength of the green Hg reference spectral line ( = 546.075 nm),
SHg = spectrometer reading of the Hg reference spectral line,
SiY = spectrometer reading of the inner yellow Hg reference spectral line.
The wavelength of a fringe is given by:
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X. - A.Hg + A (S - Sng)

(3)

where S = spectrometer reading at the apex of the fringe.
She, A.Hg, A are defined as above.
The order of interference or fiinge number, n, is odd (even) for an odd (even)
fiinge. This can be calculated fi'om two adjacent fiinge wavelengths at contact;

n=
1.024

(4)

The factor 1.024 is due to the phase change on reflection at the silver interface. 0
n should be very close to an integer, typically varying between 20 and 40 for thin and
thick mica, respectively. S-7 mm fiinge spacing at contact (n ~ 29) gives good distance
resolution yet the mica is still rather easy to handle.
An odd fiinge whose contact is near the Hg green reference line is chosen as the
nth fiinge, so most of the measurements are taken within the calibrated region of the
spectrometer. The surface separation (D) is calculated fi'om the general equation for a
symmetrical three-layer interferometer given by":

where ^ = ^miea/^3 at
H3 = refractive index of the medium at
± = "+" used for nth fnnge odd,

used for nth fHnge even,

n = order of fhnge number (odd (even) for an odd (even) fnnge),

k'n = contact wavelength of the nth fnnge,
A.°n.i = contact wavelength of the (n-1) fHnge,
\n = wavelength of the nth fnnge at desired separation.
For small separations, this equation can be approximated by;

(6)

for odd fHnges, and

(7)
2//-

for even fringes.
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Because odd fnnges are independent of the refractive index at close separation,
slightly more sensitive to small distance movements, and allow for more accurate
measurements when flattening is observed, they are generally chosen as the nth fringe.
The relractive index of the mica depends upon the type of mica used (brownish or
greenish) and the net birefringence of the two mica sheets. This can be calculated from

jU"*
Arnica = ^mtca
1°

(8)

Similarly,

u''
Arnica = u"'
r*mtca

2K.r

(9)

where li'^mca = 1-582 for brownish mica,
= 1.593 for greenish mica.
The average refractive index of the mica,

appears to vary slightly from

these values, but represents a negligible correction for most experiments.
Each time a fringe passes X°„, the distance moved until the next fringe passes X°n
is >.V2|Xined Generally, X°n ~ 550 nm, and the distance between two adjacent fringes is
approximately 200 nm.

A good estimate of the separation distance is obtained by

counting the number of fringes which pass X'n and multiplying this number by ~ 280 in
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the air and ~ 200 in the water. Thus, for example, if 4.3 fringes pass X°n before the
contact position is reached, then the separation in the water medium is 860 nm.
The fringe counting method is practical for separations less than about 1000 nm.
For larger separations, the distance can be calculated from the wavelengths of two
adjacent fringes

(Xp, Xp.i)

situated between the contact wavelengths (X°n

< Xp < Xp.i < XV

i). The surface separation is given by

_ I

D=

<5,,

_1
p-\

P-i P

P P-i

(10)

p

where Tp and Tp.i are the distances calculated from equation 4 using

and Xp.i in place

ofK.

As the surface separation increases, the fringe separation decreases. For surface
separations greater than 10 mm, the distance is given by

P P-lI
D =

p-l

p

C. -

K

(11)

2M rmd

The refractive index of the medium can be determined from the wavelengths of
three adjacent fringes in contact (X°„, XVi, XVi) and two adjacent fringes (Xn, ^i)
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separated by a distance D. At small separations only the even fnnge is dependent upon
the refractive index, and the two distance equations can be solved iteratively.

Control of Separation
If white light is passed through a pair of reflecting surfaces most wavelengths will
be extinguished by interference, and only particular wavelengths are transmitted. These
can be resolved into very sharp fnnges of equal chromatic order (FECOs) in a
spectrometer, and their wavelengths give information on both the surface separation and
refractive index of the medium between the reflecting mirrors. The FECOs of a pair of
back-silvered mica surfaces provide an ideal way of measuring the surface separation
between the mica sheets, and give an unambiguous zero of separation with the two mica
sheets in contact. Features such as surface deformations as well as irregularities of
changes in surface topography are readily evident. Because the technique permits the
independent determination of both the surface separation and the refractive index of the
medium it also gives very useful information on the state of the medium between the
surfaces.

Figure US gives examples^ of the appearance of FECOs from interacting

surfaces, in and out of contact.
The accuracy of the distance measurements attainable with muhiple-beam
interferometry is about 0.1 nm under optimal conditions. For maximum accuracy a
highly reflective silver layer is essential, and the alignment of the light beam must be
good. The refractive index of the medium between the surfaces is proportional to the
square root of the ratio between the wavelength shifts of two adjacent fringes (see Figure
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1-2), and the accuracy of the refractive index measurements hence depends on the micamica distance. It is typically greatest, about ± 0.2 % at separations of 100 nm, and
decreases to at best ± 1 % at 10 nm.
The expansion and contraction of a piezoelectric crystal provides the fine control
of surface separation (±1 A), and positioning with almost arbitrarily high accuracy is
possible.

Measurement of Force
The simplest way of measuring a force is to use the deflection of a mechanical
spring.

As long as there is an accurate method of measuring the deflection - here

provided by the interference fringes - the use of Hookes' law requires only a knowledge
of the spring constant. The design of the spring is an important aspect of the method, and
with the use of macroscopic surfaces it can easily be optimized to avoid unwanted
artifacts due to shearing or rolling motion. This occurs when a single-cantilever spring
(leaf spring) is used, as in commercial atomic force microscopes (AFM) and similar
instruments. By contrast, a doubfe-cantiTever spring deflects without tilting.
The relative displacement of the surfaces can be calibrated at large separations,
where no force acts between the surfaces. Any deviation in the rate of displacement at
small separations may then be attributed to a surface force, which is simply calculated by
multiplying the spring constant with the deviation from the displacement expected in the
absence of a surface force. The spring stiffness is easily measured by placing a small
weight at the position of one of the surfaces.
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Measurement of Radius of Curvature
The radius of curvature of mica is not always same as the radius of curvature of
silica discs (R = 2 cm). Accordingly, whenever the contact area is made or changed, the
actual radius of curvature needs to be measured. It is calculated by measuring the
distance from the apex of the nth fringe to contact, and the distance and width of the same
fringe away from the apex. This is shown in Figure 1-6.
The radius of curvature is calculated from;

8(i), -D,)

where Di = distance from the fringe apex,
D2 = distance from contact to where the fringes have width X,
X = fringe width at distance measurement,
/= magnification of the optical system (x ~25).
The major and minor axis of the elliptical interference pattern is measured using
both the normal prism (RN) and the funny prism (RF).

The fiinny prism views the

interference pattern 90° from the normal prism. The geometric mean of the two values is
used in the normalization of the force measurements, since, according to the Deijaguin
approximation, F/R = 27cE, where E is the energy of interaction between flat plates.
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Summary

The monolayer self-assembled on bare mica from a prepolymerized OTE solution
is molecularly smooth and broadly aggregate-free which makes it possible to study
various physicochemical interactions using the SFA.

Moreover, while the growth

mechanism of the OTE-SAM on mica is not still clear, various studies have revealed that
the OTE-SAM is close-packed and well-ordered on mica, which strongly suggests a
crystalline-like phase. It has been thought that such a robust and tenacious structure is
mainly attributed to cross-polymerization between neighboring silanes. However, the
instability of the monolayer in humid conditions strongly indicates the absence of
covalent bonding between the SAM and mica substrate.
In order to increase SAM stability, several research groups have used various
deposition methods such as gas phase coating,^^

or the self-assembly technique^ to

deposit long chain alkyltrichlorosilanes on the mica surface pretreated with argon/water
vapor plasma.

They found that plasma activation is necessary to improve the film

stability although some of the studies reported water contact angle hysteresis. However,
somewhat surprisingly, no one yet has reported studies of OTE-self-assembled on plasma
treated mica even though such a monolayer is potentially an ideal model system to clarify
many uncertain issues regarding aUcylsilane SAMs.
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Dissertation Format

Two manuscripts found in appendices A and B, three chapters including a
literature review (chapter 1) and two more studies (chapter 2 and 3) comprise this
dissertation. The literature review covers the topics that need to be discussed for
my research subject and tersely describes the motivation of this study. Chapter 2,
entitled "Surface Force Measurements of n-Octadecyltriethoxysilane Monolayers
Self-Assembled on Untreated and Plasma Treated Mica," was a preliminary study
to determine the effect of plasma treatment on OTE-SAM stability. During the
study, my advisor. Dr. Joan E. Curry and I designed and set up the entire SFA
system and after a long struggle we showed that plasma treatment can improve
monolayer stability. So this project was officially launched to fully characterize
and compare monolayers self-assembled on untreated and plasma treated mica
using a surface forces apparatus. Appendix

A,

B and Chapter 3 are products of

our long term endeavors in chronological order. Appendix A is a manuscript
submitted to Langmuir and its title is "The Effect of Humidity on the Stability of
an Octadecyltriethoxysilane Monolayer Self-Assembled on Untreated and
Plasma-Treated mica." This work's idea was originally initiated by my advisor
and Dr. Hugo K. Christenson in the University of Leeds. Appendix B is the
second manuscript prepared for the submission to Langmuir.

Its title is

"Measurements of Thickness Compressibility of n-Octadecyltriethoxysilane SelfAssembled Monolayer on Mica." Chapter 3 is given the title of "Adhesion
Properties of n-Octadecyltriethoxysilane Self-Assembled Monolayer on Untreated
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and Plasma-Treated Mica in Humid Conditions." The design, execution, and
analysis of experiments to investigate all of these ideas were my sole work with
invaluable insight and counsel from my advisor throughout this project while the
ideas were inspired by other previous studies.

Figure 1-1. Hydrolysis of Triflinctional Silanes

R-SiXj
R-Si-X + H,0

I
R-Si-OH + X-Si-R

R-Si(OH)3 + 3HX
R-Si-OH + HX

I
I
R-Si-O-Si-R+HX

.
I
I
R-Si-OH+ HO-Si-R-^ R-Si-0-Si-R + H,0
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Figure 1-2. The crossed cylinders are equivalent to a sphere on a flat and in the surface
force apparatus the radius of curvature R is typically 2 cm. For surface separations D «
R the measured force is proportional to the free energy of interaction per unit area
between parallel, flat surfaces.
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Figure 1-3. Schematic diagram of simplified Mark IV surface force apparatus. The
surfaces are glued to polished silica discs, the upper of which is mounted at the end of a
cylindrical piezoelectric tube. The lower surface is held at the end of a force-measuring
double-cantilever spring, which is positioned with a dc motor driving a translation stage
outside the chamber. Heat filtered white light enters from below via a silica window, and
the emerging light beam is focused onto a spectrometer slit and the resolved fnnges (see
Figure 1) are observed at the exit slit, by eye or with a video camera.
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Figure 1-4. A photograph of Mark IV Surface Forces Apparatus
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Figure 1-5. Interference fringes as seen in spectrometer eyepiece. The fringes appear as
doublets due to the birefringence of mica. The left-hand doublet is an odd order fringe,
the right hand doublet an even order fringe. A - surfaces a few tens of nm from contact;
note the parabolic shape. B - surfaces in contact; note flattening. C - surfaces separated
several microns; fringes of order p, p-1 and p-2 where p » n are now visible in the
eyepiece. The Xs refer to the calculations discussed in MBI section.
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Figure 1-6. Diagram of the measurements to determine the radius of curvature.
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CHAPTER 2
SURFACE FORCE MEASUREMENTS OF
n-OCTADECYLTRIETHOXYSILANE SELF-ASSEMBLED MONOLAYERS ON
UNTREATED AND PLASMA TREATED MICA

Introduction
Surface forces play important roles in many interfacial processes particularly
those that occur in water. They determine the stability of emulsions and suspensions, the
adhesion

between

macroscopic

surfaces

and

colloidal

particle

interactions/*^

Understanding the origin and nature of surface interactions is key in estimating the
stability of surface coatings. In the same context, the surface forces between alkylsilane
monolayers self-assembled on mica can be used to estimate their stability. In this study,
n-octadecyltriethoxysilane (GTE) monolayers were self-assembled on either untreated or
plasma treated mica. Then the force between two GTE coated mica surfaces immersed in
water was measured as a function of surface separation with a surface forces apparatus.
Gur aim in this study is to compare the force profites in the untreated and plasma treated
cases and to determine if plasma pretreatment improves the monolayer stability.

