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ABSTRACT: Using a scanning force microscope, adhesion
forces have been measured between carboxylic acid terminated
self-assembled monolayers in different nonpolar solvents or in
two-component liquid mixtures consisting of a polar solvent
(ethyl acetate or acetone) in heptane. The adhesion forces
measured in pure acetone and ethyl acetate were small (0.24
nN) but increased logarithmically as the concentration of the
polar solvent decreased to reach a maximum value (2.77 nN),
equal to that measured in pure heptane, and for lower concen-
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trations of polar solvent, the adhesion force remained constant. This behavior is identical to that observed for association constants
measured for the formation of 1:1 H-bonded complexes between dilute solutes in solvent mixtures. The transition between the
solvent-dependent and -independent regimes occurs at a polar solvent concentration corresponding to 1/Kg, where Kj is the
equilibrium constant for solvation of a carboxylic acid by the polar solvent in heptane. A simple model, in which the solvation of
the carboxylic acid groups may be estimated by considering the concentration and polarity of functional groups in the liquid,
accurately predicts values of Kg that were found to correlate very well with the observed solvent-dependence of the adhesion force.
Friction—load relationships were measured using friction-force microscopy. In pure acetone and ethyl acetate, a linear friction—load
relationship was observed, in agreement with Amontons’ law. However, as the concentration of polar solvent was reduced, a
nonlinear relationship was observed and the friction—load relationship was found to fit the Derjaguin—Miiller—Toporov (DMT)
model for single asperity contacts. For pure heptane and a range of other nonpolar liquids with identical dielectric constants, the
friction—load relationship was described by DMT mechanics. Exceptionally, for perfluorodecalin, Johnson—Kendall—Roberts
mechanics was observed. These observations may be rationalized by treating the friction force as the sum of load-dependent and
shear contributions. Under conditions of low adhesion, where the carboxylic acid surface is solvated by polar solvent molecules,
the shear term is negligible and the sliding interaction is dominated by load-dependent friction. As the degree of solvation of the
carboxylic acid groups decreases and the adhesion force increases, the shear friction contribution increases, dominating the
interaction for media in which the adhesion force is greater than ca. 0.6 nN.

B INTRODUCTION

surface increases, so the lateral deflection of the cantilever
increases. FFM is based upon the interaction between a single,

Friction occurs in all moving mechanical contacts, and lubri- ) ;
well-defined asperity (the SFM probe) and the surface; it thus

cation is consequently one of the oldest and most ubiquitous
branches of engineering." Molecular materials play a prominent
role in the control of interfacial friction. Classically, amphiphilic
molecules lubricate sliding contacts in mechanical devices. Recently,
new technologies have created the need for an enhanced under-
standing of the behavior of molecules in nanometer-scale me-
chanical contacts.” For example, microelectromechanical systems
(MEMS) contain miniaturized mechanical components that cannot
be lubricated by conventional means; there is thus a need for new
lubricants to control the frictional interactions. One potential solu-
tion is to use a self-assembled monolayer (SAM) of alkylsilanes.

In friction force microscopy (FFM), a variant of scanning
force microscopy (SFM),> the lateral deflections of a cantilever
are measured as the tip slides across the sample surface; as the
strength of the frictional interaction between the tip and the
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presents a model system with which to explore nanometer scale
tribological phenomena. However, from a chemical perspective,
it also offers many other possibilities. Friction forces measured by
FEM are exquisitely sensitive to nanometer-scale molecular
structure: energy dissipation in the sliding contact between the
tip and sample is determined by the nature of any noncovalent
interactions across the tip—sample interface," '* the packing
density,”"*'* and the organization of molecules. Hence FFM
measurements facilitate the mapping of variations in surface
chemical composition at nanometer resolution," the measurement
of the rates of surface chemical reactions in small regions,"®"” and
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the prospect of investigating many types of molecular interactions
at interfaces. Here we demonstrate that careful analysis of pull-off
forces made in liquid mixtures may yield fundamental data on the
thermodynamics of noncovalent interactions in condensed phases.

