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Abstract

The direct measurement of forces between atomically-smooth mica surfaces down to sub-nanometer
separations was pioneered over 50 years ago, and has yielded deep understanding of a range of
interfacial effects, not least the forces that determine colloidal stability and self-assembly, the
properties of highly confined fluids and the molecular origins of friction and lubrication. Here we
describe recent advances, including the use of substrates other than mica; probing the shear
properties of highly-confined fluids including hydration layers; and the modulation of surface forces
by surface-attached macromolecules and amphiphiles, together with microscopic imaging of surface
morphology. These advances enabled novel features such as external potential control of the
interacting surfaces, new understanding of lubrication in aqueous and biological systems, the design
of novel nanoparticles and surface assemblies for modulating frictional dissipation, and insight into
the nature of long-ranged attraction between surfactant-hydrophobized surfaces. We conclude by

briefly outlining future challenges and opportunities provided by such direct surface force studies.
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L. Introduction

The direct measurement of both normal and shear forces between two smooth macroscopic surfaces
as a function of their absolute separation D, with A-level resolution in D, enables a large range of
interfacial properties to be examined, not least the forces that determine colloidal and
macromolecular interactions, as well as frictional dissipation at the molecular level. Tabor and his
students Winterton and Israelachvili, starting in the late 1960s, pioneered such measurements for
direct determination of van der Waals forces acting between two molecularly smooth mica surfaces
in air,"? where the high resolution in D was provided by white-light multiple beam interferometry.

Subsequently Israelachvili and coworkers extended this approach to measure surface forces across
3
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liquids and solutions®® (calling their measurement system a surface force apparatus, SFA) and
shortly after that Klein extended it to measure interactions between surface-attached polymers,*’
using a different device he called a surface force balance (SFB). The original SFA and SFB were

later extended to different configurations, and to measurements of a wide variety of different

interactions including structural forces,>® hydrophobic interactions,”!® DLVO interactions (van der

13-15 16-18

Waals and electrostatic double layer),'"'? hydration forces, and other more specific forces
related to polymer or living systems. To avoid confusion, we shall henceforth refer to all different
configurations of the apparatus used to measure surface forces directly between macroscopic,
smooth surfaces as SFBs, since they all essentially act by balancing the surface forces against the
bending of mechanical springs in the apparatus (see figure 1), and thereby obtaining their magnitude.
Shear force measurements using this approach were also pioneered by Tabor and Israelachvili,' to
explore the frictional properties of calcium stearate monolayers and multilayers deposited between
mica surfaces, and this was extended by Israelachvili and coworkers for measuring frictional forces
in the SFB.?-% Klein and coworkers'®?® designed a new device which could probe shear forces with
significantly improved sensitivity and resolution with respect to the previous designs, enabling the
very low frictional coefficients between polymeric layers to be measured. To illustrate the general

162627 is shown in figure 1. The

principle, a schematic of the SFB as developed by the Klein group
separation D between the surfaces may be measured (down to 1-2 A resolution) by monitoring the
wavelengths of fringes of equal chromatic order (FECO) arising through multiple beam
interferometry. Visualizing the fringes also allows for directly measuring the true contact area

between the surfaces (and thereby the mean pressure between them), and following any surface

deformations occurring in the contact region. The shear forces Fs(D) (with a resolution of ca. 100
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nN, limited by ambient noise) and normal forces Fn(D) (with a resolution of ca. 10 nN) between the
surfaces are measured via Hooke’s law by monitoring the bending of two vertical leaf springs Si
and a horizontal leaf spring S>. The bending of the vertical leaf springs (AD) is measured by using
an air-gap capacitor. The bending of the horizontal leaf-spring (AX) is determined by monitoring

the changes in the wavelength of the FECO.
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Figure 1. A schematic of a surface force balance used to measure normal and shear forces between
two equally thick mica surfaces directly, optimized in particular for measuring weak shear forces.
The two back-silvered mica sheets (ca. 10 x 10 mm?) are mounted on fused silica cylindrical lenses
in a crossed-cylinder geometry, equivalent to a sphere-plane geometry (as shown in the inset). The
absolute separation D between them is calculated via fringes of equal chromatic order (FECO, top
right schematic) arising from multiple-beam interference of heat-filtered white light passing through
the surfaces. The top lens is mounted on a sectored piezoelectric tube (PZT, magnified on the right
to illustrate the sideways motion induced when opposing sectors experience equal and opposite
potentials). The PZT is mounted via a rigid stainless-steel boat onto two vertical copper-beryllium
leaf springs S1 which are rigidly mounted into the main body of the balance. The bending of the
vertical leaf springs S1 changes the thickness X of air gap between the boat and a capacitance probe
and can be measured with a capacitor bridge, this yields the shear force between the surfaces. The
bending of the horizontal leaf-spring Sz (on which the bottom lens is mounted) is determined by

5
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monitoring the changes in the wavelength of FECO, to yield the normal forces. Reproduced from
Klein et al., J. Chem. Phys., 108, 6996 (1998), with the permission of AIP Publishing.

It is appropriate to emphasize three main advantages of the SFB in measuring surface interactions
when compared with tip-based methods based on scanning probe microscopy (SPM), such as atomic
force or friction force microscopy (AFM or FFM).%3! The first is that it directly measures the
absolute separations D of the interacting surfaces, while scanning probe methods (including
colloidal-force microscopy when the AFM tip is replaced by a colloidal particle’>3%) measure only
the relative separations of the surfaces. A crucial feature of the absolute measurement of D is that
contamination of the surfaces, if present, can be unambiguously detected during the normal force
profile measurement by comparing with bare surface values.** The second is that SFB can measure
both shear and normal stresses with a resolution and sensitivity that is some 103-10*fold (relative
to tip probe) or 10'-10%-fold (relative to colloidal probe) better than AFM. One limitation for SFB
is that particular care is needed in preparing clean and molecularly smooth mica surfaces and
mounting them in the SFB. A third advantage of using SFBs is that it is frequently possible to image
with high resolution, using AFM or scanning electron microscopy methods (SEM or cryo-SEM) the
detailed surface structure of surface attached species, for example surfactant or vesicle layers.>*
Such measurements are difficult if not impossible to carry out on the surfaces of colloidal or smaller-
sized probes, and together with the SFB force measurements provide considerable additional insight
into the origins of the surface interactions. The detailed history and different generations of SFB has
been reviewed elsewhere.*® Here, we will examine progress over the past decade or so using such
direct force measurements. We attempt to provide a broad overview of the many different direct

surface forces studies, both normal forces and shear or frictional forces, but at the same time focus
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in more details on those we feel have provided the most general advances (for example in
instrumentation) or physical insights, while clearly aware that such an approach reflects our own
view as to their relative importance. These will include the use of different substrates as the test
surfaces, including metallic ones, and the effect of changing surface potentials enabled by the use
of conducting substrates; recent insights into the properties of highly-confined liquids; interactions
between surface-attached polymeric and macromolecular films; and interactions between self-
assembled layers of surfactants and lipids, in particular the relevance of the latter to biolubrication

processes.

II. Beyond mica - surface forces between different substrates

Mica is a chemical inert, highly crystalline, layered aluminosilicate mineral that can be manually
cleaved to obtain thin (1-5 pm) and atomically smooth step-free facets over macroscopic dimensions
(~ cm?).* In most of the SFB studies, the substrate is limited to transparent, large areas of atomically
smooth mica s§urfaces (or those areas coated with different molecular species). However, mica is a
poor conductor of electricity and therefore its surface electrical potential cannot be actively and
reversibly controlled. In contrast, a wider range of scientific questions related to interfacial forces
would be accessible if the potential of the surfaces could be controlled.’®*® An efficient way to
address this is to cover one of the lenses with polarizable materials instead of mica, typically a smooth
metal surface; a major constraint in this case is to ensure that such a metal surface retains a smoothness
comparable with the resolution in measuring D, that is, a few As. In early work, Vanderlick and co-
workers"’ created gold surfaces of suitable smoothness (ca. 4 A rms roughness) through a form of

template-stripping, but these were very small (40 um diameter) which limited their exploitation in
7



