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Boundary lubrication under water

Wuge H. Briscoe', Simon Titmuss', Fredrik Tiberg', Robert K. Thomas', Duncan J. McGillivray't & Jacob Klein'*

Boundary lubrication, in which the rubbing surfaces are coated
with molecular monolayers, has been studied extensively for over
half a century'”. Such monolayers generally consist of amphiphi-
lic surfactants anchored by their polar headgroups; sliding occurs
at the interface between the layers, greatly reducing friction and
especially wear of the underlying substrates. This process, wide-
spread in engineering applications, is also predicted to occur in
biological lubrication via phospholipid films*®, though few sys-
tematic studies on friction between surfactant layers in aqueous
environments have been carried out™'*. Here we show that the
frictional stress between two sliding surfaces bearing surfactant
monolayers may decrease, when immersed in water, to as little as
one per cent or less of its value in air (or oil). We attribute this to
the shift of the slip plane from between the surfactant layers, to the
surfactant/substrate interface. The low friction would then be due
to the fluid hydration layers surrounding the polar head groups
attached to the substrate. These results may have implications for
future technological and biomedical applications.

Normal and shear forces F, and F; respectively are measured
between two atomically smooth curved mica surfaces (radius of cur-
vature R= 1 cm) using a surface force balance described previously''.
This is carried out first in dry air (in the presence of P,0s), then
when bearing the double-chained cationic surfactant DDunAB",
N,N-dimethyl-N,N-diundecylammonium bromide with structure
(CH;(CH,)10),N"(CH;),Br typical of a large class of similar
amphiphilic surfactants, both in dry air and in (surfactant-free)
water. We carried out some ten separate experiments on the
DDunAB with surfactant layers formed by incubation times ranging
from 10 min to 120 min.

Normalized force F, versus separation D profiles, F, (D)/R,
including controls between surfaces of bare mica before surfactant
self-assembly, are shown in Fig. 1. The surfactant-coated surfaces
experience the expected strong adhesion both in dry air and in
water'>'. The total surfactant layer thickness in dry air contact is
Dy = 2.7 £ 0.4 nm, smaller than twice the total extended molecular
length of the surfactant, 3.8 nm, indicating that the molecules adsorb
onto each mica surface with the hydrocarbon tails tilted. On adding
water the layers swelled slightly, as revealed by an increase of the
contact separation after the first approach and adhesion in water
(averaged over all experiments), by an amount AD,=0.51 *
0.4 nm. The magnified-scale inset in Fig. 1 reveals the long-range
attraction from D = 30 nm, before the jump into contact character-
istic of hydrophobic interactions'. The strong adhesion that the
surfaces experience in contact (in both air and water), deforms them
elastically”® to form a flattened, roughly circular contact zone
between them with an area A (see interference fringes in Fig. 2) of
the order of 1,000 um?. It is across this flattened, strongly adhering
region that we measure the friction force F; between the surfaces.

The frictional response between the surfactant-coated surfaces as
the top surface moves laterally back-and-forth after a first approach is

shown in Fig. 2. In dry air (trace B in Fig. 2) the surfaces remain
rigidly coupled to each other for all applied shear amplitudes Ax,
(10-1,800 nm). The friction force F, between the surfaces must thus
exceed the maximum applied shear force (F; > F,,, = 200-250 puN),
corresponding to a sliding shear stress between the surfaces, o, =
FJ/A>0.2MPa. This is consistent with the range of previous
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Figure 1| Normal interactions F,/R between DDunAB-coated crossed-
cylindrical mica surfaces (radius of curvature R is ~1cm), as a function of
closest separation D. Forces F, were measured with a surface force
balance'' (cartoon). Different symbols indicate separate experiments
(10-min or 120-min layers, see Methods). The open triangle and closed circle
represent adhesive contact in dry air (mean of several measurements). The
closed and open diamonds represent interaction profiles across water with
no added salt, up to jumps (J) into adhesive contact. The open square and
circle indicate adhesive contact following first approach in water. The
adhesion in water on subsequent approaches following shear is similar or
slightly decreased (a4 is 120 min, and ki is 10 min). The inset shows
interactions on an enlarged scale: crossed circles represent interactions
between the bare mica surfaces (solid curves show expected DLVO
double-layer forces'. Upper solid curve, constant surface charge density of
0.0048 Cm "~ 2; lower solid curve, constant surface potential of 155 mV; both
with 1.5 X 10> M 1:1 background electrolyte concentration). Other
symbols as in the main figure. The lowest curves are van der Waals attraction
(dot-dashed curve) and an empirical double exponential function (dashed
curve) characteristic of hydrophobic attraction'*. All measurements are at
25*+0.5°C.
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studies®'®'® of the frictional shear stress between surfactant-coated

surfaces in dry air at comparable normal stresses and velocities. Once
water is introduced between the surfactant-coated surfaces, the slid-
ing frictional stress between them when in adhesive contact is strik-
ingly reduced relative to air, despite the stronger adhesion under
water (Fig. 1). A typical friction trace C following initial contact is
shown in Fig. 2.