Central to the development of FFM as a tool for the
investigation of molecular interfaces is the acquisition of an
adequately firm understanding of the mechanics of interaction
between the tip and counterface. Such an understanding is
currently lacking. While some authors have modeled the tip—
sample interaction using single asperity contact mechanics
models, such as the Johnson—Kendall—Roberts (JKR) model
and the Derjaguin—Miiller—Toporov (DMT) model, others
have utilized Amontons’ law. In the single asperity models, the
friction force Fy, varies approximately with Fy{>, where Fy is the
load, while, in Amontons’ law, Fg = yFy where y is the coefficient
of friction. The meaning of the “coefficient of friction” in an
experiment involving contact between a single asperity and a
planar surface remains opaque, given that Amontons’ law is
typically said to be explained by interactions between multiple
microscopic asperities at two interacting macroscopic surfaces.

As long as the mechanics of interaction remain uncertain, the
interpretation of FFM data will remain problematic. Recently, a
number of papers have addressed this fundamental obstacle. Gao
et al. made the radical suggestion that single asperity mechanics
represent a limiting case where the strength of adhesion between
tip and surface is very large.'® They argued that a linear
friction—load relationship is to be expected under most circum-
stances and that the friction force is determined not by the area of
contact (as has usually been assumed previously") but by the net
interaction energy across the interface. Experimental studies of
poly(ethylene terephthalate)'® and self-assembled monolayer
surfaces™ yielded JKR mechanics in perfluorodecalin (where
adhesion forces were large) and Amontons-type behavior in
ethanol (where adhesion forces were much smaller). Other work
suggests that not only the strength of adhesion but also the
nature of the contact mechanics varies with the nature of the
medium in which sliding occurs.”’ Based on modeling using
molecular dynamics,”* Mo et al. concluded that the friction force
varied with the number of atomic contacts and, hence, that the
friction—load relationship was linear.

The existing literature is, in general, notable for its failure to
give adequate attention to the role played by the medium in
which sliding occurs. Here we address this concern by measuring
adhesion and friction forces in liquid mixtures for carboxylic acid
terminated SAMs. Because the Hamaker constant is known to
depend upon the dielectric constant ¢ of the liquid medium, we
chose two systems, heptane/acetone and heptane/ethyl acetate,
for which there is a smooth relationship between ¢ and composi-
tion. Our hypothesis was that the interaction force between tip
and sample would increase as the value of ¢ decreased. While
adhesion forces were larger in media with smaller dielectric
constants, we found that the dielectric constant is in fact a poor
predictor of interaction strengths. Instead, using a simple model
for hydrogen bonding based upon consideration of solvation of
the carboxylic acid groups by polar functional groups in the solvent,
we found a good correlation between the solvent-dependence of
the surface pull-off forces and solution-phase equilibrium constants
for the formation of 1:1 H-bonded complexes. The strength of
adhesion and the type of contact mechanics may be rationalized,
for surfaces containing carboxylic acid groups, in terms of the
degree of solvation of the surface by polar molecules. In contrast
to Gao et al,,'® we find that the best way to explain these data is to

treat the friction force as the sum of load-dependent and adhesion-
dependent terms, and we conclude that Amontons-type behavior
represents, for hydrogen-bonding surfaces in polar liquids, a
limiting case where the surface is extensively solvated.

B EXPERIMENTAL SECTION

Au-Coated Substrates and Scanning Force Microscopy
Probes. Glass slides (Menzel-Glaser 22 mm X 64 mm, #1.5) and
commercial V-shaped Si;N, scanning force microscopy probes (Veeco
Instruments, Santa Barbara, CA) with a nominal spring constant of
0.06 N m ™! were cleaned with piranha solution, H,SO,/H,0,, 70:30
(v/v) to remove all traces of organic material, including a polydimethyl-
siloxane contaminant.*® (Caution! Piranha solution is a strong oxidizing
agent and should be handled with care.) The slides and probes were rinsed
with deionized water (18.2 MQ cm) and dried in an oven at 150 °C.

The SFM probes were then coated with a 1 nm Cr layer at a rate of
0.03 nm s ' (Cr chips, 99.99% purity, Agar Scientific), followed by a
10 nm Au layer (Au wire, 99.99% purity, Advent Research Materials
Ltd.) deposited at 0.03 nm s~ " in an Edwards Auto 306 bell jar vacuum
coater system. Glass slides were coated with a 10 nm Cr layer at a rate of
0.03 nm s~ followed by a 50 nm Au layer at 0.03 nm s~ .

Preparation of Self-Assembled Monolayers. 11-Mercap-
toundecanoic acid (99% purity, Sigma-Aldrich) was used as received.
Thiolate monolayers were prepared immediately after gold deposition
by immersion of the freshly coated SEM probes and slides in 1 mM
solutions of thiol in degassed ethanol for approximately 18 h at room
temperature. Modified probes and slides were rinsed in copious amounts
of degassed ethanol and dried in a stream of N gas.