AlP

Publishing

the SFB. A breakthrough came with the work of Chai®® who, by optimizing the template-stripping
approach, was able to create large area (cm?) gold surfaces with ca. 2A rms roughness over their
entire area for mounting on one of the lenses in the SFB. Chai was also the first to describe a 3-
electrode configuration using such a smooth gold surface in the SFB.% Both the template-stripping
(TS) method and the 3-electrode configuration were used in many subsequent studies where the effect
of potential on the surface forces or other surface properties was measured directly. The template
stripping was carried out as follows (schematically shown in figure 2). First, as in the traditional
procedure of mica preparation,* the mica sheets (templates) are placed on a mica backing sheet with
fresh exposed facing up, and a thin layer of gold is evaporated onto this smooth template surface. An
appropriate area of the template is cut with a scalpel blade, glued onto a lens (gold facing the glue),

and stripped away from the gold using a tweezer. The TS process has been used to prepare a wide

d, 60-62 63,64

range of surfaces, including gol platinum, palladium,®* silver,®® aluminum,® and iron.%’
Using the Chai template-stripping method®® and what they call an electrochemical surface forces
apparatus, schematically shown in figure 3a, Valtiner et al.®® showed that confined electric double
layer (EDL) forces can be modulated in situ by electrochemical potential variation between a
molecularly smooth positively charged amine-terminated surface and a molecularly smooth gold
electrode in pH=3. The result (as shown in figure 3b) shows a long-range EDL force which is
attractive for electrochemical potentials below the point of zero charge (PZC) and repulsive above
the PZC.® This interfacial force profile is consistent with standard EDL models. At separation
distance below 2 nm (at positive polarization of the gold), the force in figure 3b indicates an additional

exponential repulsive force contribution due to hydration forces arising from the confinement of

hydrated counter-ions between the two similarly charged surfaces. They also measured the changing
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a) b)

Figure 2. Schematic illustration of the sample preparation and the template stripping (TS)
procedure, its mounting, and the three-electrode configuration in the SFB, enabling force
measurements between surfaces at controlled potentials. a) The mica is cleaved into 3-6-pm-thick
facets (thinner mica sheets are hard to strip away from the gold, while thicker ones are difficult to
attach affinely to the curved lens through capillary attraction by the molten glue). The pieces are
then placed on a mica backing sheet with their freshly exposed part facing up. b) A thin layer of
gold film is slowly evaporated using an e-beam on the mica. Following evaporation, the sample is
annealed for 2 h. An appropriate size of mica piece is cut with a scalpel blade and lifted from the
backing sheet by a tweezer with extreme care. ¢) The lifted gold-coated mica piece is glued using
epoxy onto a cylindrical fused silica lens with the gold facing the glue. The mica is then gently
stripped off using a tweezer (enabled by weak adhesion due to the lattice mismatch between gold
and mica). d) A smooth gold surface on the lens, mimicking the mica template surface, is exposed.
The lens is rapidly mounted and covered with water in the SFB within 1 min of exposure. (¢) shows
the three-electrode configuration, with the platinum counter-electrode C, the gold working electrode
W and the silver quasi-reference electrode R. (a) — (d) reproduced with permission from Chai et al.,
Langmuir 23, 7777 (2007). Copyright 2007, American Chemical Society. (e) reproduced with
permission from Chai Liraz Ph.D thesis. Copyright 2007, Weizmann Institute.

thickness of growing oxide layers on the gold surfaces when the electrochemical potentials were

above the oxidation potential (as shown in figure 3c). Later on, Shrestha et al.** extended the
9
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technique to platinum and palladium, and visualized dynamic processes including electron transfer,
oxide reduction/oxidation, and solution side reaction at electrochemically active metal interfaces in

64,69

real-time within the SFB. In contrast to the Valtiner studies, it is possible to adjust the gold

potentials within a range of values where oxidation and reduction at the surface are negligible, so

1.7° worked

that the gold electrode is ideally polarized and no faradaic current flows. Tivony et a
under such ‘ideal’ conditions to measure directly the forces between a mica surface and the gold
surface at different externally-applied potentials; they were able to show directly for the first time a
confinement-induced surface-charge inversion at the metal surface. In a separate study,”' Tivony et
al. exploited the fact that out-of-equilibrium electric double layers at the surfaces generate
significant transient forces that may be much larger, particularly at values of D >> Ap, the Debye
screening length at the relevant salt concentration, than van der Waals and double layer forces.
Using an SFB with a three-electrode configuration between a single-crystal mica surface and a
smooth gold surface prepared by the Chai template-stripping method>® (as shown in figure 4a and
4b), they exploited such transient forces, while stepping the potential, to measure directly the EDL
charging of a nanopore between the surfaces. Similar nanopores are central elements of various
high-capacitance devices used in different applications refs.”>’* Figure 4c shows the transient
surface-separation change during potential steps between + 200 mV and — 200 mV at surface
separations at D = 50 nm. In response to abrupt potential steps, an electrostatic force (Fe) exerted

from an unscreened electric field, which bends the spring by AD over a time Afs. As counter-ions

redistribute in the EDL (charging) within the nanopore, Fe gradually decreases and the surfaces

10
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Figure 3. Schematic of the electrochemical three-electrode configuration used in the
electrochemical surfaces forces experiments®7>7® and the typical force-distance profiles. a) This
setup consists of a working electrode (WE) that defines the studied interface, a counter electrode
(CE) that supplies the electrochemical current required by the WE, and a reference electrode (RE)
that maintains at a constant reference potential. b) Typical force-distance profiles measured during
approach of the atomically smooth gold surface and positive charged (3-aminopropyl)-triethylsilane
(APTES) coated mica surfaces measured as a function of the externally applied electrochemical
potentials. c) Typical force-distance profiles measured during approach of the gold and APTES
coated mica surfaces measured at high anodic externally applied electrochemical potentials that are
higher than the oxidation potential, where the gold surface oxidizes. Reproduced with permission
from Valtiner et al., Langmuir 28, 13080 (2012). Copyright 2012, American Chemical Society.

relax over a time A# (as shown in figure 4d). This study found that the nanopore charging time is

order of a second, which is far slower than the time for charging an unconfined surface (typically
11
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order of 1072 s), increasing at smaller pore sizes, and decreasing with higher ion concentration. The
results are the first direct determination of the charging dynamics of an individual nanopore, and

are consistent with the classic transmission line model applied to the nanopore geometry.”8!
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Figure 4. Electric double layer charging dynamics within a single nanopore studied by a surface
force balance. a) Schematic of the surface force balance with a three-electrode configuration
between a single-crystal mica surface and a smooth gold surface (root-mean-square roughness ca. 3
A) at a controlled potential. b) A section through the intersurface gap at closest separation D,
showing its nano-slit like structure, where Ap is the Debye length, L is the radius of the circular pore,
3D is the change in pore width at a distance L from the pore center due to curvature of the surfaces
(8D = L*/2R). The schematic is not to scale: L is typically 100 um and D is of order 100 nm. c) A
dynamic measurement of D(t) trace taken in 5 mM NaNO3 (Ap=4.3 nm) at D = 50 nm (>> Ap) based
on video recording of the motion of the interference fringes®>° (reflecting the movement of the
lower mica surface), in response to positive (— 0.2 V—+ 0.2 V) and negative potential (+ 0.2 V— —
0.2 V) steps as indicated by the upper potential trace. Scale bars: horizontal — 2 s; vertical — 10 nm.
d) An asymmetric shape of D(t) plot (enlarged from the red circled peak in (c)) due to the ion
migration into a charging nanopore, where Ats and At signify the initial motion and relaxation time,
and AD is the distance shift from initial surface separation Di = 50 nm to extremal separation Dr =
27.8 nm. Scale bars: horizontal — 0.2 s; vertical — 5 nm. Reproduced with permission from Tivony
et al., Nat. Commun. 9, 4203 (2018). Copyright 2018, Nature Publishing Group.

Graphene is an allotrope of carbon consisting of a single layer of atoms arranged in a two-

dimensional honeycomb lattice; it is a transparent and flexible conductor that holds great promise
12
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for a broad range of applications, including electronics, membrane-separation technologies, energy,
and medicine.®”* In a promising extension to new substrate materials for surface forces
measurements, Perkin and co-workers®> reported a method for creating exceptionally smooth
graphene layers (root-mean-square roughness of 0.19 nm) over large areas (> 1 cm?), and a means
of adapting the SFB to use such layers as model substrates, as shown in figure 5. The graphene SFB
(gSFB) measurements under aqueous electrolyte solution revealed EDL forces down to nanometer
separation between two smooth graphene sheets; as graphene is a conductor, normal forces at

variable externally-applied potential control could be investigated.