Figure 3 summarizes the measured sliding friction stresses g, = F;/A
between the surfactant layers under water at different shear velocities
Vs revealing a weak velocity dependence in line with earlier stud-
ies®®'°. The shaded part of the inset to Fig. 3 shows the range of
frictional stresses taken from earlier studies>>'®'¢, covering a wide
spectrum of boundary surfactants and conditions in air. The most
remarkable feature of our data is the very substantial reduction—by
up to 99% or more—of g under water relative to its value in air.

What is the origin of this very large decrease in the friction when
the sliding occurs under water? In the case of friction between similar
surfactant layers in air, a coherent picture has emerged (for example,
see refs 3 and 17), correlating the frictional stress ¢, during sliding
with the loading/unloading adhesion hysteresis Ay between the
boundary layers. The relation Ay/é = g, where 6 is a microscopic
length scale (of the order of 1nm or less), accounts well for the
frictional dissipation in a wide range of conditions (in air) as the
surfactant-coated surfaces slide past each other’. However, we attrib-
ute the striking reduction in friction under water relative to dry air
observed here to a conceptually quite different origin. It is due, we
believe, to the shift of the slip plane from between the boundary
lubricant layers to the surfactant—substrate interface.

This occurs because of the facile penetration of water and con-
sequent hydration of the anchoring polar headgroups at the solid
substrate™'”', consistent with the known high mobility of water
in comparable surfactant layers'>*. It is significant in this context
that the swelling ADy/2 of each monolayer on adding water
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Figure 2 | Characteristics of measured friction between two DDunAB-
coated surfaces in adhesive contact. Trace A, back-and-forth shear
amplitude Ax, applied with time to the top surface; traces B and C, the
corresponding shear force F; transmitted across the surfactant layers. Trace
B, dry air, showing rigid coupling of the surfaces, that is, the frictional force
exceeds the shear force up to the maximal applied shear amplitude. Trace C
is a typical transmitted shear force versus time trace between the two
surfactant layers (10 min) in adhesive contact after addition of pure water.
The lower right-hand insets illustrate the surface force balance configuration
in shear'' and the region over which friction was measured from the
corresponding fringe image taken from an actual experiment.
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(0.26 = 0.2 nm) is close to the swelling due specifically to hydration
of headgroups (0.25 nm), measured'® for similar confined surfactant
monolayers on going from the dry state to immersion in water. The
resulting hydration sheaths efficiently lubricate the lateral motion of
the headgroups on the surface, in strong analogy with the recently
observed lubrication provided by hydrated metal ions between solid
surfaces*?%. As a result, the interface with least resistance to shear
becomes that between the surfactant headgroups and the substrate,
rather than the surfactant—surfactant interface (where sliding classic-
ally occursin air or oil). It is therefore to that weaker interface that the
slip plane reverts as the surfaces slide past each other.

To test this hypothesis—which contrasts with the accepted mech-
anism for boundary lubrication in air or oil—more directly, we car-
ried out the following three experiments. First, we determined the
adhesion hysteresis Ay between the surfactant layers both in dry air
and under water, by monitoring the contact area during loading/
unloading cycles (Methods section). The results, shown in Fig. 4,
reveal that the magnitude of Ay is in the range (20 = 2) mJ m ™~ both
in air and under water. Putting Ay/d = g, with 6 = 1 nm, yields a
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Figure 3 | Dependence of friction force F, between surfactant layers in
initial contact in water on the sliding velocity v,. F; is measured from traces
such as B and C in Fig. 2. The friction forces in dry air (before adding water)
at all velocities and for all surfactants are greater than the upper hatched
region. Open circles indicate DDunAB layers (10 min), measured following
approach to adhesion across water. Crosses indicate DDunAB layers

