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sions in the kilovolt range', this signifies that electron motions
produced by the external field occupy only a very small fraction
of the available phase space. Therefore, we can conclude that the
electronic motions causing the observed multiphoton excitation
possess a very signficant level of order and are not appreciably
perturbed by a thermal component'*™**,
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THE use of lubricants to reduce friction and wear between rubbing
surfaces has been documented since antiquity'™. Recent
approaches have focused on boundary lubrication by surfactant-
like species coating the surfaces, whereby the friction between them
is replaced by the weaker forces required for shear of adhesive
contacts between the surfactant layers™*. An alternative approach
is to tether polymer chains to the surfaces by one end which, when
swollen by a solvent, then act as molecular ‘brushes’ that may
facilitate sliding. The normal forces between sliding brush-bearing
surfaces have been previously investigated“, but the lateral forces,
which are the most important from the point of view of lubrication,
are harder to measure. Here we report the measurement of lateral
forces in such a system. We find a striking reduction in the effective
friction coefficients p, between the surfaces to below our detection
limit (p;, < 0.001), for contact pressures of around 1 MPa and slid-
ing velocities from zero to 450 nm s~ '. We believe that this effect
is due to the long-ranged repulsion, of entropic origin, between the
brushes, which acts to keep the surfaces apart while maintaining
a relatively fluid layer at the interface between them.

Normal and lateral forces, Fooma (D) and Fy...(D) respec-
tively, between curved, molecularly smooth mica surfaces
immersed in toluene were determined as a function of the surface
separation D and the sliding velocity v,. The apparatus used,
described in detail earlier™, is capable of measuring the forces
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FIG. 1 The variation with time of the shear force Fgnear between two
mica sheets a distance D apart, compressed by a normal load Forma =
19+2 N, in response to an applied shear. The upper inset shows
schematically the configuration of the surfaces mounted on crossed
cylindrical lenses. The bending 6x and 6D of the two orthogonal springs
K, and K, yields the respective forces Fgnear and Fromar (ref. 5). Lateral
motion 6x, is applied to the top surface via the sectored piezocrystal
P, whose bending configuration is indicated. The sliding velocities used
in the present study were in the range v, = d(xo — x)/dt=15-450 nm s *.
Curve a, sliding of bare mica surfaces in toluene. D=14+3 A, corre-
sponding to two monolayers of toluene between the surfaces. A clear
stick-slip behaviour is observed during sliding. The region where the
surfaces stick and the shear force changes sign at t=5-7 s indicates
a reversal of the sliding direction. The sliding velocity vs=45nm -1,
Curve b, Sliding of mica surfaces covered by a PS —X(1.4 x 10°) brush,
at D=37 nm. (In this and subsequent data the brushes form from a
solution of polymer concentration (6 x 10~ —(10"*) g mi~*. On the scale
of the main figure the shear forces are within the thickness of the line
labelled b. The lower inset shows Fgeor ON an expanded scale: the
shear force is less than the noise-limited resolution §Fgnear. There is No
measurable change on reversing the sliding direction. The sliding
velocity ve=15nms™*

directly and simultaneously by monitoring the bending of two
sets of springs as the surfaces move with respect to each other
(Fig. 1, upper inset).

When the mica sheets are compressed in the pure solvent the
toluene is squeezed out, until the normal force is balanced by
the structural forces due to the final monolayers of solvent
remaining between the surfaces, as observed for other liquids’.
On applying a shear force that exceeds the frictional force, the
surfaces slide and their motion displays a characteristic stick—
slip behaviour', as seen clearly in Fig. 1, curve a. Such stick-
slip motion has been observed also for mica sheets in other
simple liquids®. It is in accord with the model of interfacial slid-
ing due to Tabor®, where the friction F arises from the forces
required to shear the adhesive junctions: F=S.4; here S. is a