In view of the paucity of methods to characterize the surface energies of two-dimensional materials

8687 such as graphene, it is notable that van Engers et al.®, using the gSFB, reported the first

refs,
direct measurement of the interfacial energy (y) of CVD graphene using both single and few-layer
graphene under dry conditions, as well as under water and sodium cholate. With the SFB this is
readily achieved by measuring the force Fpun-off required to separate the surfaces from adhesive

contact, which can be directly related to the surface energy y according to the

Johnson—Kendall-Roberts (JKR) relation,®

F,
__ pull-off
e 1,

where R is the radius of the curvature of uncompressed surfaces. Thus, the gSFB provides direct
insight into surface interactions of 2D-materials, with the possibility of investigating surface forces
between these materials across liquids and under different applied surface electric potential. Of
particular interest may be the frictional interaction between two graphene layers in the gSFB, as a
function of their lattice mismatch angle, in view of the recently-discovered properties of such layers

13
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at ‘magic-angle’ mismatch?®! together with the possible relation between their electronic properties

and their frictional dissipation as they slide past each other.>3

Graphene Lens

preparation preparation
CVD graphene Quartz lens
on copper foil
PV VY S G S R V—
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PMMA 40 nm silver
4 ]
[ NS N S S S
_—
l Etch l Spin coat 2-4 pm
copper layer of epoxy

I

Transfer onto Lay graphene/mica
mica onto epoxy

4

Remove Remove
PMMA mica

Figure 5. Schematic of the surface attachment of graphene onto mica for the gSFB, enabling force
measurements with a different substrate. (Left) Transfer of chemical vapor deposition (CVD)
graphene onto the mica template by polymer-based transfer methods. Following CVD growth of
graphene on copper, the graphene is coated with poly(methyl methacrylate) (PMMA). After etching,
the copper is removed and the graphene/PMMA is placed onto the freshly cleaved mica. Finally,
PMMA is removed with anhydrous acetic acid. (Right) Preparation of SFB lens with the ultraflat
graphene surface. A total of 40 nm of silver is evaporated onto the SFB lens. Subsequently, the
graphene/mica stack is glued onto an SFB lens with a spin-coated epoxy coating (2-4 um). Upon
removal of the mica template in water a clean, smooth, graphene surface is exposed without®
positive protrusions. Reproduced with permission from Britton et al., Langmuir 30, 11485 (2014).
Copyright 2014, American Chemical Society.
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Figure 6. Schematic of two types of SFBs for the force measurement between two metallic and
reflecting surfaces. (a) Left: schematic of the 3-mirror SFB setup using gold as the mirror material.**
The gold-coated lenses are placed in crossed-cylinder configuration, equivalent to a sphere on a flat
surface. Normal and lateral forces are measured by monitoring the displacement of the surfaces
mounted on shear-force and normal-force springs with known spring constants (Ks and Kx) with
respect to a known applied motion. Right: light enters the setup, constructively interferes between
the different mirrors, and emerges as an interference pattern. Primary fringes [P(D), shown in green]
depend on the distance between the mirrors (D) and originate from reflections between mirrors Au2
and Au3, across the medium. Secondary fringes (S, shown in red) are distance independent and arise
from reflections between mirrors Aul and Au2, across the epoxy spacer with thickness Z1. Distance
dependent tertiary fringes [T(D), shown in blue] arise from reflections between mirrors Aul and
Au3. By combining these the separation D between Au2 and Au3 may be evaluated (b) Schematic
of the twin-path surface forces apparatus for opaque substrates and/or nontransparent fluids ref.”
Right: Laser light goes through the window at the bottom of the chamber and is reflected by the
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back of the disk holder. The reflected light is monitored by the twin-path unit. The surface distance
is controlled by a surface drive system. Left: Front view and side view of twin path displacement
measurement unit. The beams separated by the diffraction grating are reflected by the bottom of the
disk holder and by the fixed mirrors, respectively. They are then recombined on the diffraction
grating in the front of the four-sectored photodiode that monitors the recombined and phase-shifted
light. The signals reaching the photodiode are analyzed with a computer to yield the relative
displacements. For (a), reproduced from Van Engers et al., Rev. Sci. Instrum. 89, 123901 (2018),
with the permission of AIP Publishing. For (b), reproduced with permission from Kurihara et al.,
Langmuir 32, 12290 (2016). Copyright 2016, American Chemical Society.

It is often of interest to measure forces between two polarizable surfaces, and while the gSFB* in
principle provides such a possibility, using two metallic surfaces — for example two template-

stripped metal films as described above®®6396-%8

— enables to probe a much wider range of surface
properties. In the conventional SFB approach, the force measurement between two such metallic
and reflecting surfaces facing each other with no spacers is complicated when employing FECO,
since interference maxima — from which the value of D is extracted — are not possible when the
optical path difference between the surfaces is below the diffraction limit.***° Likewise when the
interacting surfaces are opaque the FECO approach is not possible, and various SFB configurations

to by-pass this limitation were proposed.?®>1% Other types of SFBs designed for measuring surface

forces between opaque substrates have been further limited by shortcomings such as short working

1 2

distance,'”! working with non-polar liquids only,'? and difficulty in handling the bimorph
sensors.'? Based on the 3-mirror approach originally proposed by Levins et al.,'® van Engers et
al.®* recently developed a simple technique for the fabrication of uniform epoxy layers, amenable
to producing a 3-mirror configuration with two template stripped gold surfaces (as shown in figure
6a). This setup allows for surface force measurements across confined electrolytes with potential

control of both ultra-smooth, directly-interacting electrode surfaces (Au2 and Au3 in figure 6a). A

different approach, twin-path surface force measurement (schematic shown in figure 6b) was
16
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developed in Kurihara’s group for interactions between two opaque substrates and/or in

nontransparent liquids, including electrochemistry using two opposing metal electrodes as

63,97,98 105,106

substrates, and characterizing surface interactions between ice and other substrates.
However, unlike the 3-mirror method,* this twin-path approach doesn’t measure the absolute

surface separation since it uses the hard wall contact as the zero distance, and additionally loses

optical information, such as the radius and continuity of the contact area.

II1. Strongly-confined fluids

The properties of highly confined liquids — as they differ from those bulk liquids — are both of basic
interest, and also play a role in a wide range of effects of practical interest, from tribology to the
stability of nanoparticulate dispersions. Here we note some of the notable advances over the period
covered by this review.

3.1 Organic liquids

Many studies have been reported on a variety of ultrathin organic liquid films confined between two

107,108 CyC]iC

surfaces, ranging from nonpolar linear alkanes, such as n-decane and n-dodecane,
molecules, such as octamethylcyclotetrasiloxane (OMCTS),>?719%-112 to molten salts such as ionic
liquids.!'*!!7 At confinements down to molecularly thin films (ca. 5-8 molecular layers) between
smooth mica surfaces, organic liquids become solid-like, which may be interpreted in terms of their

18119 and the fact that for such organic materials the solid

densification near the confining walls
phase is denser than the liquid phase, while the unconfined liquids remain disordered and fluid at
the same conditions.3! Earlier work had shown that for the case of quasi-spherical molecules such

as cyclohexane and OMCTS the transition between fluid and solid-like behaviour could be abrupt
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and occur over additional confinement by a single molecular layer, as illustrated in figure 7a, b,!%120

while shear of such confinement-solidified liquids often occurred via stick-slip motion, as indicated
in figure 7¢. 202110121124 The mechanism of such stick-slip sliding was believed to be due to
intermittent shear-melting and solidification of the sheared, confined liquid,””'>>'?® while
understanding the molecular origins of such stick-slip — which in macroscopic systems may lead to

122127130 _ could lead to improved lubrication

increased friction and wear relative to smooth sliding
strategies. In the shear-melting scenario, the shear-induced solid to liquid transition at the point of
stick to slip should be associated with a dilation of the confined film due to the density decrease as
the solid phase is fluidized."*' Rosenhek-Goldian et al.'*? confined an OMCTS film between mica
surfaces in an SFB, and monitored the film thickness during stick-slip sliding via fast video
recording. Using data-analyzing tools from classical signal detection theory to correlate the slip
events with the instantaneous value of the film thickness (as indicated in figure 7d), they
demonstrated experimentally for the first time that no dilation of the sheared film occurred at the
transition from stick to slip, down to the 1A level. Since a dilation of ca. 3-5A (depending on the
film thickness) is expected from an ~10% density decrease in the OMCTS film arising from its
shear melting, this absence of dilation (within the system resolution of 1 A) showed clearly that no
shear melting occurred at the stick-to-slip transition. Rather, Rosenhek-Goldian et al. suggested that
other modes, such as interlayer or wall slip rather than shear melting, may be the dominant energy
dissipation modes on shear of the OMCTS film, a suggestion subsequently supported by a detailed

molecular dynamic simulation.'3?
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Figure 7. Illustrating confinement-induced solidification of organic liquids and testing the idea that

stick-slip across such solidified OMCTS is a shear-melting effect. (a) Force distance profile between

