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Direct Measurement of the Adhesion and Friction of
Smooth Cgy Surfaces
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Using a surface forces apparatus, measurements were made of the static adhesion and
dynamic friction forces between two smooth solid crystalline surfaces of Cg deposited as
uniform layers on mica substrates. Between molecularly smooth surfaces, the surface energy
(adhesion energy per unit area) was unusually low, whereas the static friction force was
very high. However, the Kinetic friction force between both smooth and rough Cgy surfaces
was “normal”, and the same as previously measured between rough surfaces. Some of these
unusual properties can be rationalized in terms of the large size and nearly perfect spherical
shape of the Cgo molecule. The results and analysis suggest that Cg and other large spherical
molecules with diameters greater than 5—10 A interact more as macroscopic particles than

as conventional molecules.

Introduction

Buckminsterfullerene, Cg, and its derivatives has
drawn wide attention due to its unique molecular
structure and the unusual physical, chemical, and
electronic properties.1™> Cgo molecules are near-perfect
spheres, and in the solid crystal each molecule rotates
at a high frequency while remaining within its lattice
position. Much speculation has centered around this
property as being conducive for good lubrication because
the molecules could mimic ball bearings, but this has
not been borne out by experiments.®=® Other unusual
physical properties of Cgo are its high sublimation
temperature (460—600 °C)1° and heat of sublimation (40
kcal/mol),!* the absence of a liquid phase, and low
volume compressibility of the solid (7 x 10712 cm?/dyn,
which makes solid Cgo the softest solid carbon struc-
turel?),

An important distinguishing feature of the Cgo mol-
ecule is its large diameter, about 10 A, which is large
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enough that one may expect continuum or macroscopic
theories to describe some of its intermolecular interac-
tions.’® The results reported here arose from direct
experimental measurements of the interaction forces of
solid crystalline surfaces of Cgo Using the surface forces
apparatus technique, which has previously been used
to investigate the fundamental static and dynamic
forces between various surfaces both in air (or vacuum)
and in different liquids.1415

Materials and Methods

A surface forces apparatus (SFA) was used for the first
time to measure the interactions between molecularly smooth
and optically transparent sheets of mica substrates coated with
solid Ceo layers, in air. Normal forces were measured from
the deflection of a horizontal spring supporting one of the two
curved surfaces (radius R ~ 1 cm) using an optical technique,
based upon fringes of equal chromatic order (FECO) interfer-
ometry.” This multiple beam interference technique allows
measurement of surface separations and spring deflections
(which give the normal force) with a resolution of about 1 A 6
Friction forces were measured with an attachment to the SFA
that measures lateral or shear forces using strain gauges
attached to a vertical friction-force measuring spring.>8

Solid Cgo, 99.5% pure, was obtained from Bucky USA,
Houston. Solid surface films of Cgo 0n mica were produced by
sublimation under vacuum, as described in ref 19 . The
approximate thickness of each deposited film (~500 A) was
measured during the deposition by absorption spectroscopy.
The exact thickness and smoothness of each film was mea-
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sured by FECO interferometry?” after the deposition. The
films produced were also characterized by atomic force mi-
croscopy (AFM) as previously described?® and found to have a
molecularly smooth (crystalline FCC?) surface lattice with a
mean square roughness of <5 A over at least a micron in
distance. In addition, from the flattened shapes of the FECO
fringes for two surfaces in contact,'”?° one could further
ascertain that the outermost surface layers were smooth and
step-free over lateral distances of at least 100 um.

Results and Discussion

Measurements were made on surfaces having contact
diameters in the range 33—41 um, corresponding to
contact areas in the range A = 850—1300 um?2. Loads
were varied from L = 0—60 mN, corresponding to
applied pressures of P = L/A = 0—45 MPa. Sliding
velocities were varied from V = 0.2 to 4 um/s. All
measurements were conducted at room temperature, T
= 23 °C, in an atmosphere of air, or in dry or humid
clean nitrogen gas. All the data shown were recorded
in an atmosphere of dry, clean nitrogen gas (the SFA
apparatus chamber is sealed from the atmosphere and
its internal atmosphere can be rigorously controlled?®).
Some measurements were also conducted in humid
atmospheres, but the effects of humidity were not
studied in detail.