TABLE 1 Molecular characteristics of polymers and corresponding

brushes
Sample M, M/M,  2Lu{nm)  sp{nm)
PS-X(2.6x10% 265x10* 1.02 45 46
PS—X(1.4x10°% 1.41x10° 1.03 125 9.4
PS—X(3.75x10°% 3.75x10° 1.03 230 14.4

Samples were synthesised and characterized as described in ref. 9.
The end-group —X is —(CH,)sN'(CH3)x(CH,)sS05. M, is the relative
weight-averaged molecular mass of the polymer, M, is its relative num-
ber-averaged molecular mass and Ly and s, are the brush heights and
mean inter-anchor spacings determined from the respective FoomalD)
profiles (the surface number densities of chains for each brush are
given by (1/54)°).
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FIG. 2 Normal and shear force profiles, Froma(D) and Fghear(D) respec-
tively, between mica surfaces bearing PS—X(1.4 x 10°) brushes, as
indicated in the diagram. The force axis is normalized with respect to
the radii of curvature R (~1 cm) of the mica sheets, which converts
FoormallD) t0 the interaction energy in the Derjaguin approximation (for
comparison Fgnear is similarly normalized). Results from severai different
experiments are shown. Shear velocities for the Fgpea{D) measurements
were in the range vs=15-450 nm s™*. The open triangles (A) at
D>180 A correspond to shear forces that are within the noise-limited
resolution §Fg.e.or Of the signal (see Fig. 1, lower inset): as an upper
estimate they are all set t0 equal | 3Fsnear - Highlighted Fgpnear data at
D =374 A and 352 A (indicated by arrows) were taken at v,=15nms ™
and 450 nm s " respectively.

critical shear stress which depends on the details of the interfacial
region, and A is the contact area.

Following measurements in pure toluene, end-functionalized
polystyrene (PS) chains of relative molecular mass M., desig-
nated PS—X(M,), where the end-group —X denotes a zwit-
terion, are added to the solvent. Their characteristics are given in
Table 1. The molecules attach spontaneously by their zwitterion-
terminated end to the mica surfaces, with the PS chain dangling
into the solution®, to form extended brush-like layers whose
structure and normal interactions have been extensively
studied® '*. Figure 1 curve b shows the shear forces required to
slide surfaces covered by a PS-X(1.4 x 10°) brush at the same
normal load as for the pure toluene case. These are some orders
of magnitude lower than the forces needed for sliding the bare
surfaces, and indeed are within the vibration-limited resolution
8 Fypear =~ £0.1 pN of the measurement (Fig. 1, lower inset).

The Forma (D) and Fipea (D) profiles between the brush-bear-
ing surfaces are shown in Fig. 2 for PS—X(1.4 x 10°) over the
entire range D <2L of interactions (where L= 65 nm is the thick-
ness of each brush). Forma (D) is repulsive due to osmotic inter-
actions; it increases monotonically at D<2L, and is similar to
earlier studies®. The corresponding shear forces required to
induce and maintain interfacial sliding are extremely low.
Fycor(D) is within the instrumental resolution 6 F,.., down to
D= Dy=~20 nm; that is, under normal loads up to F,orma (D=
Do) =~ 100 uN. Defining an effective friction coefficient between
the sliding brush-covered surfaces as pp= (Finear(D)/Frorm-
a (D)), we find 1, <0.001 (that is, it is smaller than our measur-
able limit) at these loads. In this regime the behaviour is
reversible with respect to surface separation, indicating stability
of the brushes to shear. For the regime 2L <D< D,, the fric-
tional forces remain immeasurably small for all velocities in the
range v,=15-450nms™"; no frictional force was detectable
when the surfaces started moving from rest. Clearly, whatever
frictional force remains will be the result of viscous dissipation,
and thus velocity dependent—but as it is below our instrumental
resolution we cannot quantify this dependence. At higher com-
pressions a stick-slip behaviour similar to that seen in the
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absence of polymer is observed (Fig. 3 inset), with a measurable
Fihear{ D) which increases rapidly at D < D, (at the highest com-
pressions there was some indication that the surface-attached
polymer was sheared off as the surfaces slid past each other, but
following a short period of separation in the PS—X solution,
the brushes ‘healed’ to their original form).