109

curved mica surfaces immersed in OMCTS, showing oscillations, with each maximum
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corresponding to the number of monolayers 7. (b) Shear motion traces for the mica surfaces across
OMCTS. These show that as the film is progressively confined from large separations (trace (i)),
the oscillations arising from ambient noise shear the still-fluid OMCTS at 7 monolayers, point (ii),
but are frozen out when the OMCTS solidifies as it is confined to 6 monolayers, at point (iii). (c):Top
trace is the lateral back and forth motion applied to the top mica surface across OMCTS at a surface
separation D = 2.1 + 0.2 nm (n = 3) at vs via the shear spring as indicated in the schematic on the
right. Bottom trace is the shear force corresponding to the bending of the shear spring. A
characteristic stick—slip sliding pattern is seen, with the inset showing a single slip event, of duration
ca. 20 ms, on an expanded time scale, (d) Correlation of slip events, during stick—slip sliding across
OMCTS films of thickness D, with changes 8D in gap separation. Plot 1 shows the stick—slip sliding
trace across a D = 4.5 + 0.3-nm-thick OMCTS film (n = 5). Plot 2 is the natural signal, for these
control experiments, obtained by applying sampling rate conversion and normalization to the signal.
Plots 2 and 3 identify the stick-to-slip transitions to correlate with the actual values of 3D determined
via fast video recording during the period of the applied displacements, plot 4. Plot 5 shows the
correlation between the stick-slip transitions and 8D; taken from ref.!>. The point of (d) is that it
shows an absence of any correlation of the slip events with dilation 8D (at any level above 1A) of
the sheared OMCTS film; thereby demonstrating that shear melting does not occur at the stick-to-
slip transition. Any such correlation would have resulted in a peak in plot 5 of magnitude at least
equal to the horizontal turquoise line.'* For (a) and (b), reproduced from Klein et al., J. Chem.
Phys., 108, 6996 (1998)ref.28. Copyright 1998, American Institute of Physics, with the permission
of AIP Publishing. For (c) and (d), reproduced with permission fromRosenhek-Goldian et al., Proc.
Natl. Acad. Sci. 112, 7117 (2015). Copyright 2015, National Academy of Sciences.

In a different SFB study, Smith et al.'** investigated the effect of relative crystal orientation on the
friction across molecularly-thin confined dodecane films. Under dry conditions, when the two
surfaces are crystallographically-aligned (6 = 0°) the commensurabilty of the two mica surfaces is
transmitted across the confined dodecane and thus large frictional dissipation is seen, while at 8 =
90° the incommensurability of the lattices greatly weakens the lateral ordering of the confined
molecules and thus reduces the frictional force (as shown in figure 8). This study resolves earlier
dissonance between the results obtained by different groups concerning the nature of the phase-state
(liquid-like or solid-like) of highly-confined lubricant layers, and the nature of the frictional

dissipation modes as the confining compressed surfaces slide past each other.!25!3313 More
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importantly, it makes the first clear connection between friction involving thin lubricant layers and

structural superlubricity between incommensurate surfaces.'>’
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Figure 8. Confinement-induced solidification with structural ultralow friction between surfaces
made incommensurate by modifying the alignment of the opposing mica substrates. Comparison of
friction measurements carried out with dodecane films between two mica surfaces mounted (a-c) in
relative crystallographic alignment, & = 0°, and (d-f) in crystallographic misalignment, 8 = 90°. (a)
and (d) show typical FECO patterns for aligned (doublets fringes) and misaligned (singlets fringes)
surfaces. (b) and (e) show kinetic frictional force Fsk versus FN between two mica surfaces across
the thin film for a range of different » (number of layers). (c) and (f) are the schematics to illustrate
the interpretation, as described in the text: A laterally ordered dodecane film can sit in commensurate
alignment with the mica surface, transmitting the mica crystalline symmetry into the film. In the
case where the two mica sheets are crystallographically aligned (in c), the solidified and two-
dimensional ordered dodecane film can cause the surfaces to “lock” together, and the junction
exhibits higher friction. Conversely, when the mica sheets are misaligned (in f), such that their
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lattices are incommensurate, the dodecane film can only align with one (not both) surface, and there
must always exist at least one interface of lattice mismatch and therefore low friction. Reproduced
with permission from Smith ef al., Proc. Natl. Acad. Sci. 116, 25418 (2019). Copyright 2019,
National Academy of Sciences.

Thanks to the unique properties of room temperature ionic liquids (ILs), namely their low vapor
pressure, high thermal stability, controlled miscibility, and high electrical conductivity, they have

138 electrolytes in energy storage

many potential applications, including acting as powerful solvents,
devices,?*140 Jubricants,*"'*> and others.!**'** Under nanoscale confinement structural forces are
identified for different protic and aprotic ILs, arising from their layering adjacent to the solid

substrate; 3117143

similar to those seen for non-polar liquids as noted earlier. The main difference
between the structural forces observed for non-polar liquids and ILs is that each oscillation in force
corresponds to the squeeze-out of one molecular layer, whereas the oscillation period for ILs is
comparable to the size of an ion-pair layer (one cation layer and one anion layer) as required to
maintain electroneutrality. Due to the strong interaction between ILs and solid surfaces, arising from

54,146-149

their unique dipolar nature, it has been observed that ILs are very difficult to squeeze

5 while less polar molecular

outfrom between confining surfaces even under high pressure,'*
lubricants are adsorbed to the surfaces largely by van der Waals interactions, and so may be removed
more easily.!?” This ability to form robust boundary layers which resist squeeze-out makes ionic
liquids potentially good lubricants, and indeed in the past two decades ILs have emerged as potential
alternatives to replace traditional lubricants.!> The shear behavior of ILs under confined geometries
has been extensively investigated using SFBs.!!7-123124151-155 Ty contrast to most molecular liquids,
the friction coefficients correlate with the number of ILs layers confined between the surfaces

(‘quantized’ friction), 23152 (early evidence of such correlation was seen also for highly confined
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organic liquids including cyclohexane and OMCTS?":!6). This is seen in figure 9a, where friction

was measured across the IL 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,
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Figure 9. Quantized friction and molecular friction mechanisms across ionic liquid thin films. (a)
Shear or frictional force Fsx vs. normal load FN measured in the SFB across [C4CiPyrr][NTf2] for
different numbers of ion layers, i, in the film. The lines are linear fits to the data. Inset cartoons
indicate the liquid structure for each regime. Fs vs. Fx measured in amphiphilic [Ci0CiPyr][NTf2]
for one (b) and two (c) bilayers; the friction across one bilayer is shown in blue and schematic of
the one bilayer structure on the right; the friction across two bilayers is shown in red and schematic
of the two bilayers structure on the right. Lines are linear fits to data from four experiments using
different pairs of mica sheets. The diagrams indicate the active planes of shear (labeled with red
dashed lines). For (a), reproduced with permission from Smith et al., Phys. Chem. Chem. Phys. 15,
15317 (2013). Copyright 2013, Royal Society of Chemistry. For (b) and (c), reproduced with
permission from Smith et al., J. Phys. Chem. Lett. 5, 4032 (2014). Copyright 2014, American
Chemical Society.

[C4CiPyrr][NTf] for different numbers of ion layers, each corresponding to a different linear
friction-load relationship. The variation of the zero load friction can be understood as the adhesion
contribution, which increases as the number of layers in the film decreases.>!!” ILs with sufficiently
amphiphilic cations can self-assemble to form lamellar cation bilayers in confinement.'3’15 Under

such conditions, shear could occur at the ion/mica interface, between the alkyl chains of the bilayers,
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1.2 measured

or within the ionic region between bilayers. To answer this question, Smith et a
friction between atomically smooth, negatively charged mica surfaces across molecularly thin films
of amphiphilic 1-decyl-1-methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide,
[C10CiPyrr][NTf2] for one and two bilayers of this IL, both with and without the addition of small
amounts of water. A key finding of this study is that the friction coefficient for a single bilayer is
independent of the water content (as shown in figure 9b), whereas it increases by more than an order
of magnitude for two bilayers when water is added (as shown in figure 9c), an effect attributed to
an increase in order of the ions within the shear plane.!3"!>° These implications indicate the subtle
energy dissipation mechanisms at play in systems of one and two bilayers. Most significantly, a film
of lubricant thick enough to contain two (or more) bilayers will shear along the ionic planes rather
than at the alkyl planes, and the friction coefficient of these planes can be orders of magnitude lower
than that for a single confined bilayer. There are two major differences between the frictional
responses of ILs and non-polar liquids: First, the friction coefficient with ILs is quantized and

123.152 while for non-polar liquids

increases monotonically when the number of layers decreases,
variation of friction coefficient with number of layers may be much smaller.?” Secondly, friction

coefficient values can be much lower for ILs than for non-polar molecules. This relatively low

resistance to shear together with the ability to resist squeeze-out makes ILs promising lubricants.

