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There has been growing interest recently in the use of self-
assembled monolayer (SAM) films as lubricants for such ap-
plications as micro-electromechanical machinesid broad
discussion of the details of friction at the molecular |ed/éh.
this letter we report the use of interfacial force microscopy to
study the mechanical and chemical mechanisms that govern
friction forces for alkanethiol SAM films grown on Au surfaces.
The major focus is on the simultaneous measurement of the
adhesive and friction forces for SAM-coated probe and sample
surfaces. We then systematically alter the chemical nature of the
SAM surfaces and tabulate these forces for various combinations
of methyl (—CHgs) and carboxylic acidCOOH) end groups in
a similar method employed by chemical force microscopic
(CFM)3** and atomic force microscopic (AFM) studie%.In
addition, we alter the end-group orientations by changing the
odd—even number of methylene groups in the alkyl backbGhe.
The results allow us to delineate the origins of the friction force
starting with a purely mechanicalCH; vs —CHz combination
and increasing to the predominantly chemical mechanism involv-
ing the making and breaking of inter- and intra-facial bonds.
Furthermore, the results indicate that the odd/even-length effect
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film from 11-mercaptoundecanoic acid solutions (all solutions use
the same ethanolic concentration). Th€Hs-terminated films
usen-hexadecanethiol molecules. The acid-terminated molecules
are identical in that both have chemically reactivecOOH
terminal groups exposed at the surface. However, since it is known
that the alkyl chains ofi-alkanethiol films tilt by~30° from the
surface normak the orientation of the last-€C unit differs for

odd and even film$Thus, the orientation of the COOH terminal
groups and the chemical nature of the surfaces are different, as
illustrated schematically in Figure 1. Based on this, one can expect
that the strength of the hydrogen bonding between films or within
a given film will be different. Indeed, IR studies ohRCOOH-
terminated SAMs indicate that the odd fillhpossess a significant
level of intra-film hydrogen bonding compared to the even filfns.

In addition, we would expect that the intra-film bonding would
be obtained at the expense of the interaction between the two
films (i.e., inter-film bonding). The overall effect would be that
the odd-COOH film would appear to be somewhat passivated by
a layer of hydrogen-bonded end groups across the surface. If this
model is correct, we would expect a greater interfacial attraction
between the even-COOH pair while the odd-COOH combination
would be weaker. We will use data of the variation of the lateral
friction force vs the interfacial adhesion force to delineate the
mechanical from the chemical nature of the resulting molecular
friction and determine the degree to which the model of Figure
1 is correct. According to this model, we would also expect the
contact potential difference (CPD) to be different for odd- and
even-COOH films since CPD is directly proportional to electric
dipole magnitude normal to the surface. CPD is measured by
applying a triangular-sweep voltage between the sample and probe
and then determining the applied potential necessary to null the
electric field and the interfacial force between the two surfaees.

changes the hydrogen bonding between the end groups from A o o .
predominantly inter-film to strongly intra-film. We show in F|gue 2 a compilation qf frlptlon VS .adheswe
For the present studies we use the interfacial force microscopeforces for the various end-group combinations outlined above.
(IFM). This instrument, which has been described in detail Here, negative force values indicate an attractive interfacial
elsewherd, is distinguished by its use of a force-feedback, self- |ntera_ct|on whlle_ positive values represent repulsion. The peak
balancing sensor. The sensor eliminates the mechanical instability?®gative adhesive-force values for each curve can be used to
seen in the most often used techniques for studying molecular- eStimate the work of adhesion for the various end-group combina-
level friction and adhesion, i.e., the surface forces appdfatus tions. However, in this brief report we will use these force values
and the atomic force microscopeand is able to make quantitative  ONly as @ qualitative measure of the level of the interfacial
measurements throughout the entire force range including theintéraction and to help evaluate the mechanical vs chemical
attractive-force regime. In addition, since the sensor actually aSPects of the molecular-level friction.
balances the torque applied to the tip, normal and lateral forces From the individual friction vs adhesive force curves shown
can be simultaneously obtained by placing a small lateral in Figure 2, we find that the maximum adhesive forces are

modulation (25 A for the present work) on the tip and separating approximately the same for all combinations except the even-
the force signals in the frequency domaéin. COOH pair, indicating that these pairs interact by predominantly

