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Several instrumental developments to examine the spectroscopic response of molecularly
thin fluids confined between mica sheets are described. They are predicated on using a
redesigned surface forces apparatus where dielectric coatings, transparent to light at
needed optical wavelengths, retain the ability to measure interferometric thickness at
other optical wavelengths. Examples of recent measurements are presented using
confocal laser Raman spectroscopy to evaluate how molecules orient as well as to
perform chemical imaging. Other examples are presented using confocal fluorescence
recovery after photobleaching to evaluate translational diffusion of confined polymer
melts. The advantage of separating the mechanical average (force and friction) from
direct information about structure and mobility at the molecular level is stressed.
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1. Introduction

Tribology and spectroscopy are traditionally regarded as distinct scientific
disciplines. The molecular arrangements of how molecules in a tribological
contact govern the transmission of friction forces between the confining solid
surfaces, however, so it is natural that the field of nanotribology has evolved in
directions to elucidate these questions also. Survey of the literature shows that
computer simulations have provided the most direct information on this vital
point, while on the experimental side, nanotribology experiments have focused
on refining the available mechanics-based force information under ever-improved
conditions of well-defined experimental conditions (Bhushan 2006).

The experimental study of nanotribology has been heavily influenced by the use
of the surface forces apparatus (SFA), principally because the thickness between
sliding solid surfaces canbe sowell definedwhen these surfaces are step-free, cleaved
crystals of muscovite mica (Israelachvili 1991). Then, the thickness of the
intervening film, usually a confined fluid film, can be resolved using optical
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interferometry with a resolution, depending on the care that is put into the
experiment, that can be sub-angstrom. The initial experiments using mica
(Bailey & Courtney-Pratt 1955; Tabor & Winterton 1969; Israelachvili & Adams
1978; Israelachvili et al. 1988; VanAlsten&Granick 1988) were later generalized in
impressive new ways using atomic force microscopy (AFM) in the friction mode
(Mate et al. 1987; Bhushan 2006), and also, more recently, related other devices
(Bhushan 2006). However, a great limitation of all of the experiments performed in
this spirit is that while they possess the attractive feature that the geometry of the
sliding contact has been defined experimentally with unprecedented sharpness,
even the most audacious and imaginative experiments of this kind give no direct
information about howmolecules are arranged. Force-based measurements, which
inevitably are ensemble-averagedwhen somanymolecules contribute to the overall
force, can be interpreted at the molecular level only by the use of models.

Optics-based experiments can, in principle, overcome this limitation. This paper
surveys experiments from this laboratory, using new experimental methods that we
developed during the past 5 years, in which a variety of different spectroscopic
experiments have been developed for use within the platform of the basic
SFA—step-free single crystals ofmica. Though the power of spectroscopic techniques
in the studies of confinedfluidhasbeenof speculative interest for a long time, only a few
successes have been reported so far. The laboratory of Safinya investigated the
structure of thin smectic liquid crystal films under confinement using synchrotron
X-ray scattering within the SFA (Golan et al. 2002). But it was not used to study
ultrathin (of approx. nanometre-size) liquid films. Synchrotron waveguide methods
were recently used to characterize the layering of molecularly thin films (Seeck et al.
2002). A microrheometer developed in this laboratory can readily be combined with
spectroscopy (Fourier transform infrared spectroscopy and dielectric spectroscopy) or
scattering (X-ray and neutron) techniques (Soga et al. 1998), and so also can a
microrheometer developed in the laboratory of McKinley (Clasen et al. 2006). It uses
twoparallel optically flatwindowplateswhose separation can be controlled froma few
tens of nanometres to tens of micrometres, but is more suited for thicker (0.1–10 mm)
films. By replacing one of the plates with a prism, recently it was shown that this
rheometer can be combined with the surface-sensitive technique of infrared–visible
sum-frequency generation (SFG) in the total internal reflection geometry (Mamedov
et al. 2002). This combination can be used to probe the orientation, alignment and
relaxation modes of organic molecules at the buried interface in a condition of flow or
shear. A few years ago it was shown that SFG can also be combined with the SFA to
study nanometre-thick films of one system of self-assembled monolayer confined
between atomically smooth mica surfaces (Frantz et al. 1997), but implementation of
this approach to other experimental situations has not been reported as yet.
2. Design requirements: challenges and solutions