3.2 Aqueous systems

In contrast to non-associating liquids, whose viscosity increases by many orders of magnitude when
they are confined down to a few layers, SFB measurements showed that pure water remains fluid
with a viscosity close to its bulk value, even when confined to films as thin as one monolayer.'®
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This unusual behavior may be attributed to the different phase density behaviour for water compared
to most non-associating liquids, where its solid phase is less dense than liquid water (i.e. ice floats).
Thus the densification of the water within the gap due to its attraction to the confining walls
suppresses its tendency for solidification.!®!!62 This persistent fluidity under strong confinement of
pure water may be modified in the presence of salt ions. Metal cations, especially those of the alkali
series Na*, K* etc, which are ubiquitous also in biological systems, but also multivalent ions, are
strongly hydrated due to their charge interacting with the large water dipoles, and surrounded by
hydration shells. When salt solutions (above a certain critical concentration) are confined between
mica sheets in the SFB, hydrated metal counterions are trapped between the negatively-charged
mica surfaces, resulting in a strong so-called hydration repulsion between them, as is long
known.!314163 Using an SFB, Raviv et al.'® discovered that two mica surfaces strongly compressed
down to sub-nanometer separations across NaCl solutions in the hydration-repulsion regime could
slide past each other with extremely low friction. They attributed this'>!'** to the extreme fluidity of
water molecules in the hydration shells, combined with the difficulty of squeezing them out from
between the compressing surfaces (owing to the large energy penalty associated with the increase
in the bare-ion self-energy). This combination results in a striking reduction in friction (as shown in

figure 10b) when two surfaces slide past each other, and is termed hydration lubrication.
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Figure 10. Probing the origins of hydration lubrication by shearing confined hydrated ions between
atomically smooth mica surfaces. (a) Normalized force profiles Fa(D)/R versus surface separation
D between mica surfaces, across 0.1 M sodium salt solutions. Empty squares are the control pure
water profile, with arrow indicating jump into adhesive contact, while other different symbols
correspond to different contact points, including different experiments. The solid lines are a fit to a
Derjaguin-Landau-Vervey-Overbeek (DLVO) expression, together with a short-ranged exponential
term. The dotted line for the pure water control is a fit to the DLVO expression. (b) Summary of Fs
versus Fn data, at sliding velocity v =200 nm s™'. The lines correspond to friction coefficients p as
indicated. (c) Variation of Fs with , in both high- and low-load regimes. Shown are data at two
high loads (black and red squares, Fn = 6-8 mN) for which the surface separation D = 0.48+0.15
nm; and at several low loads (all other symbols, Fn = 0.1-0.2 mN) for which D = 0.85£0.15 nm. The
variation in the high-load regime, straight broken lines, is Fs= A+B-In(1), where A and B are
constants. The inset cartoon illustrates the sliding mechanism for the high-load regime. Hydrated
ions are localized at the oppositely charged surface sites and must overcome an energy barrier AE
to move past each other as the surfaces slide. (d) The Fs(w) variation in the low-load regime is
amplified from (c). The data are plotted as (Fs-Fso) versus 1. The inset cartoon is for D = 0.85 nm,
and illustrates the filling by the hydration water of this intersurface gap. Reproduced with
permission from Ma et al., Nat. Commun. 6, 6060 (2015). Copyright 2015, Nature Publishing
Group.

Ma et al.'®* examined the origin of the hydration lubrication effect by shearing two surfaces across
high concentration NaCl, at different separations D and shear rates y, as shown in figure 10. In the
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high-load regime, at surface separations comparable with twice the diameter of the bare Na* ions,
as in fig. 10c, the sliding may be understood in terms of a rate activated process where surface-
localized counterions need to squeeze past each other (figure 10c cartoon). The resulting frictional
force F varies with sliding velocity v as!0%!63

Fs(v) = (AksT/£2)In(15) + constant ),

where A is the contact area, ks and T are Boltzmann’s constant and the absolute temperature, €2 is
the stress-activated volume associated with sliding of ions past each other, and the constant is linear
in the activation energy AE (inset cartoon to figure 10c). In the low-load regime, the surface
separation is such (D = 0.85 nm) that essentially all the water molecules belong to primary hydration
shells of the trapped counterions. The energy dissipation on sliding then originates in the shearing
of the hydration shells, and from the variation of the resulting shear stress with sliding velocity an
effective shear viscosity 7 of the hydration shells may be evaluated. From the slope of the blue
band in figure 10d, a value 7. = 0.22 + 0.07 Pa-s is evaluated, which, though it is some 200-fold
higher than that of bulk water, still implies a very fluid-like response to shear of the hydration layers
surrounding the charges (a similar increase of 77, was seen in molecular dynamics (MD) simulations
of pure water confined between polar surfaces at a separation of about 0.3 to 0.4 nm'%%). Hydration
lubrication, through shear of hydrated ions or counterions at the interface between sliding surfaces
as indicated above has, over the past decade, emerged as a new paradigm and organizing principle
for understanding and controlling frictional processes in aqueous media. This is seen in the large
number of studies of widely different systems, some of which are described below, where hydration
lubrication is an important or central ingredient, ranging from friction reduction in biological

environments'®’"'" to automotive applications.'®3!% Recent work by Tivony and Zhang'®’ using
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the SFB, where a smooth metal (gold) surface at controlled potential faces a dielectric (mica) surface
at constant charge (as described in the previous section), demonstrated that changes of the metal
surface potential could be used to either trap or to expel hydrated ions from between the surfaces.
In this way they were able to turn hydration lubrication on and off via an external potential control,

an effect that led to readily switchable friction between the surfaces.

Hydration repulsion forces (short-ranged forces of non-DLVO origin as described above) are seen
not only between hydrophilic surfaces (such as mica or lipid bilayer surfaces, see below) across
aqueous solutions, but may act also between hydrophobic surfaces, and are observed in numerous
biophysical phenomena.!*®!*® Hydrophobic hydration arises due to interaction of water molecules
with anions or cations adsorbed on hydrophobic surfaces.?*2> Most studies, including

203 zeta potential measurements,’** titration experiments,?®> and MD

spectroscopic experiments,
simulations,?® suggest a solid hydrophobic surface is negatively charged in a neutral or high pH
aqueous medium.?’?%® Donaldson et al.>®® found that surface interaction between hydrophobic
polydimethylsiloxane (PDMS) and hydrophilic mica are fully repulsive at all separations at pH of
10, due to repulsive electrostatic and hydration forces, indicating that the PDMS is negatively
charged at high pH. Recent SFB measurements®” have shown that hydration lubrication can be
active between a hydrophilic mica and a highly hydrophobic fluoropolymer film across pure water
and 0.1 M NaCl. The monotonic repulsion was due to trapped hydrated counterions (protons and
Na* ions) between the negatively charged hydrophobic surface and mica. The hydrated trapped ions
were not squeezed out even at pressures of up to at least 50 atm, resulting in very low frictional

dissipation via the hydration lubrication mechanism. For completeness we note that a net positive
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charge at the air/water or oil/water interface - which differs from the solid hydrophobic
surface/water interface - has been observed in some studies?'%>'* (MD simulations, surface tension

measurements, etc.), and attributed to the absorption of hydronium HzO* ions.