Adhesion Experiments. From the measured adhe-
sion force, F,, required to separate two molecularly
smooth crystalline surfaces of radius R from adhesive
contact, which is related to the surface energy by?2 y =
F./37R, a value of y = 2.0 & 0.5 mJ/m? was obtained.
This is a very low value for a van der Waals solid at
room temperature—about an order of magnitude lower
than typical surface energies of van der Waals, such as
hydrocarbon, solids, and liquids.23

Friction Experiments. Figure 1 shows typical
friction traces obtained in these experiments and the
corresponding fringe patterns and surface profiles.
When two molecularly smooth surfaces were brought
into molecular contact and sheared, the starting (or
static) friction force, Fs, which is the shear force needed
to initiate sliding, was very high. In terms of the shear
stress (shear stress = friction force/contact area, or S
= F/A) the static shear stress needed to initiate sliding
was Ss = FJ/A = 42 MPa even in the absence of any
externally applied load on the surfaces. On yielding,
sliding proceeded smoothly (without stick-slip) at a
kinetic shear stress value of Sy = Fi /A = 0.43 MPa,
which is fully 2 orders of magnitude below the static
value—an unusually large difference. These values are
comparable to some of the highest and lowest values
measured between van der Waals surfaces or across
molecularly thin hydrocarbon films, which range from
>20 MPa across frozen surfaces or solidlike films to <1
MPa across fluidlike films.1824

Figure 1A also shows the shapes of two self-adhering
(self-flattened) surfaces under zero load. During the
buildup to the yield point, Fs, there was no discernible
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J. J. Mater. Res. 1992, 7, 784; Appl. Phys. A 1993, 56, 185. Henke, S;
Thurer, K. H.; Geier, S.; Rauschenbach, B.; Stritzker, B. Appl. Phys.
A 1995, 60, 383.
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Figure 1. Schematic illustrations of typical friction traces,
FECO fringe patterns (top), and corresponding surface profiles
(middle) for (A) static conditions, (B) “smooth sliding” of
initially smooth, undamaged surfaces at the point where
damage just begins to occur, and (C) “rough sliding” of fully
damaged surfaces.

change in the contact area, which also remained un-
changed during sliding. The kinetic sliding was very
smooth, with less than 1% rms variation in Fx. How-
ever, after continuous sliding for some time, the surfaces
became rough or “damaged” (Figure 1B). This was
ascertained from the changing shapes of the FECO
fringes inside the contact zone which became rippled
(after being extremely flat at the start) with an rms
variation corresponding to a roughness of about 15 nm.
During the transition from smooth to rough sliding
(Figure 1, B — C), the friction force became less steady
and the rms variation in F¢ rose from ~1% to ~5%.
However, the Kinetic friction coefficient uy hardly changed
during the “smooth-to-rough” sliding transition, being
ux = 0.17 £ 0.01 for smooth sliding and ux = 0.14 +
0.01 for rough sliding, independent of the sliding velocity
over the range 0.2—4 um/s (Figures 2 and 3). We note
that the measured friction coefficient for rough sliding
(uk ~ 0.14) agrees with previously reported values of ux
~ 0.15 obtained on macroscopic surfaces coated with
solid layers of Cg.25:26

The wear or surface damage was recorded on video
tape as it occurred (cf. Figure 1C) and later also
analyzed by viewing the damaged regions with an
optical microscope. Initially, the damaged surfaces
consisted of wear tracks and uprooted particles having
dimensions of order 15 nm. The damage remained
localized even after prolonged sliding over the same
area, i.e., it did not spread out outside the contact area
or deep into the material, otherwise we would have seen
much larger wear tracks and greater distortions of the
FECO fringes as occurs when mica becomes damaged
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Figure 2. Kinetic friction forces Fy as a function of applied
load L for two 512 A thick layers of crystalline Cgo on mica
sliding at V = 0.5 um/s. (A) Smooth sliding, before damage,
Sc¢(kinetic) = 0.34 MPa, ux ~ 0.17. Note that a line passing
through the square data points can be split up into an
adhesion-controlled force (dashed line) and a load-controlled
contribution expressed by a straight line passing through the
origin of slope 0.17. (B) Rough sliding (open circles), after
damage, S¢ ~ 0, ux =~ 0.14. Note that the solid line of slope
0.14 passes through the origin, i.e., there is no friction at zero
load.
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Figure 3. Kinetic friction forces for smooth surfaces (black
points) and rough or damaged surfaces (white points) as a
function of sliding velocity, V, at different loads, L.