(a ) Dielectric coatings to go beyond the silver barrier

The traditional methods of how to determine surface–surface separation and
contact area, in a surface forces apparatus, employ a silver layer placed at the
backside of the mica for this purpose. A severe limitation is that the high
reflectivity of silver from the infrared to UV regime excludes optical experiments
of the kind that we describe below.
Phil. Trans. R. Soc. A (2008)
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Figure 1. Transmission spectra of mica with nine alternate layers of HfOx and SiOx deposited to form
a multilayer dielectric coating. High reflectivity in the region of approximately 680 nm allowed the
use of traditionalmultiple-beam interferometry of incident white light tomeasure the surface–surface
separation. The top inset illustrates the high quality of the resulting interference fringes (note that
they appear as doublets, a ‘beta’ and a ‘gamma’ fringe, owing tomica’s birefringence. Excitation with
the 488 nm line of an ArC laser allows one to perform single-photon fluorescence measurements and
collect the fluorescence emitted at a higher wavelength than this. Excitation in the region near
800 nm with a Ti : sapphire laser allows one to perform two-photon fluorescence measurements.
Excitation with a Nd : YAG laser (532 nm) and a He–Ne laser (633 nm) is also standard. By suitably
varying the thickness of the layers of the optical coating, the regions of respective reflectivity and
transmission are easily varied at will. The coating shown here was produced using electron-beam
deposition in the Center for Microanalysis of Materials at the University of Illinois.
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To remedy this, optical interferometry between silver coatings on the backside
of the mica, used in the traditional surface forces apparatus, can be replaced by
optical interferometry between multilayer dielectric coatings (Mukhopadhyay
et al. 2002, 2003). We produced these multilayers by successive evaporation of
multiple layers. In our original publication on this subject, 13 layers of TiOx and
Al2O3 were grown by electron-beam evaporation (Mukhopadhyay et al. 2002)
and the optical thickness of each layer was approximately l/4 (lw650 nm), as
determined by the optical monitor within the coating chamber. The desired
thickness of each coating was calculated using software (J. A. Woolam Co., Inc.,
Lincoln, NE) so that the windows of reflectivity and translucency were controlled
by the deposition conditions. This laboratory’s most recent experiments employ
HfOx and SiOx instead due to a higher dielectric constant difference and nine
alternate layers are found to suffice. With the most recent advance, the
reflectivity as a function of wavelength can be measured.

In figure 1, transmission is plotted as a function of wavelength for a
representative multilayer dielectric coating. One can see a region of high
reflectivity—at these wavelengths, the surface–surface separation can be
Phil. Trans. R. Soc. A (2008)



Figure 2. A photograph of a redesigned surface forces apparatus mounted on the stage of an optical
microscope. Compared with the traditional design, here the crossed mica cylinders are positioned
1–2 mm away from the microscope objective, allowing the use of microscope objectives with high
NA and small working distance. In addition, thermal drift has been reduced by the symmetrical
mechanical placement of the working elements in this design.
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measured by traditional multiple-beam interferometry of incident white light.
One can also see regions of high transmission—needed for fluorescence or Raman
spectroscopy studies. It allows one to excite fluorescence through one spectral
window, detect the induced fluorescence through a second spectral window and
use multiple-beam interferometry to determine the film thickness at a third
spectral window.

The adhesives traditionally used to attach mica sheets to a cylindrical lens
cannot be used because they possess prohibitively large fluorescence. Instead, we
often employ silicone elastomer (Sylgard 184, Dow Corning). In addition, when
dealing with fluorescence experiments, to prolong the lifetime of the fluorophores,
we use the lowest possible power (less than 1 mW for most applications) and the
most stable dyes available commercially, although high laser power is sometimes
needed for experiments involving Raman spectroscopy of confined films.

A photograph of this integrated platform for spectroscopy and mica force
balance measurement is shown in figure 2. The mechanical placement of parts is
more symmetric than in the traditional design—this reduces thermal drift. Even
Phil. Trans. R. Soc. A (2008)
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more important, the mica sheets can be positioned within 1–2 mm of the
microscope objective, thus allowing the experimenter to employ objectives of
high numerical aperture (NA) and small working distance.
3. Spectroscopic findings

As force measurement carries no direct information regarding molecular
composition, structure, conformation or mobility, we now turn to selected
examples of how these varieties of information can be measured within the
experimental platform described previously.