In addition to the emergent hydration lubrication mechanism which was discovered through shear
force studies, measurements of the normal forces in the SFB across concentrated salt solutions have
led to an unexpected new finding. At sufficiently high electrolyte concentrations (typically at
concentrations >1 M), a longer-ranged repulsive force of non-DLVO origin has been observed
between two mica surfaces (as shown in figure 12a).2!> Instead of a decreasing Debye screening
length Ap which describes the decay with D of the EDL repulsion at increasing ion concentration ¢
in dilute electrolytes, as predicted by classical Debye-Hueckel theory (Ap ~ (1/c'’?), the experimental
decay length at the highest ¢ values turns out to be much larger than the theoretical Debye value (as

147

shown in figure 11b); this effect was also observed in ionic liquids'®’ and in large soft ions

217220 including that the

solutions.?'® The effect has been theoretically attributed to different origins
Debye—Hiickel theory may not apply when the Debye length becomes comparable to dimensions of
an ion.??! The oscillatory forces region (0—3 nm), which is due to the squeezing out of layers of
hydrated ions seen also in the step-features in the force profile (figure 11a), can be well observed in
the SFB measurement.??? Perkin and co-workers also presented a series of SFB results showing that
Jexp follows the scaling relationship Jexp ~ Isca®, where Ig is the Bjerrum length and a is the ion
diameter.??®> However, while several theoretical treatments have attempted explain these results,

there is not yet a full consensus as to its precise origins.?!”-?2
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Figure 11. Direct measurements of the force between atomically smooth mica surfaces across
concentrated electrolytes show that the electrostatic screening length at high concentrations
unexpectedly increases with concentration. (a) Normalized force profiles of FN/R between versus
surface separation D between mica surfaces across 2 M NaCl aqueous solution. The solid line is the
exponential fit of the long-range force from ~3-6 nm with the experimental decay length Aexp = ~
1.1 nm. The inset shows the oscillatory region (0-3 nm). (b) Experimental decay length Zexp, plotted
as a function of ¢, for NaCl aqueous solutions (red circles), and ionic liquid ([C4CiPyrr][NTf2])
propylene carbonate solutions (blue symbols), and compared with values in the literature'' (red
diamonds). The solid (er = 80.1) and dashed (e&r = 64) lines show how the theoretical Debye length
varies with ¢!/? for two values of dielectric constant. Reproduced with permission from Smith et al.,
J. Phys. Chem. Lett. 7, 2157 (2016). Copyright 2016, American Chemical Society.

30



AlP

Publishing

IV. Force modulation by surface-attached macromolecules

Polymers on surfaces (whether absorbed or grafted) in a liquid medium are ubiquitous in many
different fields including wet adhesion,??*>* colloidal stability,?*>**¢ and bio-lubrication.?*”2*2 The
performances of such polymer-bearing surfaces are largely determined by their interfacial
interactions, including but not limited to steric interactions (originating in the configurational
entropy of the macromolecules), van der Waals forces, electrostatic forces, hydrophobic
interactions, hydrogen bonding, hydration forces, m—m stacking, cation—m interactions, and
interpenetration and entanglement of polymer chains.?**>*> Recently, using an SFB, a unique
anion—= interaction in a marine-bioadhesive-inspired absorbed polymer was identified and
evaluated in aqueous solutions.?*¢ A robust adhesion comparable to the dopa-Fe* chelation

system?* and cation—r interaction systems?4$-24#

in this absorbed polymer system consisting of
anionic phosphate ester and n-conjugated catecholic moieties (figure 12a) has been reported (figure
12b). The role of the anionic phosphate ester in the robust adhesion was further demonstrated
through surface force measurements by varying ions concentration and competition anions (figure

12c). This study exemplifies how the SFB can be exploited to measure specific chemical

interactions, in contrast to the more general effects that we have described above.

Polymer brushes, which are polymer chains end-tethered or anchored to a non-adsorbing substrate
from which they stretch away in a good solvent, represent an interesting subclass of polymers at
surfaces. Such brushes may be either “grafted to” a surface, where end-functionalized chains are

added and attach chemically or physically to a surface, or “grafted from” a surface, where they are
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polymerized from initiating sites on the surface; each method has its strength and drawbacks.
Polymer brushes have found a variety of applications in nanoparticle stabilization (including

259-261

nanomedicine and pharmaceuticals),”33 lubrication,>*2%® and antifouling coatings, while

the conceptual simplicity of their structure has led to detailed SFB studies of their properties to

better understand the physics of such layers,26-262-265
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Figure 12. Direct measurement of anion—r interaction in aqueous solution, illustrating how forces
arising from chemical interactions may be directly measured. (a) Molecular structures of 3,4-
dihydroxyphenethylamine (dopa) and phosphoserine residues, and 2-O-Phosphorylethanol 2,3-
hydroxybenzamide (POs-DHB). Schematic of SFB measurement of the adhesion force (Fad)
between two poly(POs-DHB) films. (b) Normalized force versus distance profiles as a function of
deposition time 7 of poly(PO4-DHB) films in 150 mM KNOs solution. The inset shows the thickness
of poly(POs-DHB) film with different deposition times. (c) Adhesion changes between poly(POs-
DHB) films after addition of different anions. Reproduced with permission from Zhang et al., J.
Am. Chem. Soc. 142, 1710 (2020). Copyright 2020, American Chemical Society.
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Brush-like molecular motifs are also frequently found in biological systems, and a recent SFB study
was motivated by the bottlebrush structure of lubricin, a glycoprotein found on articular cartilage
surface and in synovial fluid, which plays an important role in cartilage lubrication.?*>266 ABA
bottlebrush-like polymers were prepared with two adhesive (A) blocks consisting of positively
charged and hydrophobic moieties and a bottlebrush block (B) of the polymer consisting of a
flexible backbone decorated with highly hydrated moieties of poly(2-methacryloyloxyethyl
phosphorylcholine)] (PMPC) , as shown in figure 13a).2” This PMPC bottle-brush-like structure
resembles PMPC brushes grafted to mica,?®* whose extreme lubricity (friction coefficient p = 10%)
was attributed to hydration lubrication at the highly hydrated phosphocholine monomers. The
boundary layers created by ABA polymers, however, while providing good lubrication (u = 0.003),
were less efficient than the model planar brushes** by about an order of magnitude, probably as a
result of the lower density of the PMPC moieties on the bottlebrush structure. Using the SFB (figure
13b), it was confirmed that the superior antifouling properties (against lysozyme) of the ABA
bottlebrush polymers were sustained under high pressure.!”? Such high pressure behaviour seen in
the SFB is inaccessible using regular antifouling tests such as surface plasmon resonance
(SPR)?%2¢° or quartz crystal microbalance with dissipation (QCM-D),”’® which are necessarily

carried out under ambient pressure.
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Figure 13. Lubricin-inspired bottlebrushes polymer, and illustration of an SFB protocol for
examining its antifouling properties when attached to surfaces. (a) Schematic representations of
lubricin and of the ABA bottlebrush polymer mimicking lubricin. (b) Schematic of the SFB setup
for the measurements of the interaction between protein (lysozyme)-mica (top) and protein—
polymer (bottom). (a) reproduced with permission from Banquy ez al., J. Am. Chem. Soc. 136, 6199
(2014). Copyright 2014, American Chemical Society. (b) reproduced with permission from Xia et
al., Angew. Chem. 58, 1308 (2019). Copyright 2019, John Wiley and Sons, Inc.

Using the “grafting-from” approach, in a recent SFB study by Tairy et al.,”” PMPC brushes were
grown through atom transfer radical polymerization (ATRP) from macroinitiator-coated mica
substrates. This study was designed to grow much higher brush densities than previous similar
brushes, which leads to much greater high-pressure lubricity compared with earlier studies of PMPC
brushes grown from planar (mica) substrates.?***’! The normal force (Fu/R) vs surface separation D
profiles were measured, and well fitted using an expression?’? derived from the Alexander—de

Gennes scaling approach,?”
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where L is the uncompressed brush thickness, s is the mean inter-anchor spacing between brush

molecules on the surface, kg and T are Boltzmann constant and absolute temperature, and c1, c2 are

undetermined scaling constants of order unity. The density of the polymer brushes may be expressed

in terms of the brush thickness to the mean brush spacing ratio (L/s). The ratio (L/s) in Tairy et al.

257 264

study®’ varies from 20 to 50, compared with an (L/s) ~ 10 in an earlier study“®* on “grafting-from”
PMPC brushes, and (L/s) = 8 in the classical SFB study?’* of polystyrene brushes immersed in
toluene. Following the Tairy et al. study, Tuster et al.?”> were able to prepare thin cross-linked PMPC
hydrogels and measure the surface interaction between them using an SFB, as in fig. 14. While both
brushes and cross-linked brushes exhibit ultralow friction (figure 14a) attributed to hydration
lubrication via the highly hydrated phosphocholine groups exposed at the slip plane, there is a
marked difference in its dependence on the sliding velocity vsas shown in figure 14b. This difference
is attributed?” to the self-regulating interpenetration of the opposing chains in the case of the regular
brushes, fig. 14(c) top, contrasting with the fixed interpenetration of the cross-linked brushes

imposed by the cross-links themselves, fig. 14(c) bottom, recalling that the interpenetration zone is

where frictional dissipation occurs.
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Figure 14. Force measurements illustrating the differing mechanisms of friction between brush-like
and the hydrogel-like layers. (a) Comparison of the shear force Fs versus the normal load Fn between
PMPC brushes (red symbols) and PMPC cross-linked brushes (black symbols). Shear velocity
during these measurements was 1.2—1.5 um/s. (b) Shear forces Fs versus sliding velocity vs for
PMPC brushes (red symbols) and PMPC cross-linked brushes (black symbols) sliding past each
other. (c¢) Schematic illustrations of interpenetration zone (shaded area) between two compressed
layers of either linear brushes or cross-linked brushes. Reproduced with permission from luster et
al., Macromolecules 50, 7361 (2017). Copyright 2017, American Chemical Society.