Solvents Used in FFM Experiments. n-Heptane (HPLC, Fisher
Scientific), ethyl acetate (HPLC, Fisher Scientific), n-hexadecane (99%,
Sigma-Aldrich), toluene (HPLC, Fisher Scientific), acetone (HPLC,
Fisher Scientific), cis,trans-perfluorodecalin (95%, Sigma-Aldrich),
ethanol (HPLC, Fisher Scientific), n-decane (=99% Sigma Aldrich),
and n-dodecane (=99% Sigma Aldrich) were all used as received and
injected into the SEM fluid cell using a disposable 1 mL syringe.

Friction Force Microscopy. Friction force measurements were
acquired on a Multimode Nanoscope (IV) (Veeco Instruments, Santa
Barbara, CA) scanning force microscope operating in contact mode with
the fast scan direction perpendicular to the long axis of the cantilever,
collecting both topographic and frictional data. The photodetector
sensitivity was calibrated prior to each experiment by recording a plot
of photodetector signal versus cantilever displacement when the probe
was in contact with a very stiff sample, such as mica. Normal spring
constants were obtained for each coated probe using a method that
approximates a cantilever to a harmonic oscillator where cantilever
motion is driven by thermal noise. The cantilever’s response was
correlated with the spring constant using a relationship derived by
Hutter and Bechhoefer.”*

Torsional spring constants were obtained at the end of each set of
experiments using a calibration grid (TGF11, MikroMasch, CA) as
described by Varenberg et al.>> and Tocha et al.*® Tip radii were
calculated using a calibration grid (TGGO1, MikroMasch, CA) and
SPIP software.

The frictional force between two contacting surfaces is half the
resultant force obtained for the forward and reverse signal recorded by
the photodetector.”” The photodetector response was plotted against
the load for each system over a scan size of 3 yum X 3 um employing a
scan rate of 2.98 Hz. In each experiment, the load was reduced from
~20—35 nN in 0.2—0.1 V steps down to a point at which contact
between the two surfaces was broken. In order to reduce systematic
errors in the lateral force measurements, at the start of each experiment
care was taken to ensure that the lateral deflection signal was zero when
zero load was applied. Each set of experiments was repeated using
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Figure 1. Relative dielectric constants &, (open symbols) and pull-off
forces (filled symbols), measured in ethyl acetate/heptane (top) and
acetone/heptane (bottom) mixtures, as a function of the mole fraction
of the polar solvent for mercaptoundecanoic acid SAMs deposited onto
gold-coated glass substrates and gold-coated SEM probes. The error bars
are smaller than the size of the symbols used to mark points.

different samples and different probes on different days to verify that
data were reproducible. Data were collected at a minimum of five
different locations on the sample surface for friction load plots, and force
curves were obtained at a minimum of 500 locations on the sample
surface for each solvent type. Pull-off forces were extracted from the data
using Matlab software and Carpick’s Toolbox.”®

B RESULTS

Measurement of Adhesion Forces. Pull-off (adhesion)
forces were measured for SAMs of mercaptoundecanoic acid
SAMs deposited onto gold-coated glass substrates and gold-
coated SFM probes in acetone/heptane and ethyl acetate/
heptane liquid mixtures. Figure 1 shows data for both mixtures,
together with the respective relative dielectric constants. It may
be seen that the pull-off force increases as the mole fraction of the
nonpolar solvent increases. In both pure ethyl acetate and pure
acetone, the pull-off force is 0.24 nN, which rises, as the mole
fraction of heptane increases, to a value over ten times greater
than this. While the relative dielectric constants for pure acetone
and ethyl acetate are quite different, no significant difference was
observed in the pull-off forces measured in these liquids.