We begin with methods to measure structure and alignment. Fluorescence
methods to study dynamics were introduced in earlier publications from this
laboratory (Sukhishvili et al. 2000, 2002; Mukhopadhyay et al. 2002, 2003), as
have infrared methods (Johnson & Granick 1992; Johnson et al. 1993; Frantz &
Granick 1994; Schneider et al. 1996; Xie & Granick 2001). To measure structure
and alignment, infrared spectroscopy was considered as a technique, but its
implementation has been deferred for several reasons: first, owing to the difficulty
of separating the molecularly thin absorption of interest from background
absorption as the infrared beam traverses into and out of the experimental
apparatus; and, second, owing to the interference fringes produced when a
broadband infrared beam is directed at parallel mica sheets. A confocal
geometry, using laser light to excite Raman signals, circumvents both difficulties.

(a ) Chemical imaging of confined polymer chains

We have used confocal Raman spectroscopy to study how confinement alters the
conformations of a polymer fluid, polydimethylsiloxane (PDMS), and also of a
nematic liquid crystal, 4-cyano-biphenyl (6CB). Advantages ofRaman spectroscopy
include: (i) dye-free measurement, (ii) orientational information using polarized
light, and (iii) chemical information from peak position and bandwidth analysis.

Figure 3b shows the Raman spectrum in the region of intense stretching
vibrations of themethyl group. In the thinnest films studied, approximately 3–4 nm
thick, the noise level was approximately 0.04 counts sK1, giving a signal-to-noise
level of approximately 10.TomeasureRaman signals fromfilms that are so thin, the
usual approach of using the surface-enhanced Raman spectroscopy technique was
notpractical as itwouldhave required the introductionof rough silver elements.We
find that with signal acquisition times of 10–50 min, signals even from films so thin
can be acquired using unenhanced Raman scattering (Bae et al. 2005a).

By taking confocal Raman spectra at many positions, a contour map of the
contact area was obtained (figure 3a). The peak intensity of the methyl group
vibration was recorded for 1 min at spots spaced by 10 mm within the contact
area and at spots spaced by 50 mm outside the contact area. By Beer’s law, the
intensity of the Raman signal was proportional to the thickness of the film;
therefore, this comprised an image of the contact area. The diameter of the
flattened contact, in this chemical image, agrees with the optical interferometry
measurements that we also performed in parallel.

This illustrates the potential of chemical imaging of the contact area in a
surface forces experiment (Bae et al. 2005a). In obvious ways, it can be extended
to studies of phase separation (at rest and under shear), for example, as well as to
Phil. Trans. R. Soc. A (2008)
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Figure 3. (a) Image of the contact spot acquired by recording the intensity of the methyl stretch
vibration after confining the PDMS to a thickness of 3.5 nm, such that the mica sheets flattened at
their apex to form parallel plates. Contours of equal relative intensity (arb. units) are denoted by
different shadings. The film thickness of 3.5 nm is comparable to the thickness of a random coil of
the narrow-distribution PDMS used, whose molecular weight was 7060 g molK1. This technique of
chemical imaging contrasts with the optical interferometry that is used traditionally to image
mica–mica contact. Adapted from Bae et al. (2005a). (b) Raman spectrum of PDMS, in the
region of the methyl stretch (symmetric and asymmetric carbon–hydrogen stretch at 2907 and
2965 cmK1, respectively). The polarized band (open circles), the depolarized band (filled squares)
and the isotropic band (open triangles) are plotted separately.
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studies of how shear orients fluid molecules. Using photoluminescence and
absorption dichroism, this laboratory has reported studies in that direction (Bae
et al. 2005b).
(b ) Orientation of a confined nematic liquid crystal

It is well known that a surface especially influences the nearby molecular
arrangement of liquid crystals. In the case of liquid crystals, the surface ordering
of molecules can extend far from the surface. Anisotropic friction due to
molecular alignment has been reported in the bulk (de Gennes 1974) and for thin
films (Artsyukhovich et al. 1999; Janik et al. 2001). Although the existence of
some kind of complex interplay of the surface structure, molecular alignment and
shear has been appreciated qualitatively for many years, this field still suffers
from lack of quantitative understanding, mainly owing to the paucity of
information at a level more direct than the force or friction response.