More recently, Yu et al.?®> grew dense, charged polystyrene sulfonate brushes from mica surfaces
by using a “grafting from” ATRP method, and examined them with an SFB. In low concentration
monovalent salt these exhibited low friction (u = 10--10*) up to much higher contact pressures (5
MPa) than a similarly-negatively-charged polymer brush hydrophobically-end attached via a
“grafting to” approach, which could maintain low friction only up to 0.3 MPa.2%3 This demonstrates
the far greater robustness of the grafted from chains. Much higher friction (n ~ 0.15-0.3) was
measured with these charged brushes in the presence of tiny concentrations of multivalent ions, and
attributed to bridging and to brush collapse.?®® It is of interest that “grafted-to” zwitterionic PMPC
bottle-brushes are significantly more lubricious at such low concentrations of multivalent ions than
the “grafted-from” polyelectrolyte brushes (“grafting-from” method), suggesting much weaker

multivalent ion/zwitterion interactions.?’®
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V. The versatility of amphiphiles

Amphiphiles are molecules with both hydrophobic and hydrophilic moieties (such as surfactants,
phospholipids, or amphiphilic polymers). Such molecules, through a combination of entropic and
enthalpic factors, often self-assemble into aggregates of various shapes and sizes. These include
micelles, vesicles, lamellae, nanofibers, and nanotubes in aqueous solution or at interfaces,2’7-278
and are widely used in diverse fields from drug delivery to cosmetic formulations. Understanding

279,280 not

such structures at interfaces has long attracted both theoretical and experimental attention,
least studies of the forces between surfaces bearing amphiphilic assemblies, which, together with
microscopic imaging of their structure, shed strong light on their interfacial properties.

5.1 Surfactants

When negatively charged surfaces interact across bulk aqueous solutions of cationic or zwitterionic
surfactants (above their critical micellization concentration), they are often coated by a homogenous
layer of wormlike micelles or hemi-micelles.?®"-*2 Using an SFB, the frictional energy dissipation
between two such surfaces sliding past each other was observed to be very low (with a friction
coefficient p ~ 10-3-10#).283-285 This was attributed to hydration lubrication at the slip-plane between
the exposed, hydrated charged or zwitterionic headgroups. This lubricity breaks down at sufficiently
high compressions when the absorbed micellar layers hemi-fuse into a bilayer between the surfaces.
This transition is modulated by the chain length of the surfactant molecules, surface charge density
on the adsorbing surface, and types of counterion, while the collapse from bilayer or micellar
structure to a monolayer can be directly seen in the SFB by monitoring the surface separation D
192,284

directly (at sub-nanometer resolution) at the same time as the increase in friction.
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Hydrophobic interactions are ubiquitous both in technology and in biology, where they play a major
role in the structure of biomacromolecules, and the forces across water between hydrophobized
surfaces have long been studied in the SFB. Hydrophobic surfactant monolayers on mica can be

286,287

formed either by Langmuir-Blodgett deposition from an aqueous sub-phase or by self-

assembly from solution into a bilayer which loses its top layer on withdrawal through the liquid-air

interface; 288289

in both cases a uniform layer of hydrophobic tails is exposed. Direct studies of the
forces between such surfaces revealed long-ranged so-called hydrophobic attractions — at surface
separations up to order 100 nm or more — whose origins were a puzzle for many years.'® A deep
insight into the nature of these forces emerged in recent years from SFB studies carried out by a
number of groups.?®¥2% While such surfaces in air were uniform and highly hydrophobic, as
revealed by water droplet contact angles, it was found by AFM imaging that rearrangement with
time under water of the initially uniform surfactant monolayer resulted in their break-up into
heterogeneous surfaces coated by random positive and negative charge domains. The long-ranged
attraction between such overall-neutral surfaces across water was then attributed, by several groups
independently?®*-2°*2% to the presumed movement of such domains so that positive domains on one
surface faced negative domains on the other, resulting in a long-ranged electrostatic attraction.

Subsequently Silbert et al.*®

showed that there was no need to assume any correlation between
opposing, oppositely-charged domains. Using the SFB in a combined normal and lateral motion
mode, it was demonstrated that even a random, overall-neutral, quenched charge domain array
facing a similar random array would experience an overall long-ranged attraction of electrostatic

origin (rather than any hydrophobic effect). The attraction arises because of the qualitatively
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different mechanisms of repulsion and attraction across water between equally-charged and between

oppositely-charged surfaces, respectively, as shown in figure 15.

The former may be viewed as due to the osmotic pressure of trapped counterions at the midplane,
while the latter may be seen as arising from the entropy gain upon release of counterion pairs from
within the gap between the approaching surfaces. In other words, two oppositely charged surfaces
across water attract more than two similarly charged ones repel, for the same interacting areas,
absolute surface charge densities and surface separations, and a simple model indeed shows good
agreement with the experimental data®® (figure 15 broken red curve). These conclusions were later
supported by more detailed theoretical calculations.??’?® The deep insight from these experiments
is that, what was for decades regarded as a long-ranged ‘hydrophobic attraction’ between overall-
neutral surfactant-hydrophobized surfaces — the bulk of experiments on the hydrophobic
interaction'%286-287.2%_ could be understood rather as a long-ranged electrostatic attraction between

random charge patches or grain boundaries.
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Figure 15. Illustrating the origins of the long-ranged attraction between hydrophobized surfaces by
surfactant layers. Main figure: Showing the SFB experimentally-measured attraction (green curve)
and the theoretically calculated one (red broken curve) evaluated by numerical solution of the
integrated Poisson-Boltzmann equation for interactions between two overall-neutral surfaces coated
with patches of positive and negative charges (schematic in inset A), as revealed for surfaces
hydrophobized with CisTAB surfactant after immersion in water. Inset B: A mica surface that had
been hydrophobized with Ci¢TAB, imaged with AFM 5 min after coverage by water; the surface is
mostly molecularly smooth. Inset C: as inset B, but following 30 mins coverage by water, showing
clear break-up of the originally-smooth surface into bilayer patches. Reproduced with permission
from Klein. Adv. Colloid Interface Sci. 270, 261 (2019). Copyright 2019, Elsevier.

5.2 Phospholipids

Phosphatidylcholine (PC) lipids are a major class of phospholipids, which consist of one hydrophilic
phosphocholine headgroup and two hydrophobic fatty acid tails. In aqueous solutions, they may
self-assemble into lipid bilayers, micelles, or liposomes. The highly hydrated nature of the
phosphocholine groups (each phosphocholine group binds 15 or more water molecules in the

primary hydration layer’*-39%) was earlier shown to lead to extreme reduction in friction between

264,271 1 304

phosphocholinated polymer brushes; using an SFB, Goldberg et al.”** extended this to examine
PC liposomes exposing their phosphocholine groups in 2-D arrays. Close-packed layers of
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hydrogenated soy phosphatidylcholine (HSPC) liposomes were deposited on mica surfaces and the
friction coefficients between these layers was as low as 10*-10° in water and 10°-10* at

physiologically high salt concentration,**3%

up to pressures comparable to that in the major joints
(hips or knees, where local contact stresses can reach 10 MPa or more). This large reduction in
frictional dissipation was attributed to hydration lubrication by the close-packed, highly hydrated
phosphocholine groups. Subsequently, Sorkin et al.*> showed that the lubrication performance of
lipid boundary layers across lipid-free water was correlated with their robustness, with gel-phase
bilayers lubricating to higher pressures than liquid phase lipids. Interestingly, this trend is reversed

when the measurements are carried out in dispersions of the liposomes,%

an unexpected result
attributed to rapid self-healing of the liquid-phase bilayers, enabled by available lipids in the

surrounding medium, together with the higher hydration level of their headgroups.