(10 min) that were in adhesive contact before immersion in water and
throughout the friction measurements. The inset shows the corresponding
frictional sliding stress g, = F,/A, where the contact area A between the two
surfaces is measured from the flat portion of the optical fringes (as inset in
Fig. 2). The data symbols in the inset for DDunAB (schematic 2) correspond
to those in the main figure. (The data are identical in the inset and the main
figure: the logarithmic scale of the inset highlights the variation of the data
relative to that of the linear scale of the main figure.) Open diamonds in the
inset indicate frictional sliding stress for the Gemini surfactant (see text;
schematic1). The dry air contact separation between the Gemini-monolayer-
bearing surfaces is 1.3 = 0.3 nm. The hatched area shows, for comparison,
the range of frictional sliding stresses from several other comparable
experiments>>'®'® in air (dry, humid or with organic vapour). The solid
curves are a guide to the eye.
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frictional sliding stress g, ~ 2 X 10’ N m "~ %, which is within the range

of the frictional stress regime in dry air, but is too high, by some
orders of magnitude, to account for the low friction under water, for
which o, = (1-5) X 10° N m ™ (inset to Fig. 3). The clear implication
is that while, in air, both adhesion and sliding occur at the same
surfactant—surfactant interface, the situation under water is different:
The weakest adhesion (and therefore separation of the surfaces on
pull-off) occurs at the surfactant—surfactant interface, but the sliding
under water must occur at a much more lubricated interface: the one
between the surfactant headgroups and the substrate. This unexpec-
ted result is, however, consistent with estimates of the magnitude of
the adhesion at the two interfaces (Methods).

Second, to eliminate the possibility that the sliding may nonethe-
less have been occurring at the mid-plane, lubricated by hydrated
polar headgroups of surfactant molecules that had undergone an
overturning or ‘flip-flop’ transition*>** under water, we repeated
the frictional experiments using a different procedure. Following
measurements in dry air, the surfaces were brought into adhesive
contact at D= Dy = 2.7 = 0.4 nm as before. On subsequent addition
of water, the contact separation increased by 0.6 = 0.4 nm, very sim-
ilar to the swelling AD, = 0.51 * 0.4 nm noted earlier for monolayers
which were immersed in water before contact. Frictional forces were
then measured as above, taking care not to separate the contacting
regions or expose them directly to water at any time during the shear.
The frictional stresses measured in this way are shown as the crosses
(data points) in Fig. 3. They reveal a comparable (or even slightly
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Figure 4 | Loading-unloading profiles of contacting DDunAB (10 min)
layers showing variation of contact area A with load L. a, In dry air; b, under
water. The solid lines are fits to the Johnson-Kendall-Roberts expression (see
Methods) using best-fit values of the adhesion energy v on loading (y;) and
unloading (yy), and yield differences Ay = (yy — vyL) in the range

20 = 2mJm ? for both cases (differences in absolute pull-off forces are due
to different unperturbed radii of curvature R).
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lower) frictional stress than when water is introduced before contact.
With this procedure the possibility of any overturning of surfac-
tants*** and consequent hydration of the surfactant—surfactant
interface is suppressed, so we conclude that the slip-plane must
indeed be at the surfactant-substrate interface.

Finally, we measured the friction using a boundary lubricant of
chemical structure homologous to DDunAB above, but with differ-
ent architecture, so that it contacts the surface not only via its polar
headgroups but also via hydrophobic moieties. We used the sym-
metric Gemini surfactant CH;(CH,);;—-N*(CHj3),Br —(CH,)s—
N*(CH;),Br —(CH,);;CH;, which contacts the mica via its two
polar (N*(CH3),) headgroups, as well as via the intervening
(CH,)¢ spacer, as revealed by neutron reflectometery and indicated
by schematic 1 in the inset to Fig. 3 (R.K.T. and P. X. Li, unpublished
data; see also Supplementary Information). Typical sliding frictional
stresses using these surfactants immersed in water are summarized in
the inset to Fig. 3. They are lower than for boundary lubrication in air,
but are higher than for the DDunAB molecules. This is in line with
our expectation that only the polar headgroups of the surfactant
layers can become hydrated and provide lubrication. The DDunAB
layers have a relatively more hydrated interface with the substrate
(schematic 2 in the inset to Fig. 3), and therefore slide more easily
than the other surfactant, for which only part of the surfactant/sub-
strate interface is hydrated, the rest being covered by the hydrophobic
Cs alkyl groups—which cannot be hydrated—in close proximity to
the surface.