To examine the relationship between the pull-off force and the
relative dielectric constant, both sets of data were combined and
plotted in Figure 2. Additionally, to extend the range of compar-
ison, data were acquired for interactions between carboxylic acid
terminated SAMs in ethanol and in four nonpolar liquids
(decane, dodecane, hexadecane, and perfluorodecalin). It may
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Figure 2. Variation in the pull-off force with the relative dielectric
constant for liquid mixtures containing heptane and a more polar solvent
(ethyl acetate, open blue diamonds, or acetone, filled red diamonds),
together with data for pure ethanol and four nonpolar liquids. The error
bars are smaller than the size of the symbols used to mark points.
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Figure 3. Variation in the pull-off force with viscosity for nonpolar
liquids (1.86 < &, < 2.04). The error bars are comparable in size to the
symbols used to mark points.

be seen from Figure 2 that, for liquids with &, > 5, there was little
change in the magnitude of the pull-off force as a function of the
relative dielectric constant. Conversely, for the pure nonpolar
liquids, a wide range of pull-off forces was observed for liquids
with very similar values of ¢,.

Figure 3 shows the pull-off forces for the nonpolar liquids as a
function of their viscosity. It is clear that the pull-off force
increases with viscosity and that the relationship is approximately
linear. The explanation for this is not clear, but it is likely that the
pull-off experiment is rate-dependent; as the viscosity of the fluid
medium increases, then the rate of pulling decreases and the
adhesion force increases. This emphasizes the difficulties asso-
ciated with making comparative force microscopy measurements
in different liquid media. However, (nonpolar) heptane and
(polar) ethyl acetate have very similar viscosities (0.39 and
0.45 mPa s, respectively), and while the viscosity of (polar) acetone
(0.79 mPa s) is only slightly greater than that of ethyl acetate, the
similarity in the pull-off forces measured for the pure polar liquids
(which were identical within experimental error) compared to
those measured in heptane (which were more than an order of
magnitude greater) suggests that changes in viscosity make a
negligible contribution to the changes in pull-off force that were
observed as a function of liquid composition in Figure 1.
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Figure 4. (a) Variation in the pull-off force with log[polar solvent],
where [polar solvent] is the concentration of polar solvent. Red
triangles: acetone/heptane. Blue circles: ethyl acetate/heptane. The
horizontal line corresponds to the pull-off force in pure heptane. The
error bars are smaller than the size of the symbols used to mark points.
(b) Variation in log K for formation of a 1:1 complex between two
solutes (a H-bond acceptor, A, and a H-bond donor, D) in mixtures of a
nonpolar solvent (S1) and a polar solvent (S2), which contains a good
H-bond acceptor group and no good H-bond donors. K; is the
equilibrium constant for formation of the AeD complex in solvent S1,
and K is the equilibrium constant for solvation of D by S2 in solvent S1.

In Figure 4a, the adhesion force is shown as a function of the
concentration of the polar solvent. As [polar solvent] was
decreased, the adhesion force increased, up to a limiting value
corresponding to that measured in pure heptane. A horizontal
line is shown corresponding to the pull-off force measured in
pure heptane. At low concentrations of the polar solvent, the
points may be seen to lie on this line. Straight lines can also be fit
to the data in the region where the pull-off force increased with
decreasing polar solvent concentration. The intercepts between
these lines of best fit and the pure heptane line occurred at values
of log [polar solvent] of —1.2 (corresponding to 0.06 mol dm™)
for acetone/heptane and —0.8 (0.14 mol dm ) for ethyl
acetate/heptane.

One of us has previously investigated hydrogen bonding in
solvent mixtures and shown that solvation in liquid mixtures can
be understood at the molecular level by considering the polarities
and the concentrations of the functional groups present. The
association constant, K, for formation of a 1:1 complex between a
hydrogen bond donor, D, and a hydrogen bond acceptor, A, in a
mixture of a nonpolar solvent (S1, n-octane) and a polar solvent
(S2, a dialkyl ether) varies with solvent composition as illustrated

in Figure 4b.** A linear relationship between log K and log [polar
solvent] is observed as the concentration of the more polar
solvent is decreased, until the value of log K matches that
obtained in pure alkane, after which there is no further change
as a function of [polar solvent]. This is identical to the behavior
observed in the adhesion force measurements. The relationship
between the solution-phase association constant for formation of
a 1:1 complex, K, and [polar solvent] shown in Figure 4b can be
described by eq 1.

B K
1+ Kg[polar solvent]

K

(1)

where K; is the association constant for formation of a 1:1
complex between D and A in pure S1, and Kj is the equilibrium
constant for solvation of D by S2 in solvent S1.