Similar profiles were measured between mica surfaces covered
by PS—X(M,) brushes with M,=2.6x 10* and 3.8 x 10°. This
range of M, corresponds to a fivefold variation in brush-thick-
ness and tenfold variation in tethered chain density (Table 1).
The data is shown in Fig. 3. In this reduced representation, a
similar general behaviour is seen for all three brushes: extremely
low friction (within the resolution 8 Fpe,, of the measurements)
from D=2L down to a surface separation Dy, and a rapidly
increasing frictional force at higher compressions (D < D,). We
find that the onset for rapid increase in the friction is at a com-
pression ratio (Dy/2L)=x0.1-0.15 for all three brushes. The
ratios of shear to normal forces at D= D, yicld the effective
friction coefficients pu, at these separations, and show that
1, <0.001 in this regime for all three cases. The corresponding
contact pressures P at the points of closest approach is given by
ref. 9 as P=(1/2x R} OF orma/O0D)| p-p,. This yields values
P(Dg) ~(1-2) x 10° N m ™2, with the higher values for the shorter
brushes.

The reduction in the frictional forces afforded by the layers
of end-attached polymer chains is of entropic origin. Excluded-
volume effects, which reduce the configurational entropy of the
chains, dominate the interactions and lead to strong net segmen-
tal repulsions in the good-solvent medium'>'*, The result is a
long-range equilibrium separation of the surfaces’''. At the
same time theoretical studies suggest only a limited mutual inter-
penetration of the brushes'>'¢, even under compression. This in
turn ensures rapid relaxation of the interpenetrating chains as
the surfaces slide past each other, and thus a relatively fluid
region at the brush-brush interface: hence the low friction. The
shear force Fy... required to maintain sliding of the brushes
arises from the viscous dissipation in the interfacial region asso-
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FIG. 3 Normal and shear force profiles for interactions between mica
surfaces bearing PS —X(M,) brushes, plotted as (Fs®/LR) versus D/2L,
where $=s5,, is the mean spacing between chain anchoring points for
the respective brushes, and L =L,, are the respective brush heights. In
the Alexander—-de Gennes model'®*! this reduction makes the Fooma
data independent of M,. The Fg...{D) profiles have been similarly scaled
for purposes of comparison. B, @, M,=26x10% [, O,
M.=1.4x10% A, &, M,=3.75 x 10°. Results are shown from two or
three experiments for each molecular weight; shear forces smaller than
the resolution 8Fgnear are not shown. The inset shows a typical FehearlD)
versus time plot for the highly-compressed (D < Do) region of the plot,
for PS —X(3.75 x 10°) brushes compressed to surface separation D=
190 A (corresponding to D/2L =0.083); sliding velocity 38 nm s™; the
change in sign of Funear at 38 and 76 s corresponds to a reversal of the
sliding direction at these times.
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ciated with this mutal intertanglement; but as noted earlier, in
the regime of low friction 2L < D < D, any changes in Fy,.,, with
v, were below the resolution 6 Fy,, of our measurements.

At the highest compressions sliding friction increases as these
relaxations become sluggish. Partly this is because the effect of
mutal intertanglement of the brushes increases at higher concen-
trations; but mainly, we believe, it is due to divergence of the
relaxation times as the polystyrene in the gap approaches a
glassy phase. (Polymer films only a few nanometres thick can
have a glass transition temperature similar to that in the bulk'”.)
The concentration ¢ of polymer in a brush layer may be evalua-
ted from the brush height L and its surface density (Table 1).
For an uncompressed PS—X(1.4%10°) brush (say), c~4.5%
w/v and varies inversely with D at D<2L. For a compression
ratio (D/2L)=0.1, cx45%. The viscosity n(c) of bulk polysty-
rene solutions at such high concentrations is high, and varies
extremely rapidly with ¢. Typically, an increase in concentration
from 45% to 55% in a solution of polystyrene, similar in size to
the PS —X(1.4 x 10°) chains, increases 1(c) by nearly an order
of magnitude'™'”. For PS—X(1.4x10°) brushes, such an
increase in ¢ requires only a small change in (D/2L): 0.1 to 0.08.
Similar considerations apply to the other brushes. Although the
shear mechanism of chains in a brush and in bulk polystyrene
solutions differs'>'®, it is likely that the relative increase in their
viscosity—and thus in viscous dissipation—with ¢ is
comparable'®. This is consistent with the very sharp rise in the
shear force as D decreases at D < D, . Brushes consisting of poly-
mers with low glass transition temperatures should thus be better
lubricants at high compressions.