by delaminating right from the start. These observa-
tions also allow us to conclude that the initial damage
remained wholly within the Cgo layers. Only after many
traverses over the same area did it reach the underlying
mica substrates. The type of damage observed with Cgo
was similar to what was previously observed with
crystalline alumina and silica.20

Once damage was initiated at a particular point, it
rapidly (within seconds) spread throughout the whole
“contact” area until the two surfaces continued to slide
while separated by an average distance of 15 nm, being
kept apart by the asperities created on each surface.
Once the surfaces became roughened by damage, the
high starting friction or “stiction spike” (Fs in Figure
1A) decreased in magnitude and disappeared altogether
once the damage had spread across the whole contact
area (Figure 1C). Increasing humidity resulted in
damage occurring more easily, and in a slightly reduced
friction force.

Luengo et al.

The errors in our fitted friction coefficients (+0.01)
suggest that the values for the smooth and rough
surfaces may be the same. However, the finite friction
that was measured at zero load with the smooth,
undamaged surfaces is clearly different from the zero
friction measured between damaged surfaces, so that
the two sets of data points are actually qualitatively
different, especially at low loads (cf. Figure 2). The
reason for this difference is probably as follows: the
finite adhesion force of molecularly smooth surfaces
ensures that there is a finite contact area even at zero
load and hence a finite friction force. For rough
surfaces, however, the zero load adhesion and friction
is negligible because—as discussed further
below—adhesive contact now occurs only at the tips of
a few asperities.

Discussion

Adhesion. To understand the unusually low surface
adhesion energy of Cgo, we turn to theories of intermo-
lecular forces. Conventional theories usually assume
that small spherical molecules interact via a “central
potential” function. For example, if the interaction is
predominantly van der Waals, as is the case for Cgo
molecules, we may write?”

w(r) = —C/r® 1)

where r is the distance between the centers of the
interacting atoms or molecules [C = 3/;hva?, where h,
v, and a are Planck’s constant, the absorption frequency
in the UV, and the molecular polarizability.] In this
approximation, when two molecules are in adhesive
contact, their equilibrium separation, r, is the same as
their molecular diameter, o, so that the contact adhesion
energy per pair is

w(o) = —Clo® 2)

Theories based on such simple expressions can never-
theless accurately predict the bulk cohesive energies,
latent heats, and surface energies of nonpolar com-
pounds, such as hydrocarbons.’* But they cannot
provide a reasonable theoretical estimate for the low
value of y = 2.0 mJ/m? obtained here for Cgo.

It is known that the central potential approximation
fails once the molecular diameter exceeds about 5 A.13
This is because the interactions now occur between the
effective surfaces of the molecules rather than between
their centers. Thus, molecules such as Cgp should be
treated as (small) macroscopic spheres, rather than as
conventional molecules, and when this is done, a
number of unusual properties are readily explained.
Thus, referring to Figure 4, for two molecules of
diameter ¢, but composed of submolecular groups or
atoms with diameter ¢ and interaction constant C, their
contact pair energy is'3

W@%—@E

5 forgo > o 3)
o
which is a factor ¢/o larger than the value given by the
central potential equation, eq 2. When the molecules
are small so that ¢ = o, eq 3 reduces to eq 2. Note that
when ¢ > g, the interaction energy and force scale with
the diameter ¢ of the molecules. [For example, the van
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Figure 4. Interaction of a pair of atoms or small spherical
molecules (left) compared to the interaction of a large molecule
composed of many atoms (right). The two large molecules
shown here have ~60 atoms each (30 per side).

der Waals interaction energy w(o) and force F(o) be-
tween two macroscopic spheres of radius R in contact
is w(o) = AR/60 and F(o) = AR/602, respectively, where
A is the Hamaker constant.!¥] On the other hand,
concerning the surface energy, y, this is the adhesion
energy per unit area of surface, which is composed of
molecules of surface density 1/¢2. For small molecules
y therefore scales as (using eq 2)

w() C
g @

However, for large molecules, since the density of
surface molecules is now proportional to 1/¢?, the surface
energy v will scale as

N@%(Q forg > o (5)

- @ O)é%(g)g

which is a factor o/¢ smaller than the conventional value
that would be calculated from eq 4 for small molecules.