Materials and Methods
Materials
GTE was purchased from Gelest, Inc. (Tullytown, PA) and doubly distilled under
vacuum. The GTE was filtered through a 0.2 ^m PTFE filter prior to use. Deionized

water was filtered through Easypure UV/UF (Bamstead) producing an ion- and organicfree water of 18.3 M^-cm resistivity. Tetrahydrofuran (THF), ethanol and cyclohexane
were of spectral quality. They were used as received. Gassware for the preparation of
prehydrolysis solution and self-assembly was cleaned with chromic acid solution and
then with 10 % nitric acid solution. The mica used in this study was a ruby muscovite
mica purchased from S & J trading. New York.

Preparation of Mica Surface
A pair of freshly cleaved thin (1-4 ^m) mica sheets was silvered (~SS nm) and
glued with silver side down on silica lenses. When necessary, the mica samples were
pretreated with radio frequency (RF)-generated Ar/H20 plasma (Harrick plasma cleaner,
PDC-3XG) in order to introduce hydroxyl functional groups on the surface prior to OTE
self-assembly. The initial vacuum pressure in the plasma chamber was 100 mtorr. The
vacuum pressure rose to SOD mtorr as a result of water vapor and argon gas (l .S mL/min)
introduction. The mica surfaces were positioned as shown in Figure 2-1 so that they
faced directly into the argon/water vapor stream and were exposed to the plasma for 2
minutes at 30 watts RF power.

Preparation of Monolayer
Prior to self assembly on untreated and plasma treated mica the OTE was
prehydrolyzed by dissolving 0.1 g of prefiltered OTE in 12 mL of THF containing 0.1 g
of 1 N HCl. The solution was then stirred at room temperature for 2-3 days. Then 2.63

mL of the prehydrolysis solution was diluted with 80 mL of cyclohexane resulting in a
cloudy solution that was left to stand for 25 minutes. The solution did become clearer
however just prior to self-assembly, the hydrolyzed OTE solution was filtered through a
0.2 ^m PTFE membrane filter. Filtering made the solution very clear and there were no
visible polymerized OTE aggregates at the air/solution interface. The OTE solution was
slowly added to a clean jar containing a pair of either untreated or plasma treated mica
sheets that had been previously back silvered and glued to cylindrically polished silica
lenses. After 30 minutes, each mica surface was slowly and carefully removed from the
solution and then baked in a vacuum oven for 2 hours at 110 °C. Each sample was then
rinsed with 3-5 mL of pure ethanol, blown dry with nitrogen and immediately mounted
inside the SFA chamber. Figure 2-2 describes the overall self-assembly procedure.

Temperature and Humidity Control
A thermocouple near the OTE surfaces inside the SFA chamber was used to
monitor the temperature which was always maintained at 25.0 ± 0.1 °C throughout the
experiment.

When completely dry conditions were necessary, a vial of P2OS was

attached to a port on the chamber exterior and the chamber was purged with nitrogen for
at least 4 hours in order to scavenge any remaining water. The relative humidity was
controlled by introducing an aqueous LiCl solution of known volume and concentration
onto the bottom of the chamber. Typically, 12 hours were allowed for the system to
come to equilibrium after the LiCl solution was injected into the chamber.

Filling of Aqueous Solution
Ultrapure water or 10'^ M KNO3 aqueous solution was heated under vacuum in
order to remove dissolved air bubbles. The apparatus has an approximately 0.4 L volume
capacity and was filled with the preheated water via a filling flask through the large inlet
in the front plate. When the liquid level was within 1 cm of the lower disc, the apparatus
was tilted -90° and the filling continued. Tihing the apparatus minimized bubble and
contaminant attachment on the hydrocarbon surface. As soon as the filling was finished,
the apparatus was focused using white light and the temperature was stabilized before
starting the force measurements.

Force Measurement in Aqueous Solution
First, the contact fringe positions are measured (A.'n, XVi, ^11-2) in air before the
OTE surfaces were immersed in water.

Once the contact wavelengths have been

recorded, the focusing elements such as mirror and prisms are not touched. (This appears
to changes the contact wavelengths.) As noted earlier, the force between the surfaces is
calculated by measuring the deflection of a double cantilever spring of known spring
constant (k = I x 10'^ dynes/cm). At the beginning, the surfaces are separated at least 250
nm beyond the distance regime where the force begins to operate in order to acquire a
good calibration curve. The lower surface is moved toward the upper surface and the
shift of the nth fringe and corresponding potentiometer reading is recorded. As the
surfaces get closer, the leaf spring is bent and the force, according to Hooke's law, is
given by F = kD. Experimentally, this is calculated from:
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F(D,) = F „ + k

-/;>-(£),-A)

where k = spring constant measured by a traveling microscope,

dD/dP = mean calibration of the (distance movement)/(potentiometer readings) in
the absence of any force,

Po, Do = potentiometer reading and separation distance at which dD/dP first starts
to systematically change.
Pi, Dj =
Fo

potentiometer reading and separation distance at the point interest,

= force at Do (generally,

Fo = 0),

Fi = force at Di.
It is important to center the fringes continually during a measurement, especially
when high forces are measured. This is accomplished by adjusting the prisms so the
fringes are moved to the lowest wavelength position, i.e., surfaces appear as close as
possible and any flattening is maximized.
If the forces are strictly repulsive, the complete force-distance curve can be
measured on one inward approach. However, as soon as the gradient of the force law
exceeds the spring constant, the surfaces rapidly jump in to the next stable position on the
force curve. In order to obtain the force minima, the surface separation must be reversed
until again the gradient of the force law exceeds the spring constant, and the sur&ces

jump out. By this spring method, no information can be obtained on the forces in the
regions where the gradient of the force law exceeds the spring constant.

Results and Discussion
Force Curves of OTE-SAMs on Untreated Mica
Figure 2-3 shows the force curves measured between two OTE-SAM surfaces on
untreated mica in pure water

(v) and

10'^ M KNO3 aqueous solution (u). In pure water,

the force starts at ~110 nm. That is, a long-range repulsive force exists. However, the
force does not monotonically increase as expected from a typical electrical double layer
force. The plot shows a sudden slope change' at -90 nm. In 10'^ M

KNO3

aqueous

solution, the range of the repulsive force decreases. The force curve is fit well with the
Deijaguin-Landau-Verwey-Overbeek (DLVO) electrical double layer theory (solid line).
From the fitting parameters the surface charge is estimated to be -0.072 C/m^ or 2.22
nm^/charge. It would be expected that in a more dilute electrolyte (such as pure water)
the double layer repulsion would be longer ranged. In other words, for a given surface
separation it would be expected that the force would be more repulsive for a more dilute
electrolyte. In this case at surface separations less than SO nm the force is less repulsive
in pure water compared to the KNO3 solution. This is most likely due to the difRculty in
calibrating force curve data in pure water. The force is very long range and it is difficult
to determine the separation that marks the onset of the repulsive force. More experiments
would be necessary in order to interpret tias data. The interesting feature however is the
onset of a short-range repulsion at -12 nm in pure water and in KNO3. The spring was

too soft, so unfortunately, the force at very small separation (< 12 nm) could not be
measured. However, these force curves clearly show that the OTE sur&ce is charged
suggesting that the OTE-SAM on untreated mica does not fully cover the entire mica
surface.

Force Curves of OTE-SAMs on Plasma Treated Mica
Mica surfaces were treated with argon/water vapor plasma at various conditions
and then coated with prehydrolyzed OTE by self-assembly. Surface forces measured
between these monolayers in pure water are shown in Figure 2-4. Varying the power,
exposure time and initial vacuum pressure in the chamber changed the plasma conditions.
Higher power, longer exposure time and lower initial pressure leads to more destructive
plasma. Three different plasma conditions were tested as detailed in the figure. The
force between OTE coated untreated mica surfaces is shown (squares connected by a
line) for comparison.

The force is repulsive for all plasma conditions.

At surface

separations less than 40 nm the force is the most repulsive for the strongest plasma
condition (30W, ? minutes, 0.1 mtorr). As the vacuum pressure and RF power decrease,
the repulsion decreases. For the weakest plasma condition (20W, 2.S minutes, SS nitorr)
the long-range repulsion completely disappears. It appears that the weaker the plasma the
lower the surface charge however, since these measurements were made in pure water
further study is required to quantify differences. It appears the strength of the plasma is
particularly sensitive to the initial vacuum pressure. The interesting point here is that in
all of the plasma treated cases the steep short range repulsive barrier was at a smaller

60

surface separation compared to the untreated case. For the medium strength plasma
(20W, 2.Smin, 7 mtorr) the surfaces actually came into contact. This suggested that there
was something different about the OTE monolayers on plasma treated mica compared to
the untreated case. The force measurements in pure water were not pursued further. In
order to investigate the effect of the surface pretreatment on monolayer stability we
decided to conduct experiments in water vapor and to measure monolayer swelling rather
than forces in bulk water. These results are reported in Appendix A.

ConcluaioM
The interaction forces were measured between OTE-SAMs on untreated mica and
compared to the forces measured between the same monolayers prepared on plasma
treated mica. In addition, the interaction forces of OTE-SAMs prepared at different
plasma conditions were also compared. The comparison clearly showed that the forces
are sensitive to the plasma treatment conditions. Even a small change in plasma
conditions gives rise to a quite different force curve at small separations implying that the
surface character of mica is highly sensitive to the plasma condition. It appears stronger
plasma conditions increase the surface charge. In all plasma treated cases the surfaces
could approach closer than in the untreated case.

It was not possible however, to

specifically indicate where the short-range repulsion originates mainly due to incomplete
force plots. Therefore, based on these resuhs, I propose that plasma pretreatment is
necessary to improve the monolayer quality and it is worthwhile to find the optimum
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plasma condition to give a neutral or attractive force between OTE surfaces even though
it may be a very tedious and laborious task.
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Figure 2-1. Schematic diagram of Harrick plasma cleaner enclosing a mica sample.
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Figure 2-2. Overall procedure for OTE-SAM preparation.
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Figure 2-3. Normalized force between OTE-SAMs on untreated mica as a function of
surface separation in pure water (v) and 10'^ M KNO3 aqueous solution (u). The straight
line is a fit to the DLVO electrical double layer theory.
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Figure 2-4. Force between OTE-SAMs deposited on plasma treated mica as a function
of surface separation. Different symbols denote different plasma conditions as noted in
the figure.
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CHAPTERS
ADHESION PROPERTIES OF n-OCTADECYLTRIETHOXYSILANE SELFASSEMBLED MONOLAYER ON UNTREATED AND PLASMA-TREATED
MICA IN HUMID CONDITIONS

Introduction
The alkylsilane self-assembled monolayer (SAM) has been used successfully to
alter the properties of surfaces in both industrial and research applications because it is
exceptionally stable. It has been widely accepted that the exceptional stability stems
from the ability of the alkylsilanes to cross-polymerize and attach covalently to SiO:based oxide surfaces such as oxidized silicon wafers. Over the past decade, there has
been active interest in depositing alkylsilane SAMs on mica

liC I ft

prepared as atomically smooth and broadly step free sheets.

because it can be
Mica is also an ideal

substrate for model biomembrane studies because it is molecularly smooth. Leckband et
al.'*^ '*^ successfully demonstrated that it is possible to physisorb modeUbiomembranes on
mica and to precisely and accurately measure biomolecular interactions with the SFA.
However, due to very weak binding (physisorption) between the biomembrane and mica
the range of forces that can be studied is limited. In order to overcome such a limitation,
covalent attachment of the biomembrane via an organic sur&ctant on mica is desirable.
However, since the mica surface does not contain any inherent functional groups such as
hydroxyl groups, the preparation of a covalently linked biomembrane on mica is not
straightforward. Our laboratory recently reported that an n-octadecyltriethoxysilane self-
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assembled monolayer (OTE-SAM) could be firmly anchored to plasma-treated mica
surface most likely through covalent bonding. It suggests that the OTE monolayer (or
another organosilane layer) would be a potential base substrate for model-biomembrane
construction.
Our previous study'*^ also showed that at high enough relative humidities water
vapor condenses on the OTE monolayer regardless of surface pretreatment even though
the amount of water adsorbed by the OTE monolayer on untreated mica surface is always
greater than on plasma-treated mica. Tian et al. recently reported that as the humidity
increases, despite the hydrophobicity of OTE, water molecules condense on the
monolayer. Xiao et al. studied OTE SAMs on untreated mica and used AFM to show
that monolayers with the highest contact angles were actually covered with polymerized
OTE aggregates and the highest quality monolayers had contact angles of only - 40°.
Our static contact angle measurements'*^ were 61° and 72° for the untreated and plasma
treated cases respectively. On the contrary, the compressibility measurements of the
OTE films conducted in our laboratory indicated that the monolayer film is in a
crystalline-like phase. These mixed results give rise to questions as to the origin of the
less than perfect hydrophobic character of the OTE surface and whether the
hydrophobicity is really a satisfactory measure of film quality.