This result is a consequence of the fact that ethers and alkanes
have hydrogen bond donor groups that have very similar proper-
ties, and so the only interaction of consequence that changes in
solvent mixtures is solvation of D by the ether oxygens.
Ether—alkane mixtures are very similar to the solvent mixtures
investigated in the adhesion force measurements. Acetone and
ethyl acetate have CH hydrogen bond donor groups, which are
only slightly more polar than alkane CH groups, and so the only
interaction that changes significantly in mixtures of alkanes and
the more polar solvents is the solvation of the surface bound
carboxylic acid hydrogen bond donor groups (D) by the solvent
carbonyl oxygens (S2). The values of solution-phase equilibrium
constants for formation of 1:1 complexes in pure solvents can be
estimated using eq 2 in conjunction with Hunter’s hydrogen
bond parameters, which are related to the polarity of the
functional groups involved in making pairwise intermolecular
interactions:

—RTInK = — (0t —0g)(B—fBs) +6k mol ' (2)

where o is the hydrogen bond donor parameter for D, f3 is the
hydrogen bond acceptor parameter for A, 05 and 35 are the
corresponding hydrogen bond donor and acceptor parameters
for the solvent,®" and the constant of 6 k] mol " is the free energy
penalty for formation of a bimolecular complex between two
solutes.

Thus it is possible to use eq 2 to estimate the value of the
solution-phase equilibrium constant for solvation of a carboxylic
acid H-bond donor by acetone and by ethyl acetate in heptane.
These equilibrium constants correspond to the values of K in
Figure 4b and hence can be used to estimate the location of the
intersection point of the two straight lines on the log [polar
solvent] axis in Figure 4a. Using the literature values for the
hydrogen bond parameters in eq 2 gives Kg = 22 M~ ' for acetone
and Kg = 15 M ! for ethyl acetate. These equilibrium constants
correspond to intersection points at log [polar solvent] of —1.3
(corresponding to 0.05 mol dm ™ >) for acetone/heptane mix-
tures and —1.2 (corresponding to 0.07 mol dm>) for ethyl
acetate/heptane mixtures. The degree of agreement between
these calculated values and the experimental data in Figure 4a is
striking and suggests that solvation thermodynamics of the
surface bound functional groups does not differ significantly
from solvation of individual molecules in solution. The effect of
solvent on the surface adhesion forces can therefore be under-
stood based on the thermodynamic properties of individual
functional group interactions rather than bulk properties of the
liquid or the surface.
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Figure S. Friction—load plots in polar solvents. (a) Ethanol; (b)

acetone; (c) ethyl acetate. The error bars are smaller than the size of
the symbols used to mark points.

Measurement of Friction Forces. The friction force was
measured as a function of the load in polar media (Figure 5). In
ethanol, acetone, and ethyl acetate, the friction force was
observed to increase in a linear fashion as the load was increased.
A straight line was fitted to each plot using linear regression. It is
significant to note that the line passes close to the origin in each
case. Although the y-intercept is in each case slightly larger than
the standard error in the friction force, we nevertheless believe
that the magnitude of the intercept is within the bounds of
expectation due to experimental error: in addition to random
error, there is, additionally, the potential for systematic error
arising from uncertainty in the photodetector signal correspond-
ing to zero lateral force. While great care was exercised to
eliminate such an error, a small uncertainty remains.

The observation of a linear friction—load relationship is
consistent with Amontons’ law. Coeflicients of friction were
thus determined from the gradients of the friction—load plots.
They were found to be 0.15, 0.12, and 0.1 for ethanol (¢, =
24.3), acetone (&, = 20), and ethyl acetate (&, = 6.0) respec-
tively, indicating that, in these polar media, the coeflicient of

friction does not vary with the dielectric properties of the
liquid medium.

Friction—load plots were acquired in liquid media containing
decreasing amounts of the polar solvent. For mixtures containing
largely the polar component, friction—load plots were linear
(Figure 6). At approximately 1:1 mixtures of the two liquids,
corresponding to a pull-off force of ca. 1 nN, a transition to
nonlinear behavior was observed. The friction—load plots were
analyzed using the General Transition Equation (GTE) developed
by Carpick et al.** Analysis using the GTE yields a “transition
parameter”, g, that may be used to gauge whether DMT or
JKR mechanics fits the behavior best. In general, values of O.gTg
close to zero were obtained, suggesting that the data fitted DMT
mechanics, according to which model the area of contact A between
the tip and surface (assumed, after Tabor,> to be proportional to
the friction force) is:

R\ /3 s
A=m < (Fx + 47yR) (3)

where R is the radius of the tip, K is the modulus, and y is the
surface free energy of the tip and substrate. Subsequent fitting
using the DMT equation confirmed this.