The precise frictional mechanism is very different to the classic
interfacial sliding picture of Tabor and Bowden®*° and remains
to be elucidated. Our observations reveal that a very fluid layer
can reside at the interface between two solvated polymer brushes
even under appreciable mutual compression, and can profoundly
reduce the forces required for interfacial sliding of the surfaces
bearing them. These results offer insight into relaxation processes
in confined polymer layers and into tribological processes involv-
ing macromolecular surface phases. They also shed light on the
origin of the very low friction in biological joints®'**, where
polymer-covered surfaces frequently rub against each other.
Together with the self-assembling, robust and self-healing nature
of polymer brushes, our results have clear implications for new
lubrication strategies. ad
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NEARLY all of the molecular crystals containing Cq formed at
ambient pressure'” have inter-fullerene separations of the order of
10 A—the expected distance based on the molecular van der Waals
radii. The sole exceptions are the room-temperature phases of
ACg4 (where A denotes K, Rb or Cs), which are formed by revers-
ible solid-state transformation from high-temperature (>150 °C)
phases’. These phases have lattice parameters about 9% shorter
in one direction, and in addition RbCs has magnetic properties
suggestive of a one-dimensional metal’. We suggested in ref. 4
that this short distance may be due to covalent bonding between
neighbouring Cq molecules. Here we provide direct evidence for
such bonding from powder X-ray diffraction studies of RbCgy and
KCq¢o. The linkage is through a {2 + 2] cycloaddition, which has
been hypothesized to take place during photopolymerization of
solid Cq, (ref. 5), and which has also been proposed® for RbCg,.
Such inter-fullerene linkages are calculated”® to be the preferred
mode of dimerization of Cg. The ACsy phases thus provide an
example of a thermal phase tramsition driven by the reversible
formation and breaking of covalent bonds.

TABLE 1 Resuits of fits to various structural models for RbCgs and

KCGO
Model RbCeo KCeo
No. Details P Rw FvsSFges p Rwp FuvsFgs
1. Undistorted Ceo, 13 13.7 22 12.3
aligned with axes
2. Undistorted Cego, 14 947 75»4.0 23 9.95 25»4.0

rotated +45° about
9.11 A direction

3. Atoms C1 at inter- 15
fullerene contact
move in a direction.

4. Atoms C1 move in 16
molecular mirror
plane

5. Atoms C2 and C3 20
allowed to move,
and overall Cgo
radius

6. Same as 5, in 20 493
Immm, with 50% C
occupancy

6.19 72»4.0 24 7.43 36»4.0

520 24.6»>4.0 25 6.41 15»4.0

485 8.2>25 29 57824<26

29 6.19

The fits shown here employ Rietveld fits to X-ray powder diffraction
data®. p is the number of parameters adjusted in the fit, Ryp is the
weighted profile crystallographic R factor, the F ratio is defined in the
text, and Fgos is the F ratio which would indicate a 95% (+20¢) confidence
limit on the improvement of the fit. For all Rietveld fits, we varied several
diffraction lineshape parameters, the lattice parameters, the carbon
isotropic thermal parameter, and anisotropic thermal parameters and
fractional occupancy of the cation. The extra parameters for each KCgo
fit are the intensity, lattice parameters, and lineshape parameters of
coexisting Ceo and KiCeso.
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