Therefore, an

investigation of interfacial properties such as surface energy and adhesion hysteresis in
various environmental conditions may provide additional information as to the stability
and robusmess of OTE SAMs on mica.

6?

However, little quantitative research has been done on interfacial properties of
OTE-SAMs on mica especially in different temperatures and humidity conditions while
the temperature and water effect on the formation of alkylsilane monolayers have been
actively studied.^'*

Considering that biomolecular interactions occur in vastly

different environments understanding how the alkylsilane monolayer behaves in various
environments is imperative in order to construct a model biomembrane that is
satisfactorily stable in a physically harsh and wet environment. Therefore, we employ a
surface forces apparatus (SFA) technique to estimate the effect of temperature, humidity,
contact time, contact repetition and compressive stress on the molecular structure and
stability of OTE monolayers on untreated and plasma-treated mica.

Results and Diacussion

OTE-SAM on untreated mica
Contact Time and Temperature Effect on Adhesion
Figure 3-1 shows the surface energy of an OTE SAM on untreated mica as a
function of contact time (0-30 min) at two different temperatures (25 °C (closed symbols)
and 38 °C (open symbols)) in dry conditions. Three different experiments were carried
out to measure pull off forces and calculate surface energies based on JKR theory where
the pull-off force (Fs) is related to the surface energy (y) by
(1)
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and R is the radius of curvature of the surfaces. For two of the experiments (uand X.) the
OTE was self-assembled by placing the mica substrate downward in the hydrolyzed OTE
solution while in the third experiment (•) the mica substrate faced upward. The first two
experiments (uand X) clearly show that contact time and temperature do not affect the
adhesion between two OTE surfaces even though there is some variation in surface
energy between the two experiments (2-3 mJ/m^). This suggests minimal interdigitation
between the opposed hydrocarbon chains at least within the range of the temperature
measured. On the contrary, the upward deposition method gives a higher surface energy
and a small contact time dependence although there is no temperature dependence. This
result was also supported by observing that in the contact area the fnnges were slightly
rough strongly suggesting prepolymerized OTE aggregates were deposited on the surface
during self-assembly. The fnnges were not rough in the case where the OTE monolayers
were prepared by downward deposition.

These results strongly suggest that the

monolayers prepared by downward deposition are molecularly smooth, well ordered and
highly compact.

Relative Humidity Effect on Adhesion
Pull-off forces between two contacting OTE surfaces on untreated mica were
measured as a function of relative humidity (Figure 3-2). Circles and squares denote
different experiments and filled symbols indicate a new contact area was used for the
measurement at that paiticular relative humidity. Interestingly, surface energy does not
monotonically increase while the surface energy of ionic surfactant monolayers such as

7(y
CTAB increases as the RH increases.The plot clearly shows a sudden increase after
80 %RH, then a peak at 90-95 %RH and a fast decrease after 95 %RH. Additionally, at
high relative humidity (90-99 %RH), the shape of the fnnges changes. At low relative
humidity (< 90%) the edges of the flatten part of the fHnges are very sharp. At 90% RH
we start to see rounded comers indicating capillary condensed water is present at the edge
of the contact zone. More interestingly, at 95 %RH, the size of the contact area becomes
smaller as more contacts are made and the capillary condensed annulus becomes visible
as a break in the fnnges typically after two or three pull-off force measurements at the
same RH.

When the relative humidity is raised to 97 %RH, the size of capillary

condensed annulus becomes larger, the break in the fnnges is clearer, and the size of the
contact zone is reduced compared to 95 %RH. Finally, at 99 %RH, the contact area is
very small (typically 2 - 4 (im diameter) and the jump distance during approach is larger
than at lower RH. These observations clearly suggest that water droplets condense at
certain spots on the OTE monolayers and grow as the RH increases. Therefore, once the
water droplets reaches a certain size and are large enough to hinder a secure adhesion
between the OTE monolayers^ capillary condensation predominates over direct
monolayer-monolayer adhesion.

Therefore, 90 %RH is a crossover point, where

capillary condensation starts to prevail while a combination of direct surface-surface
adhesive force as well as Laplace pressure due to a capillary condensation prevails at 8090 %RH.

Effect of Contact Time on Adhesion at Various Relative Humidities

The dependence of surface energy on contact time at various relative humidities
was also determined. Figure 3-3 shows the variation of normalized surface energy for a
series of relative humidities (0-99 %RH) as a function of contact time. The surface
energy measured at a contact time of one minute was used to normalize the rest of the
surface energy values at each relative humidity making it possible to directly compare the
surface energy variation at different relative humidities. Figure 3-3 shows that longer
contact times do not change the value of the pull-off force and hence the surface energy
for any relative humidity. A dependence on contact time would indicate interdigitation of
the chains on opposed surfaces. It appears there is no interdigitation in this case. The
lack of dependence on contact time additionally suggests that the system reaches
equilibrium fairly quickly (< 1 minute) with respect to capillary condensation of water at
the bifurcation of the contacting surfaces at high humidities.

Eflfect of Contact Order at Various Relative Humidities
We also measured surface energies at various relative humidities as a function of
contact order. The surface energy was measured repeatedly at each RH. Each series of
surface energy values was then normalized by the surface energy of the respective first
contact. The variation in the surface energies as a function of the number of comacts for
two experiments is shown in Figures 3-4 and S. Figure 3-4 clearly indicates that the
surface energy is not affected by the previous history of monolayer-monolayer contact. It
suggests that the state of monolayer does not change even in the presence of water during
repeated pull-off force measurements. However, the data for the second experiment

(Figure 3-S) shows that the surface energy does vary with the number of contacts at high
humidities (95-99 %RH).

It is not clear why the resuhs are different.

It may be

measurement error or it may suggest that in this experiment the monolayer did undergo a
change on repeated contact in highly humid conditions.

Further experiments are

necessary to resolve this issue.

OTE-SAM on Plasma Treated Mica
Contact Time and Temperature Effect on Adhesion
Figure 3-6 shows the surface energies of OTE-SAMs on plasma treated mica as a
function of contact time (0-30 min) at two different temperatures (25 °C (closed symbols)
and 38 °C (open symbols)) in dry conditions. The higher temperature was chosen to be
above the phase transition temperature (~35 °C) for a CTAB monolayer.

Diamonds and

squares are the results fi'om two different experiments. The OTE SAMs were prepared
with the mica substrates facing downward in the hydrolyzed OTE solution. The data
clearly show that contact time and temperature do not affect the adhesion between the
OTE surfaces. Also there is no substantial variation of surface energies between the
different experiments. These results suggest that there is minimal or no interdigitation
between the contacting hydrocarbon surfaces at least within the range of the contact time
and temperature measured. Since monolayers that are very smooth, well ordered and
highly packed show the smallest interdigitation, this data suggests the OTE monolayers
on plasma treated mica are molecularly smooth, well ordered and highly packed.

73

Effect of Relative Humidity and High Compression on Adhesion
Pull off forces between contacting OTE monolayers on plasma treated mica were
measured as a function of relative humidity (RH). Figure 3-7 shows surface energies
corresponding to the pull off forces measured at various relative humidities (0-99 %RH).
The circles, squares and diamonds represent three different experiments and the bars
indicate the range of surface energy values obtained in each measurement.

Filled

symbols indicate the contact area was changed just prior to the measurement whereas
unfilled symbols indicate no contact area change was made. As noted, the surface energy
profile in the plasma treated case in Figure 3-7 is very similar to the untreated case except
the peak in the surface energy appears at 95 %RH. Similar to the untreated case, at high
relative humidities (9S-99 %RPI), a slight deformation of the flat contact was observed in
the FECO fringes. While flat contact regions at 80-95 %RH are still sharp, rounded
contact fringes start to appear from 95 %RH. After the RH is raised to 97 %, the size of
the contact areas becomes smaller as more contact is made. At 99 %RH, the phenomena
is very similar to the untreated case as well.

These results obviously indicate that

95 %RH is a crossover point,^ where capillary condensation starts to prevail whih a
combination of adhesive force as well as Laplace pressure due to a capillary condensation
prevails at 80-95 %RH.
We also investigated how high compression (up to 350 mN) between the OTE
surfaces affects surface energy. At each different RH (0-99 %RH), a normal force was
applied to the adhering OTE monolayers on plasma treated mica at least one time and
then surface energy was measured repeatedly. These surface energies were compared to

the energies measured at previously uncompressed contact areas. Figure 3-8 shows the
comparison between surface energies from compressed and uncompressed surfaces. The
result shows that, even after the high compression-decompression cycle, the surface
energy is not different fi-om the energy at an uncompressed contact area. It strongly
indicates that OTE monolayer on plasma treated mica surface is mechanically robust and
tenacious since such high stress does not affect the adhesion.

Effect of Contact Time at Various Relative Humidities
The dependence of the surface energy on contact time at various relative
humidities was determined. Figure 3-9 shows the variation of the normalized surface
energy for a series of relative humidities (0-99 %RH) as a function of contact time. The
surface energy measured at a contact time of one minute was used to normalize the rest of
the surface energy values at each relative humidity making it possible to directly compare
the surface energy variation at different relative humidities. Figure 3-9 shows that longer
contact times do not change the value of the pull-off force and hence the surface energy
for any relative humidity. A dependence on contact time would indicate interdigitation of
the chains on opposed surfaces. It appears there is no interdigitation in this case. The
lack of dependence on contact time additionally suggests that the system reaches
equilibrium fairly quickly (< 1 minute) with respect to capillary condensation of water at
the bifurcation of the contacting surfaces at high humidities.

Effect of Contact Order at Various Relative Humidities
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Surface energies at various relative humidities were plotted as a function of
contact order. As for the untreated case, the surface energy was measured repeatedly at
each RH. Each series of surface energy values was then normalized by the surface
energy of the respective first contact. The variation in the surface energies as a function
of the number of contacts for three separate experiments is shown in Figures 3-10, 11 and
12. For the data in Figure 3-10 all the pull-off forces were measured in the same contact
area. For the experiments shown in Figures 3-11 and 12 the contact area was changed for
each relative humidity.

A comparison of Figures 3-10 and 12 shows there is little

variation in surface energy with repeated contact suggesting that the monolayer is robust
and that the surface energy is fairly uniform without regard to the contact area. More
importantly, these resuhs show that the surface energy is not affected by the previous
history of pull off force measurement. It suggests that no interdigitation or molecular
rearrangement takes place between the contacting surfaces even in the presence of water
droplets during repeated pull off force measurements. On the other hand, in the third
experiment (Figure 3-11) the surface energy does vary with repeated contact at high
humidities (95-99 %RH) as was seen in the untreated case. In general, the surface energy
decreases as the number of contacts increases for 95-99 %RH coinciding with an
accumulation of water in the contact area with repeated contact. Although it is not clear
why the surface energy decreases, the data is suspicious due to the duration of the
experiment compared to the other two. The Figure 3-11 data was obtained at the end of
an experiment that lasted for more than a month while the other two experiments were
each completed in a week. It means the OTE monolayers were exposed to high relative

humidity for more than a month. Such long term exposure of the OTE monolayers in air
and moisture may cause contamination or some other monolayer modification. While
this may account for the difference in the Figure 3-11 data, additional study is necessary
to clarify the issue.

Adhesion Hysteresis of OTE-SAM on Untreated and Plasma Treated Mica
Figure 3-13 shows advancing and receding c^-F curves for untreated (a) and
plasma treated (b) cases in dry nitrogen, together with fits to the JKR theory (refer to Eq.
1 in appendix B). The values for ya and yr obtained fi'om the JKR fits are given in Table
3-1, where they are also compared with the (independently measured) values of ys
determined from the pull-off forces. Interestingly, the average surface energies fi'om
and

Yr

ya

are nearly the same as ys for untreated and plasma treated surfaces respectively.

We note from Figure 3-13 and Table 3-1 that there is a small but noticeable adhesion
hysteresis for both the untreated and plasma treated cases. Peanasky et al. (1995) found
no adhesion hysteresis in a similar study of OTE self assembled on untreated mica. In
the untreated and plasma treated cases the hysteresis are ~7 and ~4 mJ/im^, respectively,
which are similar to that repotted by Chen et al.^^ for DMPE monolayers (26 AValkyl
chain of surface coverage). This may suggest that the OTE monolayer is less densely
packed on mica or does not fully cover the entire mica surface. However, unfortunately,
the origin of the adhesion hysteresis is not very clear. It has been generally accepted the
origin of the hysteresis are molecular and/or mechanical while it is very difficult to
distinguish the origin.^'* If one considers that the OTE-SAM is composed of highly
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packed crystalline OTE domains and interspersed tiny gaseous regions, it seems unlikely
that the adhesion hysteresis comes from interdigitation due to molecular interdiffusion,
i.e., a molecular origin. Thus, we believe such small hysteresis, more likely, originates
from a mechanical cause.