Friction—load plots were also obtained in pure nonpolar liquids
(Figure 7). In heptane, toluene, decane, dodecane, and hexade-
cane (pull-off forces ranging from 2.3 to 5.9 nN), the friction—
load relationship was found to be consistent with the DMT model.
However, in perfluorodecalin, which yielded a much larger pull-
off force of 12.0 nN, the behavior was found to be consistent with
the JKR model.

l DISCUSSION

Adhesion forces for carboxylic acid terminated SAMs in
liquid media may be interpreted in terms of the degree of
solvation of the surface. Our initial hypothesis was that
changes in the dielectric properties of the liquid medium may
influence the strength of interaction between the SFM tip and the
sample. The data in Figures 2 and 3 demonstrate that while
liquids with small dielectric constants do, in general, yield larger
pull-off forces than liquids with large dielectric constants, liquids
with the same dielectric constant may yield very different
adhesion forces, and the same adhesion force may be obtained
for liquids with a range of dielectric constants. The full explana-
tion for the change in the pull-off force with liquid composition,
and of the change in contact mechanics, thus lies elsewhere.

The correlation between the solvent-dependence of the
experimental pull-off force data and the equilibrium constant
for formation of a 1:1 H-bonded complex in solution is striking
(Figure 4). This result implies that the pull-off force measure-
ments can be understood on the basis of simple H-bond
equilibria, where solvation and the thermodynamic properties
of interactions involving surface-bound groups are the same as
those for solution-phase equilibria. For liquid mixtures in which
the surface-bound carboxylic acid groups are strongly solvated by
the more polar solvent, the pull-off force measured for a SAM-
coated sample and tip was small. As [polar solvent] decreased
and the driving force for solvation of the carboxylic acid surface
by the competitive polar solvent decreased, the magnitude of the
pull-oft force increased correspondingly. The adhesion force
reached a limiting value at a polar solvent concentration equal
to the solution-phase equilibrium constant for solvation of a
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Figure 7. Friction—load relationships in nonpolar liquids. The error
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carboxylic acid by a dilute solution of the polar component in the
nonpolar solvent, Ks. The pull-off force measured at this point
equals the strength of interaction between surface-bound carboxylic
acid groups in a nonpolar medium.

That the variation in the pull-off force with solvent composi-
tion correlates so closely with the thermodynamics of solution-
phase association between carboxylic acid groups and polar
solvent molecules is surprising. According to standard treatments
of adhesion, the work of adhesion between the tip (T) and the
sample (S) is determined by the equilibrium at the tip—sample
contact. Three phase boundaries exist (tip—sample, tip—liquid,
and sample—liquid), so the tip—sample work of adhesion in the
presence of a liquid (L) is equal to

(4)

where 1y is the tip—liquid interfacial free energy, ygr is the
sample—liquid interfacial free energy, and s is the tip—sample

Wris = Yoo+ Vs — Vs

8630

interfacial free energy.’* The tip—solvent and sample—solvent
interfacial free energies will be strongly influenced by the
thermodynamics of association between solvent molecules and
adsorbates. However, that there is apparently such a precise
correlation between the solution-phase carboxylic acid—polar
solvent association constant and the thermodynamics of tip—
sample adhesion is unexpected, the more so because the pull-off
experiment is expected to be a nonequilibrium process.

There have been few studies of pull-off forces in liquid
mixtures. However, Vezenov et al. measured pull-oft forces for
carboxylic acid terminated SAMs in methanol—water mixtures.>®
A significant difference between their study and ours is that both
methanol and water are expected to solvate carboxylic acid
functionalized surfaces, because both liquids possess the capacity
to form hydrogen bonds. Moreover, their data were not analyzed
in terms of the solution-phase association behavior. Neverthe-
less, they postulated that, for liquid media that could form
hydrogen-bonding interactions with the tip and sample surface,
solvation effects influence the strength of the adhesion force.

Our data support the suggestion that solvation effects influ-
ence the adhesion force but go further. In particular, Figure 4a
suggests that pull-off force data enable the equilibrium constant
for solvation of the carboxylic acid surface by the polar solvent to
be determined, simply by fitting a line to a plot of the pull-off
force against [polar solvent] and determining the concentration
at which the pull-off force intercepts that measured in the pure
nonpolar solvent. Analysis of pull-off forces thus provides a
means to explore surface solvation phenomena in a quantitative
fashion. The possibility of using pull-off force data in this way has
not been explored previously, but it seems to be a powerful
predictive capability.