In summary, we have shown that the frictional stress between
sliding surfaces coated with amphiphilic surfactant layers (boundary
lubricants) immersed in water may be reduced by 1-2 orders of
magnitude or more, relative to its value in dry air. We attribute this
to the shift of the slip plane during frictional sliding, from the sur-
factant-surfactant midplane interface (in air) to the much better
lubricated surfactant—substrate interfaces (under water). Lubri-
cation at the latter interfaces is mediated, we believe, by the fluid
hydration sheaths surrounding the surfactant polar headgroups at
the substrate, in analogy to the lubricating effect provided by
hydrated ions between compressed sliding surfaces*'. This unexpec-
ted scenario of crossover of the slip plane is supported by several
observations: pre-adhering the surfaces before their immersion in
water results in similarly low friction, indicating that fluidization
of the surfactant—surfactant interface cannot be responsible for the
lubrication. In addition, the large adhesion hysteresis both in air and
in water indicates adhesion occurs at a different interface (between
the surfactants) to that of sliding (at the substrate—surfactant inter-
face). Finally, using chemically homologous surfactants of different
architecture can result in much higher friction, as expected when the
surfactant-substrate interface is only partly hydrated.

Our results may have implications for the lubrication of biomedi-
cal devices and microelectromechanical systems currently limited by
friction and wear: for example, in the design of boundary lubricant
molecules that will optimize the extent of interfacial hydration. The
results suggest applications in living systems that are in aqueous
environments: their lubrication may also be mediated by hydration
shells (in contrast to conjectures that a classical boundary lubrication
mechanism is active®), and may point to more efficient treatments for
osteoarthritis®.

METHODS

Boundary layer preparation. After calibrating in air contact, the mica surfaces
glued onto cylindrical silica lenses (Epon 1004, Shell) were dismounted and
immersed for different periods from 10-120 min in the surfactant solution,
0.3-3mM concentration (~10-100-fold critical micelle concentration) at
~25 °C in water (purified via the RiOs5-MilliQ Gradient A10 system; resistivity
is >18.2 Q cm and total organic content =<4 p.p.b.). In the figure legends, layers
prepared at these different incubation times are identified as ‘10 min’ and so on.
After withdrawal from the surfactant solution, the surfaces were rinsed thor-
oughly with water, and dried in a desiccator in the presence of P,O5 for ~15h
before being remounted in the surface force balance (in the presence of P,Os).
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The double surfactant layer thickness is 2.2 = 0.3 nm relative to air, to which
5+ 3 A was added to account for the thin adsorbed water/gas layer known to
desorb in water®', which presumably comes off on immersion in the surfactant
solution.

Adhesion hysteresis. The contact area A between the surfaces is varied (and
monitored) by changing the load L during compression or decompression runs
to yield the data in Fig. 4, from which the adhesion energy y may be extracted by
fitting the A(L) variation to the Johnson-Kendall-Roberts contact mechanics
expression'”:

A=n{(RIK)[L+ 6nRy + (12nRyL + (6nRy)*)'?]}**  (0)

Here K=9.5X 10° N m™? is the effective modulus of the mica/glue combina-
tion. The difference between the value of y on loading (yr) and its value on
unloading (yy) gives the adhesion energy hysteresis Ay.

Adhesive forces at the different interfaces. We assume the monolayers detach
intact on pull-off so that surfactant molecules remain within their layers. The
hydrophobic adhesive force fy,rsur per surfactant molecule at the surfactant—
surfactant interface may be written as' fuu¢ ur= [0E/0D]p—y where E=
(ps)e" P here p~35mJm 2 is the surface energy at the interface between
the hydrophobic tail and the water (from the pull-off forces in Fig. 1), s* =~ 50 A?
is the mean area per surfactant molecule, and h= 1 nm is the decay length for
the hydrophobic attraction'®. This yields fiyrtqurs= (y5*)/h=2X 10~ "' N. The
adhesive force fursupsir per surfactant molecule attached by a positively
charged polar head at the negatively charged substrate may be estimated as
Frurtsubstr = — €/ (4Tee0x”), where x=~ 4A is the charge separation and e is the
electronic charge. The effective dielectric constant for layers of water comparable
in thickness I to a hydration layer is much less than that of the bulk, and has
been both calculated”® and evaluated from experiment” as ¢ = 5-10 for /< 1 nm.
This gives fourfsubser = (1-2) X 10~ 19N, an order of magnitude or so larger than
fourf_surs (this estimate assumes the hydration layers detach with the polar head-
groups, to be replaced by water at the mica surface). This is consistent with pull-
off on separation of the surfaces occurring at the surfactant—surfactant interface,
even though sliding occurs at the substrate surfaces.
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