Comparison of Surface Energies for Untreated and Plasma Treated Cases
Complete plots of surface energies at various relative humidities without regard to
contact areas are given in Figure 3-14. The plots for the untreated (a) and plasma treated
(b) cases each contain data from three separate experiments. Both plots show a sudden
decrease of surface energy at high humidity. This is attributed to a weaker adhesion
between the OTE surfaces due to coalescence of water droplets on the surface. In
addition, in the untreated case the peak is at 90% RH whereas in the plasma treated case
the peak is at 9S %RH. This indicates that water droplets are condensed at lower RH on
the untreated surface and that for a given RH the droplets are larger on the untreated
surface compared to the plasma treated surface.

It also agrees with our previous

experiments,'*" which showed that the OTE monolayer on untreated mica more readily
absorbs water when compared to the plasma treated case at high humidities.

Summary and Conclusions
Adhesive properties of OTE monolayers self-assembled on untreated and plasma
treated mica surface were investigated at various environmental conditions such as
temperature, relative humidity, contact time, and high stress. While these sur&ces show

a small adhesion hysteresis, which might be negligible, the resuhs from

various

environmental tests strongly suggest that both monolayers on untreated and plasma
treated mica are molecularly smooth, well ordered and highly compact, as well as
mechanically robust and tenacious. On the other hand, water vapor tests show that water
droplets on the untreated OTE monolayer form at a lower RH (90 %RH) than on the
plasma treated surface (95 %RH). Furthermore, we found that, on the untreated OTE
surface, a huge water droplet (few micron size) can be formed from the coalescence of
tiny water droplets after repeated pull off force measurements (typically 4 or 5 times) at
or above 95 %RH. This observation was verified by a discontinuity of the FECO fringes
after separation from contact. However, we were not able to easily see a discontinuity of
fringes in the plasma treated case even at 99 %RH. These resuhs suggest that the plasma
treated OTE monolayer is more stable than the untreated monolayer in highly humid
environment.

We believe that the higher stability is mainly attributed to covalent

attachment of the OTE molecules to the plasma treated mica surface. Although the OTE
monolayers in this study, without regard to surface pretreatment, are somewhat less
hydrophobic, this series of the environmental test resuhs suggests that hydrophobicity is
not always the best measure of monolayer quality. Thus, independent of hydrophobicity,
it is thought that the OTE monolayer is securely bound to plasma treated mica and is
potentially a good base substrate for model biomembrane construction.
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Table 3-1. Advancing, receding and pull-off surface energies were obtained from at least
three different experiments. The units for the surface energy are

Advancing, ya Receding, yr
Untreated
20.8 ±1.8
27.9
Plasma treated 20.0 ±1.0
23.9

Pull-off, YS
24.5 ±1.2
22.4 ± 1.4
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Figure 3-1. Surface energy of OTE-SAMs on untreated mica as a function of contact
time at two different temperatures (25 °C (closed symbol) and 38 °C (open symbol)) in
dry conditions.

Diamonds and circles represent two different downward deposition

experiments while Squares denote an upward deposition experiment.
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Surface energy of OTE-SAMs on untreated mica at various relative

humidities at 25 °C. Circles and squares denote different experiments and filled and
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Figure 3-3. Variation of normalized surface energy of an untreated OTE-SAM for a
series of relative humidities as a function of contact time at 25 °C.
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Figure 3-4. Variation of normalized surface energy of an untreated OTE-SAM for a
series of relative humidities as a function of contact order (Experiment I) at 25 °C.
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Figure 3-5. Variation of normalized surface energy of an untreated OTE-SAM for a
series of relative humidities as a function of contact order (Experiment 11) at 25 °C.
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Figure 3-6. Surface energy of OTE-SAMs on plasma treated mica as a function of
contact time at two different temperatures (25 °C (closed symbol) and 38 °C (open
symbol)) in dry conditions. Diamonds and squares denote two different experiments.
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Figure 3-7. Surface energies of plasma treated OTE-SAMs corresponding to the pull-off
forces measured at various relative humidities at 25 °C. Circles, squares and diamonds
represent three different experiments.

Filled symbols indicate the contact area was

changed just prior to the measurement whereas unfilled symbols indicate no contact area
change was made.
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Figure 3-8. Surface energies of a plasma treated OTE-SAM corresponding to the pulloff forces measured at various relative humidities at 25 °C. Diamonds and circles denote
the surface energies from compressed and uncompressed sur&ces respectively.
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Figure 3-9. Variation of normalized surface energy of a plasma treated OTE-SAM for a
series of relative humidities as a function of contact time at 25 °C.

2.0

%

1-5

tt
c

-•-0% RH

lU

I

-•-80% RH
-A-90% RH

1.0

-*-95% RH

3

Hi-97%

RH

-•-99% RH

I

1 0.5

0.0

10

20

Contact Time (min)

30

89

Figure 3-10. Variation of normalized surface energies of a plasma treated OTE-SAM for
a series of relative humidities as a function of contact order (Experiment I) at 25 °C.
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Figure 3-11. Variation of normalized surface energies of a plasma treated OTE-SAM for
a series of relative humidities as a function of contact order (Experiment II) at 25 °C.
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Figure 3-12. Variation of normalized surface energies of a plasma treated OTE-SAM for
a series of relative humidities as a function of contact order (Experiment III) at 25 °C.
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Figure 3-13. Measured advancing and receding o^-F curves at 25 °C in dry conditions
for the OTE films on untreated (a) and plasma treated (b) mica surfaces. Filled and
unfilled symbols denote advancing and receding plots respectively. The solid lines are
based on fitting the advancing and receding plots to the JKR theory (refer to appendix B).
Ya and

yr

are 20.8 and 27.9 mJ/m^ respectively for the untreated case (a) and 20.0 and

23.9 mJ/m^ for the plasma treated case (b).
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Figure 3-14. Complete plots of surface energies for untreated (a) and plasma treated (b)
OTE-SAMs at various relative humidities without regard to contaa area.
symbols indicate different experiments.
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CHAFrER4
PRESENT STUDY

The methods, resuhs, and conclusions of this study are presented in chapters 2, 3
and the papers appended to this dissertation. The following is a summary of the most
important findings in these chapters and appendices.

Important Findings of Study
Mica has a layered structure where each layer is perfectly crystalline and
atomically smooth. However, unlike a glass or silica surface, the mica surface is simply a
pure oxide surface and does not contain any inherent functional groups such as hydroxyl
groups. This can be a serious drawback when an alkylsilane monolayer is coated on the
mica surface. If one considers that the stability of an organic self-assembled monolayer
(SAM) such as an OTE-SAM mainly stems from the connectivity between the monolayer
and substrate, it is not hard to imagine that the OTE monolayer is not as stable as the
same monolayer on a glass or silica substrate even though it is well known that
alkylsilane molecules can cross-polymerize and that OTE-SAMs on mica are
mechanically fairly stable.'®'^
In order to improve the stability of the OTE-SAM, the mica surface was treated
with an argon/water vapor plasma and coated with OTE by the self-assembly method in
our laboratory. The OTE-SAM has been investigated with a surface forces apparatus
under completely dry and wet conditions. First, the interaction force between two OTE

monolayers self-assembled on mica was measured in water. The force curve clearly
showed a dramatic reduction of the long-range repulsive force when compared to the
forces between OTE-SAMs on untreated mica.

It strongly indicates that the surface

charge is lower in the plasma treated case than in the untreated case and that the plasma
treatment improves the film stability.
Second, the stability of OTE-SAMs on untreated and plasma treated mica in
highly humid environments was investigated. This study revealed that the OTE-SAM
swells substantially in the untreated case when the relative humidity is 9S % or higher but
does not swell in the plasma treated case at all. This result is strong evidence suggesting
that the OTE-SAM is covalently attached at least partially to plasma treated mica while
the monolayer is only physisorbed to untreated mica.
Third, the adhesive properties of OTE monolayers self-assembled on untreated
and plasma treated mica surface were investigated as a function of variations in
environmental conditions such as temperature, relative humidity, contact time, and high
stress.

The results from these environmental tests strongly suggest that monolayers

deposited on both untreated and plasma treated mica are molecularly smooth, well
ordered and highly compact as well as mechanically robust and tenacious. However, the
plasma treated OTE monolayer appears to be more stable than the untreated monolayer in
a highly humid environment. A large water droplet capillary condensed on the untreated
OTE surface but not on the plasma treated surface even at 99 %RH. It again supports the
conclusion that the OTE monolayer is more securely bound to plasma treated mica in
comparison to the untreated case.
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Finally, we measured thickness compressibilities of OTE monolayers on untreated
and plasma treated mica in order to estimate the OTE surface density and phase state.
The compressibility moduli revealed that the OTE phase states for both the untreated and
plasma treated cases are pseudo-crystalline.

Also, in high humidity water droplets

capillary condensed at the divergence of the contacting OTE surfaces were carefully
investigated during compression and decompression cycles. This investigation along
with the compressibility tests strongly suggest that the OTE-SAMs on both plasma
treated and untreated mica do not fully cover the entire surface and most likely exist as
two discrete phase states composed of crystalline polymerized OTE domains and
somewhat hydrophilic gaseous regions. Figure 4-1 shows a most probable phase state of
OTE-SAM based on these findings.

Summary
OTE-SAMs on untreated and plasma treated mica were studied under various
experimental conditions using a surface forces apparatus. These experiments suggest that
the OTE monolayer is covalently anchored to plasma treated mica and that the monolayer
is highly stable especially in a physically harsh and wet environment. While these OTESAMs are not extremely hydrophobic this study clearly shows that the OTE-SAM on
plasma treated mica is potentially a good base substrate for model biomembrane
construction.
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Figure 4-1. A conceptual diagram of a most probable phase state of OTE-SAM on either
plasma treated or untreated mica.

Dark and white colors represent crystalline

polymerized OTE domains and gaseous hydrophilic regions respectively.

Y
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Abstract

We investigate the stability of an octadecyltriethoxysilane (OTE) monolayer selfassembled on plasma treated and untreated mica using the Surface Forces Apparatus by
measuring the thickness of the water layer that is adsorbed from vapor. The OTE
monolayers are initially highly hydrophobic but contact angle hysteresis indicates water
interacts favorably with the monolayers on prolonged exposure. Defects in the monolayer
most likely make it possible for the water to reach the hydrophilic region between the
silane headgroups and the mica. This explains why there has been very little success in
measuring hydrophobic forces between OTE coated mica surfaces. Hydrophobic forces
between OTE surfaces have only been successfully measured with silica as the substrate.
Even though these monolayers are not suitable for studies of the so-called hydrophobic
force they are ideal for studies designed to probe the interaction between the silane
headgroups and mica. For a given relative humidity the water film thickness is always less
if the surfaces are plasma treated before the monolayer is deposited. In the untreated case
water penetrates into the hydrophilic region between the monolayer and the mica. This
does not occur in the plasma treated case because the monolayer is more firmly anchored,
most likely through covalent bonding.
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Introduction
Seif-assembled organic monolayers (SAMs) can be used to alter and control the
chemical nature of surfaces. Self-assembly is simple and widely applicable in areas such as
lubrication, templating, optoelectronics and microelectromechanical systems (MEMS)[1].
The alkylsilanes form SAMs and have attracted attention because they are capable of
cross-polymerization and covalent attachment to SiOa-based oxide surfaces such as
oxidized silicon wafers.