Contact mechanics are correlated with the strength of
adhesion between the tip and the surface. For liquids in
which small adhesion forces were measured, a linear friction—
load relationship was obtained. As [polar solvent] was decreased,
and the pull-off force increased above ca. 1 nN, the friction—load
behavior began to change, and for liquids yielding pull-off forces
larger than 1.5 nN and smaller than 6 nN, the behavior was found
to fit DMT mechanics. Only in perfluorodecalin (adhesion force
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of 12 nN) was JKR-type behavior observed. These data strongly
suggest that linear friction—load relationships (ie ones that are
described by Amontons’ law) are associated with systems with
weak adhesion between the tip and the sample. For surfaces in
which there is modest or strong adhesion, single asperity contact
mechanics models appear to describe the experimental data
better. On a practical note, we observed that where there was a
linear friction—load relationship, a line fitted through the points
by linear regression passed through the origin, or at least very
close to it. Where a substantial nonzero intercept with the vertical
axis was observed, the mechanics was found to obey a single
asperity mechanics model.

For SAMs™ and for poly(ethylene terephthalate) films' it was
previously reported that, in perfluorodecalin, large adhesion
forces were measured and the friction—load data were found
to be consistent with JKR mechanics, while, in ethanol, adhesion
forces were small and Amontons’ law was found to fit the data.
Our original explanation was that the small dielectric constant of
perfluorodecalin, compared to ethanol, caused an increase in the
Hamaker constant, leading to stronger adhesion. The data in
Figure 2 suggest that this is not a complete explanation. However,
the conclusion that strong adhesion yields single asperity contact
mechanics is supported by the present data.

In the present study, small adhesion forces were measured for
liquid mixtures which were expected to yield high degrees of
solvation of the surface carboxylic acid groups. Hence in these
hydrogen-bonding systems, a high degree of surface solvation
was correlated with behavior consistent with Amontons’ law. A
linear friction—load relationship was, moreover, only observed
for highly solvated surfaces. The transition from Amontons-type
to DMT-type behavior occurs at a pull-off force of ca. 1 nN,
where the surface is extensively solvated by the polar solvent: at
this point, [polar solvent] is an order of magnitude larger than
1/Ks (see Figure 4a), so the carboxylic acid H-bond donor
groups are 90% solvated by the polar solvent. When the surface is
less strongly solvated, DMT-type behavior is observed. Thus
DMT-type behavior appears, for the systems studied here, to be
normal, and Amontons’ law describes a limiting situation where
there is unusually low adhesion between the tip and surface. We
hypothesize that extensive solvation reduces the barrier to sur-
face shear, in the same way that it reduces the work of adhesion
perpendicular to the surface plane, minimizing the amount of
energy dissipated in shearing. Consequently friction arises purely
from the shearing of dispersion interactions and from energy
dissipation in the deformation of molecular structure through the
creation of gauche defects and other pathways.”’~*!

The friction force is best understood to be the sum of
load-dependent and shear terms. A priori, it might be
expected that a scanning force microscope probe, representing
an idealized asperity, would yield single asperity contact me-
chanics. The observation of a linear friction—load relationship by
many authors appeared for a long time to be surprising. One
explanation for such reports was that over a restricted range of
load, especially under only compressive loading, a system that
obeyed DMT or JKR mechanics may appear to yield a linear
friction—load relationship. An alternative explanation was that
plastic deformation, or multiple asperity contacts with the sur-
face, may cause pseudomacroscopic behavior. However, the
observation of single asperity mechanics under strongly adhesive
conditions both in the present work and in previous studies
refutes these explanations. The work of Gao et al. suggests an
alternate explanation: that linear friction—load relationships are

normative, and single aséperity behavior represents a limiting case.
In our earlier work,'”*° this seemed to be an attractive explana-
tion. However, examination of a broad range of liquid mixtures of
varying compositions in the present study has provided a much
more comprehensive picture of the influence of the fluid
medium. Single asperity mechanics appear to be normative; they
apply for the majority of the liquid mixtures studied here and for
all liquids where the surface was not strongly solvated. Thus a
linear friction—load relationship is a limiting case representing a
fully solvated surface for which the only adhesive interactions are
weak dispersion forces.