On the basis of this calculation, one might expect
other large molecules to have low surface energies,
but—like Cgo—they would also have to be rigid and
maybe even have a smooth outer surface or else the
number of intermolecular van der Waals contacts will
not be small. Thus, large but deformable molecules
such as hydrocarbons and polymer melts of high MW
would not fall into the Cgy category because their
internal bond flexibility allow their submolecular groups
to behave like a liquid with the result that the density
of van der Waals contacts between neighboring mol-
ecules is always high. On the other hand, smooth rigid
molecules, such as some fluorocarbons (where the bulky
C—F groups are much less flexible than C—H bonds)
do indeed exhibit unusually low surface energies—well
below the values expected from their polarizability or
refractive index. For example, while surfaces composed
of hemispherical —CH3; groups have a “normal” surface
energy of y = 24 mJ/m?2, those composed of —CF3 groups
(of diameter ~5 A) have y = 6 mJ/m2,28 even though
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the intermolecular pair interaction, w, is larger between
—CF3 groups.?®

The above simple calculations show why the surface
energy of Cgo and, presumably, other large rigid mol-
ecules, may be expected to be low when expressed per
unit area. On the other hand, properties that depend
on the strengths of the intermolecular pair interactions
per molecule or per mole, such as the heat of sublima-
tion, may be expected to be large, since these are
magnified by the same factor (compare eqs 3 and 5).
Thus, Cgo appears to have a surface energy that is about
10 times smaller, but a latent heat of sublimation?! (40
kcal/mol) that is about 5 times larger than typical values
for van der Waals solids and liquids.

Friction. Previous experimental and theoretical
work?* has shown that, in general, the friction force
associated with the sliding of two smooth surfaces may
be divided into an adhesive contribution that is inde-
pendent of load (adhesion-controlled friction) and a
contribution that is proportional to the externally ap-
plied load (load-controlled friction). The former is
proportional to the “real” (molecular) area of contact,
A, the latter is proportional to the load, L. To a good
approximation, the total friction force can therefore be
expressed as

F=F,+F_=S,A+uL (6)

where S; (the critical shear stress) and u (the friction
coefficient) are constants. Dividing through by the area,
A, the above may also be written in terms of the total
shear stress, S:

S=S,+uP @)

where P is the applied pressure. For each of the above
two equations, one may distinguish between the static
friction forces, Fs and Sg, and the kinetic friction forces,
Fkx and Sk (cf. Figure 1) where the latter values are
strictly velocity-dependent rather than real constants.
Fitting the above equations to the kinetic data of
Figure 2, we find good fits for both smooth and damaged
sliding. In the case of smooth sliding, the best-fit
parameters are S = 0.43 MPa and ¢ = 0.17, while for
damaged sliding they are S = 0 and 4 = 0.14. As
expected,?* the adhesion-controlled contribution S, is
finite for smooth, self-adhering surfaces but is small or
zero for damaged surfaces. We note, however, that
these values apply to the kinetic friction force, i.e., the
force during steady-state sliding, and not to the static
friction force, i.e., the initial force or critical shear stress
needed to initiate sliding, which was much higher.

Our values of 4 = 0.14—0.17 agree with the value of
u = 0.15 obtained in a friction force microscope (FFM
or AFM) study of Cgo surfaces.3® But the low value for
the shear stress quoted in that work (0.1 MPa) is much
lower than our measured value of 0.4 MPa for smooth
surfaces. However, the molecular area of contact during
sliding is not directly measurable in AFM experiments
(as in SFA experiments) and so has to be estimated, and
this value is needed to calculate the shear stress.

(27) Reference 14, pp 18—29.
(28) CRC Handbook of Solubility Parameters and other Cohesion
Parameters; CRC Press: Boca Raton, FL, 1983; Table 1, p 427.