Mica also contains Si-0 bonds but there are no inherent

functional groups on the surface. SAMs deposited on mica are potentially useful in
nonlinear optics because mica can be prepared as relatively large, molecularly smooth
sheets [1].
Despite the lack of functionality several research groups have investigated the
deposition

of

alkylsilanes,

mostly

n-octadecyltrichlorosilane

(OTS)

and

n-

octadecyltriethoxysilane (OTE), on mica [2-16]. These monolayers are hydrophobic as
judged by the contact angle of water but in some cases the contact angle decreases with
prolonged exposure to water. Kessel and Granick [2] deposited OTE SAMs on mica that
were very stable with respect to water penetration as evidenced by a high advancing
contact angle (111°) that did not change for several days. In a continuation of that study
Peanasky et al. [3] found that neither contact angle nor mass coverage changed with
immersion in water or with prolonged exposure to water droplets. Additionally, oscillatory
forces measured with a surface forces apparatus (SFA) in undecane indicated the layers
were smooth. In contrast, Xiao et al. [4] prepared OTE SAMs on mica using the Kessel
and Granick method and found polymerized aggregates on the surface using an atomic

lor
force microscope (AFM). The contact angle remained greater than 100° for at least 30
minutes because the aggregates prevented the water droplet from spreading. Attempts at
measuring forces between OTE-coated surfaces with the SFA are frequently fhistrated by
the apparent presence of such aggregates on the surfaces (H. K. Christenson, unpublished
observations). By filtering the prehydrolyzed solution before deposition the number of
aggregates deposited on the surface was significantly reduced. This resulted in very
smooth layers as determined by AFM but the contact angle decreased fi'om 110° initially
to ~ 40° after 30 minutes indicating that water is not completely repelled as would be
expected for extremely hydrophobic monolayers. Schwartz et al. [12] and Lambert et al.
[10] used self-assembly to deposit OTS on steam pretreated mica. In both cases the initial
contact angles reportedly remained high (112 and 108 respectively) at least for 10 and IS
minutes respectively. It appears that variations in preparation method, which may lead to
differences in the number of monolayer defects and the presence of polymerized
aggregates, affects the hydrophobic stability of octadecylsilane monolayers on mica. Tian
et al. [S] directly investigated the effect of water adsorption on the mechanical stability of
OTE SAMs on mica using AFM.

The force required to mechanically remove the

monolayer from the substrate was substantially less in the presence of water vapor. They
concluded that despite the monolayer hydrophobicity, water can penetrate into OTE filnis
to alter the molecular chain ordering and to detach the OTE molecules from the mica
substrate.
In order to increase the mechanical and perhaps the hydrophobic stability of
alkylsilane monolayers on mica Parker et al. [6, 7] and Wood and Sharma [8, 9] treated
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mica with an argon/water vapor plasma to introduce hydroxyl functional groups on the
surface that could potentially form covalent bonds with a silane monolayer. Parker et al.
[6] deposited gas phase fluoroalkyltrichlorosilanes

on plasma treated mica. The surfaces

were hydrophobic but the contact angles decreased over time after soaking in aqueous salt
solution indicating water penetration into the monolayer. Wood and Sharma [8] were
unable to produce robust OTE monolayers on mica using the Kessel and Granick method.
They instead abandoned the self-assembly method and used the Langmuir-BIodgett (LB)
technique to deposit OTE which had been prepolymerized at the air-water interface on
plasma treated and untreated mica. They found that plasma activation was necessary to
produce a monolayer that was hydrophobic and robust with contact angles that did not
change over several hoa-s when tested with up to 0.1 M

KNO3 solutions.

These surfaces

were suitable for SFA studies of the hydrophobic force [17], All other studies of the
hydrophobic attraction between surfaces silanated with octadecylsilane have employed
silica as a substrate [18-20].
The question of whether an octadecylsilane monolayer deposited on mica is
covalently attached has been actively debated. Kessel and Granick [2] suggested that the
OTE monolayer is occasionally anchored to untreated mica by an exchange reaction which
breaks mica surface Si-O-Si bonds and creates mica/monolayer Si-O-Si bonds. Xiao et al.
[4], however, concluded that the mechanical stability is due to cross-polymerization rather
than to chemical bonding to the mica substrate. While plasma treatment appears to make it
possible to covalently attach the monolayer to mica it is still not clear if and to what extent
this actually occurs. Tripp and Hair [21] have used infrared spectroscopy to show that

roi
curing at 200 °C is necessary to induce coupling of sUanes to silica, but no such
investigations have been conducted with mica.

While highly hydrophobic monolayers are desirable for some applications less
hydrophobic but well anchored monolayers are quite suitable substrates for other
applications such as directed immobilization of biological molecules. Chemical attachment
to the surface is then most important. We here use the SFA to determine the effect of
plasma pretreatment on the stability of an OTE monolayer self-assembled on mica. The
monolayers are exposed to water vapor and the thickness of the water film adsorbed is
compared for the plasma treated and untreated cases. Consistent with Tian et al. [S] water
is adsorbed by the OTE monolayers indicating they are not highly hydrophobic after
prolonged exposure to water. This explains why there has been very little success in
measuring hydrophobic forces between OTE coated mica surfaces. The fact that water is
adsorbed is an advantage for this study however because hydrophobic stability does not
mask other stabilizing effects such as covalent attachment. For a given humidity plasma
treatment drastically reduces the thickness of the adsorbed water film compared to the
untreated case. This strongly suggests that an OTE SAM is covalently bound to plasma
treated mica but not to untreated mica.

Experimental Section
OTE was purchased fi'om Gelest, Inc. (TuUytown, PA) and doubly distilled under
vacuum. Prior to self assembly on untreated and plasma treated mica the OTE was
prehydrolyzed by dissolving 0.1 g of prefiltered OTE in 12 mL of THE containing 0.1 g of
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1 N HCI. The solution was then stirred at room temperature for 2-3 days. Then 2.63 mL
of the prehydrolysis solution was diluted with 80 mL of cyclohexane resulting in a cloudy
solution that was left to stand for 25 minutes. The solution did become clearer but just
prior to self-assembly, the hydrolyzed OTE solution was filtered through a 0.2 ^m PTFE
membrane filter.

Filtering made the solution very clear and there were no visible

polymerized OTE aggregates at the air/solution interface. The OTE solution was slowly
added to a clean jar containing a pair of either untreated or plasma treated mica sheets that
had been previously back silvered and glued to cylindrically polished silica lenses. Aiter
30 minutes, each mica surface was slowly and carefully removed fi'om the solution and
then baked in a vacuum oven for 2 hours at 110 °C. Each sample was then rinsed with 3S mL of pure ethanol, blown dry with nitrogen and immediately mounted inside the SFA
chamber. A vial of P2OS was attached to a port on the chamber exterior and the chamber
was purged with nitrogen for at least 4 hours in order to scavenge any remaining water.
In some experiments the mica samples were pretreated with radio fi'equencygenerated Ar/H20 plasma (Harrick plasma cleaner, PDC-3XG) in order to introduce
hydroxyl functional groups on the surface prior to OTE self-assembly. The initial vacuum
pressure in the plasma chamber was 100 mtorr. The vacuum pressure rose to 500 mtorr
as a result of water vapor and argon gas (1.5 mL/min) introduction. The mica surfaces
were positioned so that they fiiced directly into the argon/water vapor stream and were
exposed to the plasma for 2 minutes at 30W.
The experiments were carried out using a modified Mark IV SFA [22, 23] with
two OTE coated, muscovite mica (plasma treated or untreated) surfaces mounted as
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facing, crossed cylinders. The lower surface is mounted on a veiy stiff support [k ~ 1.5 x
10^ Nm''] and the upper surface is mounted on a cylindrical piezoelectric crystal, the
expansion of which controls the surface separation with an accuracy of 0.1 nm. Coarse
surface separation was controlled directly with a dc motor on the translation stage
attached to the lower surface. The mica (S&J Trading, NY) which had been cleaved into
molecularly flat sheets (2-6 |im thick) and then back silvered was glued to cylindrically
polished silica disks using an epoxy resin (Epon 1004, Shell Chemical Co.).

The

interferometer formed by the back-silvered surfaces transmits only certain discrete
wavelengths that are passed through a diffraction grating and observed directly with an
eyepiece as fringes of equal chromatic order (FECO) at the exit slit of the spectrometer.
The fringes allow measurements of the surface separation and refractive index of the
medium between the surfaces [24], Before the plasma treatment or OTE coating, the
contact fringe positions of the untreated mica surfaces were recorded for reference. The
relative humidity was controlled by introducing 10-40 ml of an aqueous solution of known
LiCl concentration onto the bottom of the chamber. We allow 12 hours for the system to
come to equilibrium after the LiCI solution is injected into the chamber. The temperature
near the OTE surfaces inside the SFA chamber was monitored with a thermistor and was
maintained at 25 .0 ± 0.1 °C throughout the experiment.

Results and Discussion
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The experiments involve bringing the surfaces together slowly in either a dry or
humid atmosphere. The FECO fringe positions are measured at several separations with
the surfaces out of contact and at contact. The thickness of the dry OTE monolayer was
determined with the surfaces in contact by measuring the shift in the FECO fringe
positions relative to the reference mica-mica contact values. The average monolayer
thickness was 2.3 ± 0.1 nm on untreated mica and 2.4 ± 0.2 nm on plasma treated mica,
consistent with reported literature values [2, 8]. The measured refractive index of the dry
OTE monolayers in contact is 1.58, higher than the bulk value 1.439 reported by Gelest
Inc.

However it is not necessarily expected that solution phase data would apply for

strongly adsorbed monolayers [25],

Using the SPA Maeda and Christenson [26]

measured 1.52 for the refractive index of solid n-octadecane on mica. Paudler et al. [27]
found the refractive index of behenic acid monolayers to be 1.47-1.48 parallel to the
surface and 1.54-1.56 normal to the surface using elUpsometry. Brunner et al. [28] also
used elUpsometry and reported refractive index values for octadecylsiloxane on silica
ranging between 1.524-1.596.
After the measurements in dry conditions the relative humidity was increased to
80%. To further increase the humidity more water was added to the chamber. The
chamber was not dried out until the end of the experiment after measurements at the
highest humidity. From the FECO fringes we determine the thickness of the combined
OTE/water surface film, the water layer thickness is not measured directly. We assume
the OTE film remains intact during the experiment because when the chamber is
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completely dried at the end, the OTE film is still smooth and the OTE film thickness is the
same as before water was introduced.
Fig. 1 shows the thickness of the water film on OTE coated untreated (•, o) and
plasma treated (0, A) mica surfaces as a function of relative humidity. These measurements
were taken after the surfaces had jumped into contact. The water film thickness is the
difference between the dry OTE film thickness and the thickness of the OTE-water film at
a fixed relative humidity. Different symbols denote separate experiments. In the untreated
case the OTE SAM absorbs measurable quantities of water. Near saturation the water
film thickness on each surface is 1.89 nm. In the plasma treated case the measured water
film thickness is zero even near saturation. The plasma treatment appears to give the
monolayer added stability with respect to water absorption. We suggest that in the
untreated case water penetrates into the hydrophilic region between the silane headgroups
and the mica surface whereas in the plasma treated case this does not occur. The
monolayer in effect floats on a water film in the case of untreated mica whereas the
monolayer remains attached to the plasma treated surfiice. This suggests that the OTE
monolayer may be covalently bound to the plasma treated surface but not to the untreated
surface.
The thickness of the absorbed water film is underestimated when the surfaces are
in contact however, because water is squeezed out of the gap due to the adhesive forces
that dominate when the surfaces come into contact. In order to examine water adsorption
on an OTE monolayer without the influence of adhesive forces we also recorded the
FECO fiinge positions at several separations when the surfaces were not in contact. This
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method has been used to measure the film thickness of water [29], alcohols [30, 31] and
nonpolar organics on mica [32], The refractive index of the medium between the surfaces,
n, is related to the thickness i of the films on the surfaces by the approximate relation

(,)

2("/ -1)

where H is the surface separation and /ff is the refractive index of the film [32]. For a film
containing both OTE and water we take the film thickness to be a sum of the water film
thickness, /», and the OTE film thickness, /ote The thickness of the water film can then be
obtained as
/ —

~

) "*" ^^org (^a ~ ^org )}
2(n^-nJ

/2)

where nw, n. and Hote are the refractive indices of water, air and OTE respectively. We
take «air = 1.000 and mhjO = 1.332 at 25.0 °C. We take /ote and wote to be the measured
values. It is assumed that the thickness of the adsorbed film is the same on each surface
and

is a linear combination of the film component refractive indices. Additionally, we

assume that the system may be treated as a three>layer interferometer (mica-medium-mica),
whereas, strictly, it is a seven-layer system. In order to test the validity of the calculations
we used a rearranged form of Eq. 2 to predict the known refractive index of the medium
between OTE coated surfaces in completely dry and completely wet conditions. Fig. 2
shows the refractive index as a function of surface separation when only air separates the
surfaces (0% RH) (•) and when water forms a condensed bridge between the surfaces
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(A). The dashed lines denote the refractive indices of pure water, n = 1.33, and air, n =
1.00. The refractive index was correctly predicted in both dry and wet conditions.
The water film thickness as determined from Eq. (2) is shown in Fig. 3 as a
function of the relative humidity for an OTE monolayer on both untreated and plasma
treated mica. Different symbols denote different experiments. For a given separation the
equilibrium water thickness was taken as an average of at least three different drift free
measurements.