The strong lubricity afforded by boundary layers of lipid vesicles raises the question of their stability
with time against aggregation when in dispersion prior to being introduced to surfaces. This is
essential for any practical application, whether the liposomes are in the form of small unilamellar
or larger multilamellar vesicles (SUVs or MLVs). The gold-standard approach for the stabilization
of vesicles is by incorporating PEGylated lipids (poly(ethylene glycol), PEG) into the lipid bilayer
(so-called PEGylation®73%); such chains stretch away from the surface, providing a steric barrier
suppressing vesicle aggregation. However, PEGylation may also weaken the lubrication ability of
the PC vesicles, due to the PEG corona which is considerably less hydrated than the phosphocholine
headgroups.*** By substituting the weak hydration of PEG by highly-hydrated moieties of PMPC,
Lin et al.' made PMPCylated liposomes that exhibit an excellent colloidal stability in water or
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physiological saline solution, while providing a lubricity fully equal to that of bare liposomes
(recalling however that the latter are not stable), and which are ten times more lubricious than
PEGylated liposomes. Such stabilized liposomes would have wide practical applications, for
instance, for delivery with a designed lubrication and thereby alleviation of widespread pathologies

loss of lubricity such as osteoarthritis, tendonitis, or dry eye syndrome.>*-310

These SFB results have clear implications for biolubrication phenomena, since PC lipids (and other
lipids with hydrated headgroups) are ubiquitous in the body.?!!3!2 Recent SFB investigations by
Seror et al. and Zhu et al.'®>!3 led to a new model proposed for how PC lipids may form highly
lubricous layers on the outermost surface of articular cartilage in the synovial joint. In these studies,
hyaluronic acid (HA) molecules were attached to the substrate surface via avidin-biotin linkage, to
resemble their presence at the articular cartilage surface. The introduction of PC lipids was in the
formation of SUVs. These lipids (either HSPC or DPPC, dipalmitoylphosphatidylcholine, both in
their gel-state during the experiments at room temperature) complexed with the surface-linked HA,
and were found to maintain as low friction as g ~ 0.001 up to the highest contact stresses related to
major joints such as knees and hips (up to order 10 MPa), through the hydration lubrication
mechanism. For the lipids (DMPC, dipalmitoylphosphatidylcholine and POPC, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) in fluid state, the complexes (HA-DMPC and HA-POPC)
sustained reduction in friction only at lower pressure (less than 2 MPa) due to the weaker van der
Waals forces between the hydrocarbon tails,'® whereas the even more fluid lipid (DOPC, 1,2-
dioleoyl-sn-glycero-3-phosphocholine) didn’t enhance the lubrication of HA layers, possibly
because of the limited robustness of such layers (well above their gel-to-liquid-phase transition
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tempeartiure) to mechanical stresses.?* Synovial joints and fluids contain many different types of

lipids, and more recently Cao et al.3'*313

investigated the lubrication performance using mixture
lipids (binary lipids and extracted lipids from synovial fluid). These studies prove that SFB can be
used for more complex multilayers and physiologically relevant environments, and demonstrate
well how the direct force measurement studies can lead to new insights into macroscopic biological

mechanisms.?'® Indeed, there is some evidence that multicomponent lipid mixtures with components

similar to those found in synovial joints can provide a synergistic effect in boundary lubrication.?!

In other lipid related studies, the different effects of glycerol and dimethyl sulfoxide (DMSO)
(widely used penetrating cryoprotective agents) on the surface hydration of a DPPC bilayer were
investigated, as these molecules are known to compete for the hydration water surrounding the lipid
headgroups.'831° At low concentration of DMSO (0-10 mol%), DMSO decreases the hydration
shell of the phosphocholine headgroup, and therefore induces a shorter-ranged repulsive interaction,
while at higher concentration of DMSO (10-20 mol%), DMSO inhibits the PC headgroups random
thermal motion by dehydrating the headgroup and collapsing them down to the bilayer surface. On
the other hand, glycerol has some similarity with water structure at the molecular level, which
interacts with lipid headgroup similarly to water and induces a longer-ranged repulsion.>'®*! For
more specific studies of bilayers, a fluorescence SFB was developed and used to determine the force
profiles and image the real-time hemifusion process between bilayers composed of phase-separated
domains in the contact area simultaneously.’® Results show lipid-disordered and lipid-ordered
domains, and reveal clearly the dynamic transformation during hemifusion. The use of fluorescence
SFB may enable extension of the previous study>° of the selective adsorption of myelin basic protein
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(MBP) on the lipid-disordered domain, to monitor dynamic MBP adsorption under different lipid

phase-states upon heating or cooling the system.

5.3 Amphiphilic polymers

In order to address the problems of instability and more complicated preparation of liposomes, while
at the same time retaining their lubricity arising from the strong phosphocholine hydration,
amphiphilic polymers including homo-oligomeric molecules and poly-phosphorylcholine block
copolymers were created.?®* Compared with the poor lubricity of block copolymer and the pressure
intolerance of single-chain surfactant micelles,'®**?! the oligomeric phosphorylcholine micelle
formed a tenacious boundary layer under pressure and shear, with excellent lubrication performance
and structural stability. The highly-hydrated phosphocholine (phosphorylcholine) groups ensure
hydration lubrication by the micelles, while the polymerization of the hydrophobic part enhances
the interaction of the hydrophobic region, thereby enhancing its compressive performance.
Boundary layers of the oligomeric phosphocholine micelles exhibit low friction coefficients (~
0.004) up to high compressions (> 5 MPa), thereby extending liposome lubricants to highly-stable
micellar lubricants that are easy to prepare. Other lubricating nanoparticles (NPs) have also been
studied in the SFB. An attempt to modify polystyrene NPs by phosphocholine surface moieties??
revealed that they formed a single bridging layer between mica surfaces, and so did not provide the
hoped for reduction in frictional dissipation on sliding. However, NPs of phytoglycogen, a single-

molecule highly branched polysaccharide, exhibit excellent water retention, due to the abundance

of close-packed hydroxyl groups forming hydrogen bonds with water. Such phytoglycogen NPs
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thus constituted good lubricants — via the hydration lubrication mechanism - when attached at

surfaces, as revealed by a very recent SFB study.>>

VI. Conclusions and challenges

Direct force measurements between model surfaces using the mica surface forces balance, SFB (or
surface force apparatus, SFA), have resulted in major new insights and applications since the early
first experiments in the late 1960’s. We have reviewed recent progress, largely over the past decade
or so, focusing on different aspects. These include new measurement configurations, the extension
of the traditionally-used mica substrates to other surfaces enabling, infer alia, controlled surface
potentials, and new insights into the behaviour of a large range of confined simple and structured
fluids. It is notable that the microscopic SFB studies down to nanometer, and sometimes sub-
nanometer surface separations, may have direct implications for novel macroscopic applications.
These include the discovery of hydration lubrication leading to the use of liposomes in potential
dry-eye and osteoarthritis treatments;*** in the creation of highly-lubricated hydrogels;'® or the

identification of novel molecules such as highly-hydrated, biomimicking bottle-brush molecules,*?

or ionic liquids,?? to serve as environmentally-friendly lubricants.

Finally, we may identify new challenges and opportunities related to direct force measurements with
the SFB. These include:

1)  Exploiting fast or ultra-fast video recordings of the motion and shape of interference fringes
(FECO) during dynamic surface forces measurements, to reveal behaviour at short times of highly
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confined liquids in different configurations (including under high electric fields, or cavitation
between hydrophobic surfaces)

2)  Extending direct force measurements between more biologically-relevant surface structures,
providing insight into interactions in living systems.

3)  Utilizing the increasingly higher power of computers and novel computational approaches to
carry out more realistic (e.g. all-atom) simulations of interactions between surfaces across both
simple liquids and more complicated molecular systems (e.g. lipids or polymers) both to understand
effects at the molecular level, and to inform design of future experiments.

4)  Incorporation of other techniques, such as fluorescence microscopy or infrared spectroscopy,
which allows for getting more information other than force signals during measurements. For
example, combined with a fluorescence microscope, it might be able to track the two-dimensional
morphology of the lubricating boundary layer, the distribution of specific molecules in the
lubricating layer, and possible wear conditions during the friction process in real-time (as already
indicated in one recent study). Combining SFB measurements with direct imaging of the surfaces
at the actual area of contact (identified possibly fluorescently), using e.g. scanning probe (AFM)
or electron microscopy methods, would provide more direct insight into the nature of interaction

and wear, especially where boundary layers on the mica are present.
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