(29) Reference 28, p 81.
(30) Luthi, R.; Meyer, E.; Haefke, H.; Howald, L.; Gutmannsbauer,
W.; Guntherodt, H.-J. Science 1994, 266, 1979.
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In another AFM study,3! the friction of Cso surfaces
was measured over a large range of loads (applied
pressures) and velocities. At low pressures (estimated
as <10 Pa) and velocities (a few um/s) corresponding to
those used in our study, there is good agreement (u =
0.15) with our values. At higher velocities, u fell which,
according to the “time-temperature superposition prin-
ciple”,?* is consistent with our theoretically based
conclusion (see later) and the experimental findings
reported in ref 32 that u is highly temperature-depend-
ent.

Previous experiments have found Cgp to be an unex-
ceptional or even disappointing lubricant,6-92526.33 gx-
hibiting a “normal” friction coefficient of u ~ 0.15 (as
found in refs 25 and 33 as well as here) with no obvious
beneficial tribological properties. This has come as a
surprise because Cgp is known to rotate rapidly in the
solid lattice, suggesting that it could function as a
molecular ball bearing and thus act as a good (dry)
lubricant. It is possible that the much reduced friction
force on going from the static to the kinetic (sliding)
regime is a reflection of precisely such a phenomenon.
However, the Kinetic friction force, particularly as
characterized by S (but not ux)—while somewhat
low—was not found to be exceptionally low, in agreement
with the previous findings by others.6-9:2526:33

Theoretically, the friction of two solid crystalline
surfaces should anyway not be predicated on the mobil-
ity of the molecules but on the energy or force needed
to raise one lattice over the other in order to move it
laterally,?* and this force is the same regardless of
whether the molecules are rotating or stationary. This
is the basis of Coulomb friction and the Cobblestone
model.?* Another way of looking at this is to consider
the lateral force needed to push a cart along a cobble-
stoned road. The pushing force moves the cart forward
because it first moves it upward against the force of
gravity, and this force is the same if the stones and
wheels are dry or wet (slippery). Thus, the measured
load-dependent Kinetic friction coefficient of ux = Fi/L
= 0.17, which is typical of many solid surfaces, is simply
related to the average angle 6 by which one lattice has
to move up to overcome the normal load, L, by

w,=F/IL=tan 6 (8)

which in this cased gives 6 = tan=10.17 = 10°. Fur-
thermore, as illustrated in Figure 5, this purely geo-
metric value need not be very different for smooth and
rough surfaces.

The only unusual aspect of the friction of the Cego
surfaces—measured between molecularly smooth sur-
faces but not between rough surfaces—was the high
static but low kinetic critical shear stress, S;. According
to the Coulomb or Cobblestone models,?* a large static
friction force under zero external load normally arises
only if the surface adhesion energy per unit area is high.
This is because S; is related to the energy y associated
with separating the two surfaces against their inter-

(31) Tsukruk, V. V.; Everson, M. P.; Lander, L. M.; Brittain, W. J.
Langmuir 1996, 12, 3905.

(32) Bhushan, B.; Gupta, B. K.; Van Cleef, G. W.; Capp, C.; Coe, J.
V. Appl. Phys. Lett. 1993, 62, 3253.

(33) Luthi, R.; Meyer, E.; Haefke, H.; Howald, L.; Gutmannsbauer,
W.; Guggisberg, M.; Bammerlin, M.; GUntherodt, H.-J. Surf. Sci. 1995,
338, 247.
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Figure 5. Geometric effects that determine the initial direc-
tion of motion when molecules and/or rough solid surfaces slide
over each other (based on the Coulomb and Cobblestone models
of friction?4).

molecular forces according to?*
S, = FIA =~ 2eylo 9)

where ¢ is a molecular dimension and where ¢ is the
fraction of energy dissipated as heat per molecular hop,
which is different for static and dynamic conditions,
where typically

e~ 1 (9a)

6 <1 (9b)

Inserting the measured value of y = 2.0 mJ/m?, 0 =1
nm, and es ~ 1 for Cg, We obtain S, ~ 4 MPa which is
typical of hydrocarbon boundary lubricants but an order
of magnitude lower than the measured static value of
40 MPa for Cgp. However, putting ex ~ 0.1, which is
typical for Kinetic sliding, gives a value of S; ~ 0.4 MPa
in good agreement with the measured value. The
unexpectedly high static friction measured between
smooth Cgo surfaces is, however, consistent with the
unexpectedly high values measured for the shear stresses
of Cso monolayers and multilayers at the water—air
interface and when incorporated into thin hydrocarbon
films34 (which was one of the early indications that Cgo
might not be a good solid lubricant).