In contrast to the contact measurements described above measurable

water is absorbed by the OTE monolayer for both plasma treated and untreated substrates.
It is Important to note that since the humidity was increased progressively during the
experiment and the surfaces were contacted several times at each humidity it is not
possible to directly compare these measurements with film thickness measurements on
truly isolated surfaces. However, since our goal is to determine the effect of plasma
treatment on monolayer stability by measuring water vapor adsorption, these
measurements are very useful. For consistency we chose to measure the out of contact
film thickness after the first contact and separation at each humidity. Fig. 3 clearly shows
that for a given relative humidity more water is absorbed by the OTE monolayer deposited
on untreated mica compared to plasma treated mica again reflecting the stability provided
by the plasma treatment with respect to water adsorption. For example, at 95% RH the
water fihn thickness is approximately 7.0 nm on untreated mica whereas it is between 1.5
and 1.7 nm on plasma treated mica. The water film thickness includes water that is
between the OTE and the mica as well as water that is now clearly on the OTE surface.
Considering that the thickness of a water film on bare mica at this relative humidity is
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about 1 run [29] the water thickness in the untreated case is quite large. This is because,
as mentioned above, at a given humidity the surfaces had already been brought into
contact and separated before the water film thickness was measured. When the surfaces
are brought into contact water capillary condenses as an annulus around the contact zone.
In the plasma treated case the meniscus is visible as a break in the fiinges for humidities
near saturation (>99% RH).

In the untreated case the meniscus was observed for

humidities > 97% RH. A meniscus could also be observed at 95% RH after many contactseparation cycles in the same contact area. This is consistent with the tendency for the
untreated OTE monolayers to absorb water more readily compared to the plasma treated
case. On separation the condensed water is drawn into the contact area forming a bridge
connecting the surfaces. When the bridge snaps a water lens remains. Bridge formation
and snapoff occur too fast to be observed at lower relative humidities but can be followed
as a break in the fringes for the untreated case at > 99% RH. We are unable to determine
how much of the water on the OTE surface is due to capillary condensation and how
much would be present on an isolated surface since the experimental design precluded
measurements on surfaces that had never been contacted.

The water film thickness

remains temporarily enhanced in the contact area because the contact angle of water on
the OTE surfaces is greater than zero preventing complete spreading. Advancing and
receding contact angles were measured on untreated and plasma treated OTE surfiu^s
using a Cahn dynamic contact angle analyzer (DCA-312). In the plasma treated case the
advancing angle was 107° and the receding angle was 73°. In the untreated case the
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advancing angle was 102° and the receding angle was 35°. This suggests that water
should be present on the surfaces as droplets rather than as a uniform film.
Water droplets on the OTE surface may nucleate at sites where coverage is not
complete or at sites where hydrated counterions are present to satisfy surface charge.
Counterions are present on the surfaces as evidenced by the presence of an electrical
double layer repulsion when the force is measured between the surfaces in aqueous
solution (unpublished). Parker et al. [7] also detected an electrostatic repulsion in force
measurements between plasma treated fluorocarbon

silane coated surfaces that was

sensitive to the plasma power, vacuum pressure and exposure time. In contrast. Wood
and Sharma [9] did not detect a repulsion due to surface charging in force measurements
between LB deposited OTE on plasma treated surfaces. It is possible that we could
produce neutral surfaces by further optimizing our plasma treatment conditions but this
may not be necessary if the SAM is to be used as a substrate to construct nanostructured
materials or to immobilize biological molecules.

Conclusions
We have investigated the stability of an octadecyltriethoxysilane (OTE) monolayer
self-assembled on plasma treated and untreated mica using the sur&ce forces apparatus by
measuring the thickness of the water layer that is adsorbed fi'om vapor. The OTE
monolayers are initially highly hydrophobic but contact angle hysteresis indicates water
interacts favorably with the monolayers on prolonged exposure. Defects in the monolayer
most likely make it possible for the water to reach the hydrophilic region between the

112

silane headgroups and the mica. This explains why there has been very little success in
measuring hydrophobic forces between OTE coated mica surfaces. Even though these
monolayers are not suitable for studies of the so-called hydrophobic force they are ideal
for studies designed to probe the interaction between the silane headgroups and mica.
Self-assembled octadecylsilane monolayers have been used to study the hydrophobic force
but only with silica as a substrate.
This work clearly demonstrates that the SFA can be used to investigate water
adsorption on SAMs and SAM stability.

We propose that if the SAM is not firmly

anchored to the substrate water can accumulate in the region between the SAM and the
substrate. Water droplets also condense on the OTE surface regardless of how well the
SAM is anchored. Without plasma pretreatment capillary condensation leads to formation
of very thick films in the contact area. For a given relative humidity and surface treatment
the measured water film thickness is always greater when the surfaces are not in contact.
This is expected since the adhesive force at contact pushes water out of the contact area.
For a given relative humidity the water film thickness is always less if the surfaces are
plasma treated before the OTE SAM is deposited. This is because plasma treatment may
anchor the SAM through covalent bonding, thus eliminating water adsorption between the
SAM and mica.

Acknowledgment. The authors thank Marcia Almanza and Dr. Srini Raghavan for the
contact angle measurements. This project has been supported by the Petroleum Research
Fund and the Southwest Environmental Health Sciences Center.
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Figure Legends

Figure 1. Water film thickness as a function of relative humidity for an OTE SAM on
plasma treated (A, 0) and untreated (•, o) mica. The fiUn thickness was measured after
the surfaces had jumped into contact. Different symbols denote different experiments.

Figure 2. Refractive index of the medium between OTE surfaces self assembled on
plasma treated mica as a function of surface separation. The known refractive index in
completely dry conditions (•) and in completely wet conditions (water bridge) (A) was
determined from the surface separation and refractive index of the medium using a
rearranged form of Eq. 2. The data closely agree with the known refractive indices for air
and water that are shown as dashed lines.

Figure 3. Water film thickness as a function of relative humidity for an OTE SAM on
plasma treated (A, 0) and untreated (•, o) mica. The film thickness was calculated firom
the refractive index of the medium between mica surfaces according to Eq. 2 before the
surfaces jumped into contact.

Since this method to measure film thickness is more

accurate at smaller surface separations each data point is the average of the last two
measurements made just prior to the surfaces jumping into contact. Different symbols
denote different experiments.
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Abstract
The surface forces apparatus technique and JKR theory were used to study the
elastic properties of n-octadecyltriethoxysilane self-assembled monolayer (OTE-SAM)
on solid surfaces of mica. The OTE-SAM was prepared on both untreated and plasma
treated mica surfaces. Our aim was to measure thickness compressibilities of OTE
monolayers on untreated and plasma treated mica and to estimate their surface densities
and phase states from the film compressibility. The compressibility moduli of OTE are
(0.97 ± 0.1) X 10* N/m^ on untreated mica and (1.23 ± 0.1) x 10* N/m^ on plasma treated
mica. This work suggests that the OTE phase state is pseudo-crystalline. In addition, the
results from compressibility measurements in water vapor suggest that the OTE-SAM on
both untreated and plasma treated mica exists as two very discrete phase states composed
of crystalline polymerized OTE domains and somewhat hydrophilic gaseous regions.
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Introduction
The alkylsilane self-assembled monolayer (SAM) has been used successfully to
alter the properties of surfaces in both industrial and research applications because it is
exceptionally stable. It has been widely accepted that the exceptional stability stems
from the ability of the alkylsilanes to cross-polymerize and attach covalently to SiOjbased oxide surfaces such as oxidized silicon wafers. Over the past decade, there has
been active interest in depositing alkylsilane SAMs on mica'*^ because it can be prepared
as atomically smooth and broadly step free sheets.

This makes it possible to more

precisely and accurately characterize both the SAMs themselves as well as additional
adlayers of biomacromolecules using sophisticated surface analytical techniques such as
the surface forces apparatus (SFA) and the atomic force microscope (AFM). However,
since the mica surface does not contain any inherent functional groups such as hydroxyl
groups, the preparation of alkylsilane monolayers well anchored to the mica substrate is
not straightforward. For example, in a recent water vapor adsorption study' in our
laboratory, we found that an n-octadecyhriethoxysilane (OTE) monolayer self-assembled
on bare mica is not chemically anchored to the substrate at all. The monolayer is only
weakly physisorbed, which was evidenced by substantial monolayer swelling at high
humidity.
In order to increase the stability of alkylsilane monolayers on mica Parker et al.^'^
and Wood and Sharma^' * treated mica with an argon/water vapor plasma to introduce
hydroxyl functional groups on the surface that could potentially form covalent bonds with
a silane monolayer. Parker et al.^ deposited gas phase alkyltrichlorosilanes on plasma
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treated mica. Wood and Sharma^ used the Langmuir-Blodgett (LB) technique to deposit
prepoiymerized OTE on plasma treated and untreated mica. We also recently reported
that OTE forms a self-assembled monolayer on argon/water vapor plasma treated mica
and that the monolayer is firmly anchored to the plasma treated surface as ascertained by
a lack of swelling in a water vapor adsorption study.^ In each of these studies, the
authors found that plasma activation was necessary to produce a monolayer that was
robust and securely bound to mica substrate.
However, alkylsilane SAMs produced in several different studies^' ' commonly
show unstable water contact angles to various degrees. For example, Kim et al.' reported
advancing contact angle of 107° and a receding angle of 73° for OTE self assembled on
plasma treated mica. Wood and Sharma^ also reported that the OTE monolayer showed a
small but noticeable contact angle hysteresis although would be expected since an
alkylsilane monolayer prepared by the Langmuir-Blodgett technique usually has a higher
packing density than a self-assembled monolayer.Advancing and receding contact
angles were 111° and 93°, respectively. The authors showed an atomic force microscope
(AFNQ image with a mixed phase state of highly condensed OTE domains (~13 |im
diameter) and much less dense gaseous regions, and they speculated that the gaseous
phase caused the contact angle hysteresis. AFM images from other studies"'
revealed similar phase states.

For instance, from

have also

an AFM image of n-

octadecyltrichlorosilane (OTS) monolayer self assembled on mica, Schwartz et al.*'
suggested a presence of less dense or more compressible regions between highly
condensed OTS domains after monolayer formation.

A recent AFM image from
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Doudevski et al.'^ indeed clearly shows that an OTS monolayer self assembled on mica
has substrate-exposed regions between highly condensed OTS domains. Furthermore, a
recent molecular modeling study from Stevens'^ demonstrated that due to steric
constraints of the alkyl chains an n-octadecylsiloxane (ODS) monolayer can not fully
cover the entire mica surface unless the monolayer does not cross-polymerize at all,
which is chemically unrealistic.

Kessel and Granick^ used transmission infrared

spectroscopy to determine the mass coverage of an OTE-SAM on mica. They calculated
that each molecule occupied ~20

which is equal to the packing density of a highly

compact Langmuir-Blodgett stearic acid monolayer.

They concluded that the alkyl

chains in the monolayer appear to be in a pseudo-crystalline phase. However, the same
authors also pointed out that if it is assumed the monolayer is fully cross-polymerized at
this surface coverage the Si-0 bond distance would be 2.1 A which is much longer than
the known Si-O bond length^ of 1.65 A. The IR studies as well as AFM images and
molecular modeling study clearly suggest that OTE monolayers do not fully cover the
entire mica surface. This hypothesis becomes more reasonable if one consider that OTE
molecules have very poor registry'^ to mica surface due to cross-polymerization so that
the monolayer growth largely depends on two dimensionally how far OTE molecules can
cross-polymerize.
On the other hand, several studies have stated that OTE monolayers fully cover
the mica surface. For example, Wood and Sharma' claimed that the OTE monolayer
covers the entire plasma treated mica surface and that the gaseous phase is not
hydrophilic at all. Moreover, with an AFM, Xiao et al.^ imaged two sizes (1x1 iim^ and
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10 X 10

of a high quality OTE SAM on mica to show a fully covered monolayer

without any pinholes. Even though these results are certainly opposed to the results
indicating the surface coverage of an OTE SAM on mica is incomplete, so far, the
number of studies is small and the issue is not resolved. The reason is in part due to that
fact that these studies have mainly depended on microscopic or spectroscopic methods,
from which It is more difficult to obtain consistent and reproducible molecular scale
information from disordered and soft hydrocarbon surfaces compared to solid crystalline
surfaces. Accordingly, in order to elucidate the phase-state and surface density of an
OTE monolayer self assembled on mica, implementation of a new technique may be
desirable.
In an efTort to directly relate the phase state and elastic properties of monolayer
films trapped between two mica sheets, Chen et al.*' employed a combination of the
Johnson-Kendall-Roberts (JKR) theory and a surface forces apparatus (SFA) technique to
measure the thickness compressibility of various ionic surfactant monolayers deposited
on mica by either Langmuir-Blodgett or self-assembly techniques.