Given the range of behavior observed in the present study, the
most natural explanation is that the friction force is the sum of
two terms, a load-dependent term and a shear term, as has been
proposed by others:"

where 0 is the surface shear strength and A is the area of contact.
In pure acetone and ethyl acetate, the shear term 0A is negligible
and a linear friction—load relationship is observed. As [polar
solvent] decreases, the shear term increases in magnitude until
the mole fraction of heptane is 0.7, after which the behavior is so
dominated by the shear term that it is in close conformity with
the DMT model. For the SAM systems studied here, we may
further expand eq 5, using the area of contact in the DMT model:

2/3
Fp = uFy + 0<E) [Fx + Fuan)””? (6)

While Gao et al. emPhasized the area of contact is not a
fundamental quantity,® it is nevertheless the case in DMT
theory that the force of adhesion F,g4, = 2TWR, where W is the
work of adhesion, and thus it is axiomatic that, for a well-defined
material, the interaction force scales with both the area of contact
and the number of interacting molecular pairs. Consequently,
bearing in mind the close correlation between the solvent-
dependence of the pull-off data in Figure 4a and the solution-
phase equilibrium constants in Figure 4b, we conclude that
molecular level interaction energies at surfaces may be deter-
mined from analysis of the contact mechanics using DMT theory
and compared with molar interaction free energies determined in
studies of solution-phase association behavior. This provides
a powerful new approach to the study of intermolecular
interactions.

Finally, the significance of the observation of linear friction—
load behavior needs to be established in more detail and should
be the focus for future studies. For a fully solvated SAM surface,
only dispersion forces act across the sliding contact and these are
plainly weak enough for the shear term in eq S to be negligible.
Presumably, the load-dependent modes of energy dissipation
that operate are simply mechanical deformations of the alkyl
chains in both the bound solvent molecules and also the under-
lying adsorbate molecules.*”~*' This may be likened to a
molecular-scale plowing effect,*” albeit with a small net deforma-
tion given the finite depth of the molecular layer and the small
loads (explaining the small coefficients of friction reported here).
Undoubtedly, the contribution of the load-dependent term may
be greater in materials that provide more pathways for deforma-
tion-induced energy dissipation, such as monolayers of
alkylsilanes,* which are less well ordered than alkylthiolate
SAMs, and polymer brushes,”*° for which many modes of
chain deformation are accessible. Hence the relative magnitudes
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of the pressure-dependent and shear terms are likely to vary
depending on the material structure.

Il CONCLUSIONS

Adhesion forces between carboxylic acid terminated SAMs
measured using a scanning force microscope are in striking
agreement with predictions of solution-phase equilibrium con-
stants made using a simple model, in which the solvation
thermodynamics of the carboxylic acid groups may be predicted
by considering the concentration and polarity of the functional
groups in the liquid. In particular, the solvent-dependence of the
1:1 association constant for formation of a H-bonded complex in
solution, log K; is identical to the behavior of F, 4, measured in the
pull-off experiment, and the equilibrium constant describing
solvation of the carboxylic acid by the polar solvent, Ks, which
can be estimated using both approaches is found to be in good
agreement. When [polar solvent] < 1/Ks, the adhesion force is
invariant with concentration, while, for higher values of [polar
solvent], the adhesion force decreases monotonically with in-
creasing values of [polar solvent] as the SAM surface becomes
increasingly highly solvated. While adhesion forces are larger in
media with small dielectric constants than in media with large
dielectric constants, the correlation between adhesion and di-
electric constant is nevertheless weak. Friction forces measured
using friction force microscopy correlate with variations in the
solvation thermodynamics of the SAM surface, with the me-
chanics changing from a single asperity type of behavior (a
nonlinear friction—load relationship) to one consistent with
Amontons’ law (a linear friction—load relationship) as the sur-
face becomes fully solvated. The friction—load relationships can
be rationalized if the friction force is treated as the sum of load-
dependent and shear terms. In pure acetone and ethyl acetate, the
SAM surface is fully solvated and the shear term is negligible. The
load-dependent term dominates, and a linear friction—load
relationship is observed. For liquid mixtures, as [polar solvent]
decreases, the degree of surface solvation decreases and the shear
term dominates the friction force. A nonlinear friction—load
relationship is observed in liquid media that yield pull-off forces
between 1.5 and 6 nN, and the data are consistent with DMT
mechanics. In perfluorodecalin, a very large adhesion force is
observed, and the data are consistent with JKR mechanics.
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