It is possible that the high static friction of smooth
Ceo surfaces is related to their high pair interaction
which, unlike for many organic molecules, is well above
kT at room temperature. A high pair interaction means
that the molecules are sitting deeply inside their
potential well, even if they are rotating. Thus, a high
shear force will be needed to initiate sliding. In
contrast, for smaller molecules whose pair interaction
is closer to kT, the shear stress to initiate motion will
be much lower since they are already thermally acti-
vated well above their potential minimum. If this
interpretation is correct, the friction of smooth Cgo
surfaces should be very temperature sensitive and, by
the time—temperature superposition principle,?* also
velocity-dependent, both of which have been found to
be the case.31%?

The unusually high static friction appears to apply
only to smooth, crystalline surfaces. As already de-
scribed, once sliding commences or when the surfaces

(34) Obeng, Y. S.; Bard, A. J. 3. Am. Chem. Soc. 1991, 113, 6279.
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Figure 6. Freely rotating Ceo molecules adsorbed on a solid
surface from solution (e.g., toluene, benzene). Top: at rest.
Bottom: during flow. Illustration based on refs 36—38.

become rough or damaged, the friction falls to lower,
more “normal”, values.

All these findings apply only to the adhesion and
friction of pure solid Cg. When Cgo molecules adsorb
onto a solid surface from solution, i.e., when Cgp is an
additive in a mixture, its tribological effects may then
be very different.3> As recently reported by us3® and
Zhao et al.,3"38 the ability of Cg to rotate freely on a
surface can change the boundary conditions of the
solid—liquid interface from no-slip to full-slip or partial-

(35) Gupta, B. K.; Bhushan, B. Lubr. Eng. 1994, 50, 524.

(36) Campbell, S.; Luengo, G.; Srdanov, V. I.; Wudl, F.; Israelachvili,
J. N. Nature 1996, 382, 520—522.

(37) Zhao, W.; Tang. J.; Puri, A,; Falster, A. U.; Simmons Jr, W. B.
Mater. Res. Soc. Symp. Proc. 1995, 383, 313.

(38) Zhao, W.; Tang. J.; Puri, A.; Sweany, R. L.; Li, Y. L.; Chen, L.
J. Mater. Res. 1996, 11, 2749.
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slip (Figure 6), thereby dramatically reducing the
viscous drag of the system below the value obtained in
the absence of Cgo. The tribological behavior of lubri-
cated and unlubricated Cgp surfaces or surface layers
is thus very different.

Surface Damage (Wear). On the basis of our
observations and comparison with the way other smooth
surfaces (alumina, silica, mica) become damaged during
sliding,2%3° we tentatively conclude that damage and
wear of Cgp and other isotropically crystalline surfaces
can remain highly localized—a form of localized “ductile
damage”, but that layered materials (such as micas)
become worn by delaminating over large distances—a
form of extended “brittle damage”.

Summary and Conclusions

Due to its large size, Cgp exhibits a high lattice energy
(per mole) but an unusually low surface energy (per unit
area). These results suggest that, at least as far as their
intermolecular interactions are concerned, Cgo and other
large spherical molecules should be treated more as
small macroscopic particles than as conventional mol-
ecules. The kinetic friction coefficient of Cgy appears
to be “normal”, both for molecularly smooth and rough
surfaces, but the smooth surface has an unusually high
static shear stress which, however, disappears once the
surfaces become roughened (damaged) during sliding.
Ceo 0N its own does not appear to have any beneficial
tribological properties, but if it can be dissolved in a
suitable solvent (base oil) from which it can also be made
to adsorb onto a surface, it may then act as a very
effective drag reducing additive.
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