The authors

successfully demonstrated that the compressibility of two monolayers trapped betweea
two mica sheets can be used to estimate the surface coverage as well as phase state of the
films. However, according to our knowledge, no such study has been performed to
measure the thickness compressibility of alkylsilane films on mica. Therefore, our aim in
this study is, based on the excellent relationship between the phase state and
compressibility modulus of monolayer films established by Chen et al.,'^ to measure
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compressibility moduli of OTE films on untreated and plasma treated mica, thereby to
deduce and compare the surface coverage and phase state of the films.

Materiab and Methods
Materials. OTE was purchased from Gelest, Inc. (Tullytown, PA) and doubly
distilled under vacuum. The OTE was filtered through a 0.2 |im PTFE filter prior to use.
Deionized water was filtered through Easypure UV/UF (Bamstead) producing an ionand organic-free water of 18.3 MO-cm resistivity. Tetrahydrofiiran (THF), ethanol and
cyclohexane were of spectral quality. They were used as received. Glassware for the
preparation of prehydrolysis solution and self-assembly was cleaned with chromic acid
solution and then with 10 % nitric acid solution. The mica used in this study was a ruby
muscovite mica purchased from S & J trading, New York.
Surface Forces Apparatus (SFA). We used a SFA (Mk IV) to measure the
externally applied force between two OTE monolayers coated on untreated and plasmatreated mica surfaces in contact as well as the contact area and thickness of the trapped
films between two surfaces. Detail characteristics of the apparatus are described in the
earlier articles.'^'

This instrument can construct a crossed cylindrical geometry of two

thin mica sheets glued to highly polished silica lenses.

This geometry is basically

equivalent to a sphere near a flat surface. The thickness of the trapped films between the
mica surfaces are measured with an accuracy of ±1 A from the movement of fringes of
equal chromatic order (FECO) which employs a multiple beam interferometry. Typical
contact radius of two OTE sur&ces were 25 ~ 33 ^m and the maximum resolution of the
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contact area measurement was ~1 ^m. Also, the radius of curvature of undeformed
surfaces was 1.5 ~ 2 cm.
Modification of Mica Surface. A pair of freshly cleaved thin (1-S |im) mica
sheets was silvered (~SS nm) and glued with silver side down on silica lenses. The mica
samples were pretreated with radio frequency (RF)-generated Ar/HiO plasma (Harrick
plasma cleaner, PDC-3XG) in order to introduce hydroxy1 functional groups on the
surface prior to OTE self-assembly. The initial vacuum pressure in the plasma chamber
was 100 mtorr. The vacuum pressure rose to 500 mtorr as a result of water vapor and
argon gas (I .S mL/min) introduction. The mica surfaces were positioned so that they
faced directly into the argon/water vapor stream and were exposed to the plasma for 2
minutes at 30 watts RF power.
Monolayer Preparation and Humidity Control. Prior to self assembly on
untreated and plasma treated mica the OTE was prehydrolyzed by dissolving 0.1 g of
prefihered OTE in 12 mL of THF containing 0.1 g of 1 N HCl. The solution was then
stirred at room temperature for 2-3 days. Then 2.63 mL of the prehydrolysis solution was
diluted with 80 mL of cyclohexane resulting in a cloudy solution that was left to stand for
25 minutes. The solution did become clearer however just prior to self-assembly, the
hydrolyzed OTE solution was filtered through a 0.2 |im PTFE membrane filter. Filtering
made the solution very clear and there were no visible polymerized OTE aggregates at
the air/solution interface. The OTE solution was slowly added to a clean jar containing a
pair of either untreated or plasma treated mica sheets that had been previously back
silvered and glued to cylindrically polished silica lenses. After 30 minutes, each mica

surface was slowly and carefully removed from the solution and then baked in a vacuum
oven for 2 hours at 110 °C. Each sample was then rinsed with 3-5 mL of pure ethanol,
blown dry with nitrogen and immediately mounted inside the SFA chamber. A vial of
P2OS was attached to a port on the chamber exterior and the chamber was purged with
nitrogen for at least 4 hours in order to scavenge any remaining water. The temperature
near the OTE surfaces inside the SFA chamber was always maintained at 25.0 ±0.1 °C
throughout the experiment. When necessary, the relative humidity was controlled by
introducing an aqueous LiCI solution of known volume and concentration onto the
bottom of the chamber. We allowed 12 hours for the system to come to equilibrium after
the LiCl solution was injected into the chamber. When the chamber was completely
dried at the end, the OTE film was still smooth and the OTE film thickness was the same
as before water was introduced. Therefore, it is reasonable to assume the OTE film
remains intact during the experiment.
OTE Thickness Measurements. Before the plasma treatment or OTE coating,

the contact fnnge positions for the bare mica surfaces were recorded. After the OTE
coating, the contact fHnge positions were again recorded. From the shift in the contact
fHnge positions due to the monolayer coating, the thickness of OTE monolayer can be
determined. The monolayer thickness was 2.34 ± 0.1 nm for the untreated case and 2.42
± 0.2 nm for the plasma treated case. Similarly, in separate experiments, any thickness or
morphological change of the mica due to plasma pretreatment was determined from
observation of the fringes before and after plasma treatment. There was no detectable
thickness change (less than I A) or deformation of the mica due to plasma treatment. In
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an attempt to measure the monolayer thickness from a different method, UV radiation
was used to degrade the OTE film at the end of a few experiments. A thin UV pen-lamp
with wavelength 254 nm and intensity 4.5 mW/ cm^ (UV Products, Inc.) was carefully
inserted between the surfaces still mounted inside the SFA chamber. After 4 hours of
irradiation, ultra pure water was injected between the surfaces. The surfaces were then
blown dry with dry nitrogen and allowed more than 2 hours to cool back to the original
temperature.

The monolayer was not completely removed, however.

Only

approximately 80% of the monolayer thickness (plasma treated case) could be removed
by UV irradiation. This result is not surprising because the silicon oxide component of
OTE network will still remain on the mica surface after UV burning. Our result was also
supported by a recent study from Valiant et al.'^ who used UV and ozone to degrade and
remove only the alkyl chains of an OTS film on mica but not the silicon oxide component.

Theoretical Background
This study has used Johnson, Kendall and Roberts (JKR) theory'^*^^ in order to
calculate the surface ener^ and stress at the center of the contact circle under various
external loads (negative or positive load).

JKR theory well describes the contact

mechanics of two adhering elastic spheres under externally applied forces in dry
conditions'^.
In the

JKR theory two spheres of radii Ri and Ri, bulk elastic moduli KB, and

surface energy W = 2y per unit area will flatten when pressed together under an external
force, F, such that their contact area will have a radius a given by

\29
a =

R
F + 67qR+(l iTtyRF +(6;r7^)* Y'

(1)

K

where R

= R|R2/(Ri + R2). For a sphere of radius R on a flat surface or for two crossed

cylinders of radius

R (the SFA geometry) we may put R2 = qo, Ri = R in the above

equation. Under zero load (F = 0) the contact radius is finite and given by

_(\27:yR\

1
Nr3

(2)

Equation 1 further shows that under small negative loads (F < 0) the solids still adhere
until at some critical negative load the surfaces abruptly jump apart. The adhesion or pull
off force needed to separate the surfaces is given by

Fs =

(3)

It is worth mentioning that according to the

JKR theory a finite elastic modulus, KB,

while having an effect on the contact area, has no effect on the adhesion force, Fs, an
interesting and unexpected result that has nevertheless been verified experimentally.*^'^"
The pressure or stress distribution within the contact circle is given by'^'

where x = via and r is the radial distance fi'om the axis perpendicular to the center of the
contact circle.
Most of the equations of the

JKR theory have been experimentally tested for

molecularly smooth surfaces and found to apply extremely well.'^'^' Thus it has been
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verified that the contact area of two surfaces as a function of applied load is excellently
described by Eq. 1 for both nonadhering and adhering surfaces.^' In addition, Eq. 3
relating the adhesion force to the surface or interfacial energy has been found to be
AA

correct to within 25 % for a variety of surfaces in vapors or liquids. '
The main drawback of the JKR theory is that it predicts an infinite stress at the
contact boundary where the two surfaces bifurcate. This unphysical prediction comes
from assuming that the adhesive forces between the two contacting surfaces have an
infinitesimally short range (essentially a 5 function at contact with no interaction outside
the contact zone).

These deficiencies in the JKR theory can be neglected when

calculating the stress distribution well inside the contact zone. Therefore, the stress was
always measured at the center of the contact circle (at x = 0) where it is given by

(5)

Results
Compressibility of Untreated and Plasma Treated Mica.

The mica

compressibility was determined graphically from plots of o against AD. First, we note
that the thickness compressibility modulus, K, of any material is defined by K =
D(d(T/dD) where D is the thickness of the film.

Thus, we may obtain K from

measurements of a and AD using the following equation

(6)

K =
M>ID

m

where AD is the change in thickness of the material. Equation 6 applies to any material
or film (mica sheets, trapped monolayers, or a composite sandwich of both). Strictly
because the FECO method measures the distance between the two outer silvered layers
on the mica sheets, any change in the thickness measured,

actually includes the sum

of the changes due to the mica sheets, ADm, and the trapped alkylsilane monolayers or
film, ADf. Thus, what is actually measured is
(7)
The question is, how can one extract the monolayer's compressibility when this can only
be measured with a thick sheet of mica sandwiching it on either side. Fortunately, the
mica sheets are about 1000 times less compressible while they are also about 1000 times
thicker than the trapped monolayers, and this fact has allowed us to measure the
compressibilities of the much thinner, but also much more compressible monolayers.
A precalibration of the compressibility of untreated and plasma treated mica
sheets, with no alkylsilane layers between them (Figure la), was carried out using Eq. 6
and the resuhs are shown in Fig. 2. The slopes of the lines passing through the origin
give compressibility moduli of Kum = D(5o/5Dm) = (0.907±0.01) x lO" N/m^ and Kpm =
(0.86S±0.001) X lO" N/m^, where Kum and Kpm are compressibility moduli of untreated
and plasma treated mica surfaces respectively. These values exactly fall within the range
of literature values'®*

for micas of (0.5 - 1.0) x 10*' N/m^.

As noted, the

compressibility modulus of mica is slightly affected by the plasma pretreatment. It is
thought that the compressibility of the plasma treated sur&ce is increased (lower
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compressibility modulus) because the surface is softened by being bombarded by heavy
ions such as argon. However, repeated measurements at the same contact area gave
approximately the same compressibility modulus and the FECO fringes did not show any
sign of deformation during the compression and decompression cycle.

These facts

suggest that mica sustains very little damage due to the plasma attack (at least at
nanometer resolution). Also, it is noted that the refractive indices of both untreated and
plasma treated mica increase with increasing applied load. This effect will modify the
values of the compressibility moduli by a small but unknown amount. However, this
effect may be ignored when analyzing the compressibility of trapped monolayers
between mica sheets since it is already incorporated in Km by definition.
Surface Energy of OTE Films. Following Chen et al.^^ we have determined the
surface energies (y) of OTE SAMs using two different methods. First the surface energy
was determined using JKR theory fi'om the plot of (contact radius)^, o^, versus applied
force, F, where a and F were measured during the compression/decompression cycle.
Figure 3 shows plots of

versus F measured as the surfaces were driven together

(advancing) at 25 °C in dry conditions for the OTE films on untreated and plasma treated
mica surfaces. The solid lines are based on fitting the curves to the JKR theory using Eq.
1. These fits were performed using a
maximum 1% as deduced fi'om the

test^^ and both y and KB were determined within
values. The surface energy,

ya, measured under

increasing applied load is between 22.1 and 24.7 mJ/m^ for OTE on untreated mica and is
between 21.1 and 22.2 mJ/m^ for the plasma treated case. Only one measurement was
made of the surface energy, yr, under decreasing applied load. However the value was
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unreasonably high (-53

There is considerable error in this value due to the fact

that the measurement was stopped before the surfaces were actually separated. The
surface energy was also determined from the pull off force (Fs) using Eq. 3. Fs was
measured at 25 °C in dry conditions, y for the untreated case was 23.2 - 24.6 mJ/m^ and
19.6 - 22.5 mJ/m^ for the plasma treated case. The surface energy obtained from the
advancing branch of the compression cycle and from the pull ofT force are in excellent
agreement and are consistent with surface energies reported for typical CH3- terminated
hydrocarbon surfaces.^^ Accordingly, we assume that

ya is a reasonable value to use as

input for the stress (o) calculation.
Compressibility of the OTE Monolayers. Kum and Kpm values obtained using
Eq. 6 were used as a baseline for subsequent measurements with monolayer films either
between plasma treated or untreated mica surfaces (Figure lb). In these experiments the
total compressibility, Ktot, of the composite sandwich was measured, viz.
_ ^^TOT _