The IFM investigation is done in a humidity-controlled Van der Waals (VdW) forces. However, the even-COOH pair
environment (RH~ 4%) on systems consisting of parabolic gold Shows a considerable increase in interfacial bonding. This bonding
tips (characterized by SEM) and single-crystal gold surfaces that involves hydrogen (acid/base) bonds formed between the interact-
are modified with SAM films with either-CH; or —COOH end ~ ing —COOH groups terminating the two interfacial films. Each
groups. The odd-COOH film is generated from 1 mM ethanolic —COOH group represents a reasonably strong acid at-El

solutions of 16-mercaptohexadecanoic acid and the even-COOHSsite and a weak base due to the lone pair at-te site. From
these results, we immediately see that the interfacial or inter-

film bonding is dramatically reduced for the odd-COOH pair.
The odd/even effect for the-COOH interfacial bonding is
corroborated by an additional piece of information: The measured
contact potential difference (CPD) is 640 mV for the even-COOH
film, which is significantly greater than the 150 mV measured
for odd-COOH. The even-COOH value is in good agreement with
that previously measured (533 nf¥and with the value calculated
(570 mV) using the normal component of the group electric dipole
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Figure 2. Plots of the lateral friction force vs interfacial force for various

end-group combinations.

Communications to the Editor

tions (hexadecanethiolate and dodecanethiolate) were investigated
and found to exhibit similar friction-load behavior, indicating that
the chain-length effett does not play a significant role for the
comparison of the odd and even series presented in this letter.

For the CH—COOH interactions, the even pair exhibits
frictional forces that are only slightly greater than those for the
CH;—CHs; pair, indicating that its origin is predominantly
mechanical. This implies that, as expected, there is no inter-film
chemical interaction and the intra-flm hydrogen bonding is at
best weak. In contrast, the oddCH;—COOH pair shows a
significant increase in friction while the level of adhesion stays
near that for the Ck-CHjz pair. As was suggested by the model
of Figure 1, this result supports the earlier findifwf that the
0dd-COOH film possesses a significant level of intra-film
hydrogen bonding, which would be perturbed under sliding
contact. The making and breaking of these bonds during sliding
will provide an additional energy-loss mechanism and lead to
higher friction.

For the COOH-COOH interactions, the odd pair exhibits much
higher frictional forces than the odd GHCOOH pair, since one
more layer of~COOH groups is present at the sliding interface,
although the adhesion stays virtually identical. In keeping with
this doubling of the bonded layers, the magnitude of the friction
force is also very nearly doubled. In contrast, the even-COOH
pair shows a similar level of friction but a considerably increased
level of interfacial adhesion. As discussed earlier, this strong inter-
film chemical interaction results in a similar level of friction in
the repulsive regime to that of the odelCOOH pair. In each
case the bonding involves both films. However, the rate of the
friction increase is greater for the odd pair and its friction-load
plot crosses that of the even pair at around @& The clear
implication is that the total energy involved in the intra-film
bonding for the odd-COOH pair is somewhat larger than that
of the even—COOH pair. This could either be the result of
stronger hydrogen bonding per molecular pair or to a greater
density of bonds across the film surface.

In conclusion, we have used force-probe microscopy to study

moment. In analogy to the water molecule itself, the dipole the friction and adhesive interactions for molecular monolayers
moment for the-~COOH end group is dominated by the presence self-assembled on both a Au probe tip and a substrate surface.
of oxygen lone pairs. As a result, and from the schematic model By systematically varying the chemical nature of the end groups

of Figure 1, it is clear that the even-COOH film will have a higher
CPD value, which is our finding.

on these monolayers we have, for the first time, delineated the
mechanical and chemical origins of molecular-level friction. The

We now look at the frictional properties to separate the mechanical component is established from the results of the
mechanical and chemical processes. The first thing to note from chemically inert—CHs pair and contrasted with the findings for
Figure 2 is the nonlinear behavior of the curves. In all cases, the chemically active—COOH end-group combinations. By taking
friction begins near the bottom of the adhesive excursion as the advantage of the odd/even effect ef€OOH group orientation
interfacial-interaction force just begins to decrease toward repul- we are also able to obtain valuable information on the relative
sion. The friction force rises rapidly in this region and appears to levels of inter- and intra-film hydrogen bonding. We find that
approach a constant slope as the interfacial-interaction force turnsthe even-COOH films expose a combination of hydrogen sites
repulsive, leading to a constant friction coefficient. Earlier work and the oxygen lone pair and make inter-film hydrogen bonding
on SAM films at higher repulsive forces also observed a linear possible, while the orientation of the odd-COOH combination
relationship® The nonlinear behavior, especially for the even- facilitates intra-film bonding. Simultaneous friction and adhesive-
COOH pair, is very reminiscent of the Johnson, Kendall, Roberts force measurements such as those presented here will significantly
(JKR) model for the variation in contact-area for the interaction expand our ability to analyze the details of molecular-friction and

of a spherical probe and elastic substrate with contact-adhesionaid in achieving the ability to tailor the chemistry of interfacial
forces!” In fact, this behavior has been observed for AFM friction systems for specific tribological applications.
measurements on mi¢&The friction-load plot for the Cki-

CHj; interface serves as a reference for the purely mechanical

portion of the friction for the other combinations of Figure 2;
although only one is shown, two different chain length combina-
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