^•^TOT

/j\

ADror

And since the normal stress o must be uniform throughout the composite, we also have

" A Dm
and

(8)
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where Df and Dm are the thickness of the film and mica respectively under zero applied
load. We may therefore express Kf in terms of the five measurable quantities

ADtot, Dm,

Df, a, and Km as
ctDJ^
oD„ /

(10)

Since ADtot, o, and Km are measured or previously calibrated, and since Dm and
Df are calculated from the positions of the FECO fnnges before and after monolayer
coating on mica, one may plot a against (ADtot - oDm/Km)/Df. The line drawn through
the experimental points should pass through the origin and its slope gives the film
compressibility, Kf. Figure 4 shows representative plots of film thickness changes, ADf
(o),

ADTOT(U), and ADm (v), as a function of stress (o) for the untreated (a) and plasma

treated (b) cases. We note that ADf is obtained as the difference between ADtot and ADm.
The stress was calculated at the contact center (x = 0) using Eq. 5 after y had been
ascertained from a JKR plot of

versus F. More detailed plots of ADf versus a for OTE

monolayers on untreated (diamonds) and plasma treated (squares) mica are shown in
Figure 5. Open and closed symbols denote different experiments. In the plot ADf = 0
refers to the fiill thickness (48.4 A) of two OTE monolayers on plasma treated mica under
zero stress. ADf for the untreated case starts at 0.2 nm under zero stress since the OTEOTE sandwich is thinner by that amount compared to the plasma treated case. As noted,
finally, the slope or film compressibility

Kf is obtained from plots of a versus ADf/Df for

the untreated (a) and plasma treated (b) cases as shown in Fig. 6.
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By direct fringe

observation and monolayer thickness measurement, it was

confirmed that the monolayer surface had not changed or deformed during and after the
compressibility test. The compressibility was also re-measured at the same contact area
and it revealed that the results fall within a measurement error.
The compressibility of OTE was (1.23 ± 0.1) x 10* N/m^ on plasma treated mica
and (0.97 ± 0.1) x 10* N/m^ on untreated mica. Chen et al." reported that a more densely
packed surfactant monolayer on mica is harder to compress than a less densely packed
monolayer.

For example, the compressibility of a crystalline close packed

dimyristoylphosphatidylethanolamine (DMPE) Langmuir-Blodgett monolayer (alkyl
chain surface density ~ 21 A*) is 1.78 x 10* N/m^ while the compressibility of the same
monolayer in the liquid crystalline state (alkyl chain surface density ~33 A}), is only 0.56
X 10* N/m^.

This work clearly demonstrated that thickness compressibility

measurements of surfactant films trapped between mica sheets are precise and accurate
enough to give an indication of the monolayer surface density and/or phase-state. Based
on these results the phase-state of the OTE films on plasma and untreated mica is
between liquid crystalline and crystalline close packed. This result is not surprising if
one also considers the monolayer film thickness under zero applied load. Since the film
thickness is measured with the surfaces in adhesive contact the film is slightly
compressed even with no applied load. Chen et al.'^ reported that liquid crystalline
DMPE is 6A thinner than crystalline close packed DMPE when the film thickness is
measured with the surfaces in contact under zero applied load. The measured OTE film
thickness (--24A) is just slightly less than the reported transextended length (26A)'^

indicating the film is less compressible than a monolayer in a liquid crystalline phase
state and that it probably more closely resembles a close packed crystalline phase. The
OTE compressibility moduli however indicate that the OTE films are significantly more
compressible than the close packed crystalline DMPE. Taken together these results
suggest that the OTE films are inhomogeneous and consist of close packed crystalline
domains interspersed with regions of lower density. When the surfaces are under only an
adhesive load at zero applied stress the crystalline domains are not under a large enough
load to deform significantly and the OTE remains near the transextended length. When a
load is applied the OTE can flatten somewhat by extending into the less dense domains
that would not be present if the film were completely close packed crystalline. This is
consistent with several AFM studies discussed earlier^'

that suggest that the OTE

film covers mica in densely packed domains interspersed with either bare mica patches or
less densely packed OTE regions.
The OTE film on plasma treated mica is harder to compress compared to the
untreated case. The difference in compressibility moduli is approximately 0.26 x 10^
N/m^. Consistent with the above discussion this suggests that the OTE surface density i&
higher in the plasma treated case compared to the untreated case. Perhaps in the plasma
treated case the close packed crystalline OTE domains are larger and the less dense
regions are smaller compared to the untreated case. This result may suggest that plasma
pretreatment somehow encourages the self-assembly of OTE molecules thereby allowing
larger polymerized crystalline domains to form on the surface. Alternatively the
difference in compressibility moduli may be related to the way the OTE is anchored to
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the surface in each case. Kim et al.' showed that in the plasma treated case the OTE
monolayer is strongly anchored to the surface most likely through covalent bonding
whereas in the untreated case the monolayer is only physisorbed. In the untreated case
there is an additional degree of freedom

in that the monolayer could adjust to a

compressive force by shifting or rearranging domains laterally whereas it is thought that
this is not possible in the plasma treated case. In order to further elucidate the phase-state
of the OTE monolayers on plasma treated and untreated mica information from other
analytical techniques such as AFM is needed.
Water Vapor Adsorption on OTE-SAM. The thickness compressibility was
also measured in highly humid environments in order to estimate the effect of water on
the phase-state of OTE monolayer. However, our results are qualitative since JKR theory
does not apply in the presence of capillary condensation because it does not account for
adhesive forces from outside the contact zone. It is necessary to use a combination of
JKR and Deijaguin-Mueller-Toporov (DMT) theory to analyze data in humid conditions.
The JKR-DMT transition will be discussed in more detail elsewhere, later.
We directly observed additional phenomena thai support the hypothesis that OTE
films consist of crystalline domains connected by regions of lower OTE density. When
the surfaces come into adhesive contact in a dry atmosphere the surfaces flatten because
the glue is elastic. The fringes, which were rounded prior to contact, now contain a
flattened region with sharp edges (see Figure 7). When the sur&ces are in contact and
water capillary condenses at the edge of the contact region at low relative humidities the
sharp comers become rounded. Maugis and Gauthier-Manuel^" have proved that rounded

contact fringes confirm the presence of capillary condensed water (not a measurable size)
at the bifurcation of the surfaces in contact. At high enough humidities where a large
amount of water is condensed the size of the annulus can actually be measured from a
break in the fnnges which appears because of the difference in refractive index between
water and air. At 95 % relative humidity (RH) or above, from both untreated and plasma
treated monolayers, we observed that when the surfaces are brought into contact either
one or both comers of the fKnges may be rounded. When a normal load is applied the
size of contact diameter increases and one or both of the rounded comers suddenly
become sharp. With further compression the contact area becomes larger and one or both
edges may suddenly become rounded again. This suggests that the surfaces are actually
covered with very tiny water droplets (< 1 |im diameter) that nucleate at pinholes or
regions of low OTE density. During a compression cycle the size of the contact diameter
increases from -50 |im to ~160 |im. AFM studies indicate that the average diameter of
crystalline domains is generally 2-13 |im.^'

Our observation suggests that as the

contact area gets larger we are actually bumping into and mnning over these small
droplets.
The compressibility in humid conditions was also used as an additional test of the
monolayer stability.

Chen et aL^^ showed that loosely held surfactant molecules

accumulate in the capillary condensed annulus around the contact zone in very high
humidity. When the system was dried quickly the mobile surfactant molecules were
deposited as piles on the surfaces at the edge of the contact zone and were visible as
distortions in the fringes. We conducted the same experiment for both untreated and
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plasma treated cases.

Near saturation water capillary condensed around the contact

region. The chamber was quickly dried out using nitrogen while the surfaces were still in
contact. As soon as the chamber was completely dried out the surfaces were slightly
compressed and decompressed repeatedly in order to determine if a OTE aggregates
accumulated at the edge of the contact zone. No distortions were detected. This test
suggests that the OTE monolayer is firmly attached to the surface and that perhaps there
is a high degree of cross-polymerization within the OTE domains.

Summary and Conclusions
We have employed JKR theory and the SFA technique to measure thickness
compressibilities of OTE monolayers on untreated and plasma treated mica to estimate
their surface densities and phase states from the film compressibility. The compressibility
moduli suggest that the OTE is more ordered than a liquid crystalline phase but not as
well packed as a completely crystalline monolayer such as DMPE. The OTE phase state
could be best described as pseudo-crystalline. The compressibility in the plasma treated
case is slightly lower than that for the untreated case, which indicates either that the
plasma treated monolayer has better surface coverage or that it is less mobile because it is
more strongly anchored to the substrate. Compressibility for both cases are higher than
that expected from a completely crystalline monolayer indicating OTE is less densely
packed or more likely that it is present as high density domains interspersed with regions
of lower density. In low humidity, water droplets condensed at the periphery of the
contact zone that appeared and disappeared over the course of a compression cycle. This
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suggests the water droplets were associated with particular locations (low OTE density
regions) on the surface so that instead of being moved when the contact became larger
they were engulfed. In addition, a rapid dry out experiments showed OTE molecules did
not collect in the capillary condensed annulus around the contact zone further supporting
the conclusion that these layers are very stable. These results suggest that OTE selfassembled on either plasma treated or untreated surfaces exists as two very discrete phase
states composed of crystalline polymerized OTE domains and somewhat hydrophilic
gaseous regions. This also explains why an OTE monolayer securely anchored to plasma
treated mica exhibits contact angle hysteresis. However, we do not know yet how big the
polymerized domains are and to what extent the gaseous phase is hydrophilic. In order to
clarify these questions, further investigations with other surface tools such as AFM are
necessary.
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Figure Legends

Figure 1. (a) Two contacting mica sheets of total thickness D„, « 5 - 8 ^m.

(b)

"Sandwich" consisting of two mica sheets with two adsorbed monolayers of total
thickness Df = S nm trapped between them.

Figure 2. Measured isothermal compressibility of untreated (a) and plasma treated (b)
mica samples at

25 °C

using Eq. 6. Open and closed symbols denote two separate

experiments. Typical experimental values were Dm = 5 - 8 jim, R = 1.5 - 2.0 cm, y = 33
- 37 mN/m for untreated mica, y = 25 - 26 mN/m for plasma treated mica, F = 0 - 0.34 N,
and a = 25 - 72 nm.

Figure 3. Measured advancing o^-F curves at 25 °C in dry conditions for the OTE films
on untreated (a) and plasma treated (b) mica surfaces. The solid lines are based on fitting
the advancing plots to the JKR theory, Eq. 1.

ya is 22.1 mJ/m^ for the untreated case (a)

and 21.1 mJ/m* for the plasma treated case (b). Typical experimental values were R « 2
cm, Kb = (1.7 ± 0.8) x 10'° N/m^ for the untreated case,

Kb = (1.11 ± 0.01) x 10'° N/m^

for plasma treated case. For reference, the elastic modulus, K, of OTE-SAM on untreated
mica from Ruth and Granick^" was (3 ± 1) x 10'° N/m^.

At the end of each o^-F

measurement the pull-ofT force, Fs, and the monolayer thickness were measured again.
The thickness and pull-off force were the same as before the adhesion measurement.
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Figure 4. Representative plots of film thickness changes, ADf (a), ADtotCu), and ADm
(v), as a function of stress o for the untreated (a) and the plasma treated (b) cases. Kr is
determined using Eqs. 8-10. Note that the ADf slope for the plasma treated case is steeper
than that for the untreated case.

Figure S. Complete plots of ADf against o for OTE monolayers on untreated (u) and
plasma treated (v) mica. Open and closed symbols denote different experiments. Note
ADf for untreated case starts at 0.2 nm under zero stress since the OTE bilayer is thinner
by that amount compared to the plasma treated case.

Figure 6. OTE film compressibility, Kr, determined from the plots of o versus ADf/Dr
for the untreated (a) and plasma treated (b) cases. Kr for untreated case was (1.23 ± 0.1)
X 10* N/m^ and (0.97 ± 0.1) x 10* N/m^ for plasma treated case.

Figure 7. Schematic of FECO fringes of OTE monolayers in contact during compression
in 95 %RH or higher. The circles highlight rounded comers that indicate the presence of
capillary condensed water. F and a are the applied normal load and contact diameter
which increase from left to right. Note the disappearance of the rounded comer at Fj.
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