In the studies surveyed in §2 (Bae et al. 2005a), only two polarizations of a
laser beam, parallel and perpendicular to the mica axes, were employed, due to
the interfering birefringence of the mica sheets. In this section, we show the
path towards obtaining complete information of molecular alignment;
specifically, the order parameter and the alignment direction of a thin film,
approximately 1 nm, confined between two single crystals of mica and how
shear modifies them.

The liquid crystal was 4-cyano-4-hexylbiphenyl (6CB). It is in a crystalline
phase below 14.58C, a nematic phase between 14.5 and 29.48C and isotropic above
29.48C. The experiment was performed at a room temperature of 258C. Many
studies (Pieranski & Jérôme 1989; Jérôme & Shen 1993; Artsyukhovich et al. 1999;
Phil. Trans. R. Soc. A (2008)
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Figure 4. Polar plot of Raman intensity at different angles of linear laser polarization, for a film of
6CB confined to a thickness of 1 nm between crystallographically ordered mica sheets. From data
of this kind, the order parameter is deduced as described in the text.
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Kitaev & Kumacheva 2000) have shown that cyanobiphenyls are anchored at 308
from the g-optical axis of mica anticlockwise and clockwise alternatively for
adjacent layers of mica. A separate AFM study indicated that mica is grooved at
the angle of 308 from the g-optical axis (Kuwahara 1999) and that molecules are
expected to sit along the groove. After 6CB was confined to the thickness of 1 nm,
the Raman intensity of its biphenyl ring was obtained at different angles of the
linear laser polarization. Two strong peaks of the biphenyl ring vibration and nitrile
(CN) vibration appear at 1610 and 2230 cmK1, respectively. When the analysis of
these two peaks was performed, they showed the same trend of change, and
considering their modes of vibration (if a plane of the ring is parallel to a mica
surface, intensities of theRaman peaks at different angles should be the same due to
symmetry), this can be only explained when the rings in 6CB are standing almost
perpendicular (there is a torsion angle of 468 between two planes of rings) to a plane
of mica. This agrees well with an X-ray study of cyanobiphenyls (Leadbetter &
Mehta 1981).

This gives polar plots of the kind illustrated in figure 4. For analysis, the data
are described as I ðqÞZa!cos2ðqCq0ÞCb and the ratio a/b defines the order
parameter, while the angle q0 defines the mean angle of molecular alignment.
Furthermore, detailed considerations show that the error owing to mica
birefringence is negligible, of the order of 0.1% for mica sheets 5 mm thick. The
frequency of oscillatory shear was kept at 1.3 Hz for all sets of experiments while
the amplitude of shear was varied.

To explore the effect of shear, oscillatory shear was applied at 1.3 Hz while the
amplitude of shear was varied. First, grooves of two sheets of mica were aligned
parallel to the shear direction. The decrease in the order parameter compared
with the bulk order parameter was due to unavoidable slight mismatch of two
mica grooves. Figure 5a shows that when small displacement of shear was
Phil. Trans. R. Soc. A (2008)
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Figure 5. Influence of shear on (a) order parameter and (b) alignment angle of 6CB confined
between crystallographically aligned mica sheets (grooves parallel) and sheared parallel to the
groove. The order parameter and alignment angle were determined by the method summarized in
the text. (a) Dotted and dashed lines represent the order parameter at the bulk and at rest (no
shear), respectively. (b) Dashed line is the average of all points.
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applied, molecules aligned better as indicated by the increase in the order
parameter, but that displacements above 1 nm in amplitude caused it to revert
back to the value without shear or less than that.

Figure 5b shows that the absolute values of the alignment angles were
unaffected by shear, even though the perfection of alignment was affected.
Under current exploration in this laboratory is how the alignment of a confined
liquid crystal is influenced by two competing crystal structures of upper and
lower mica sheets (the relative crystallographic orientation of the two mica
sheets), and also the question of how ordering is modified by the angle of shear
relative to the mica axes.
(c ) Surface diffusion of confined polymer chains

The diffusion of polymer chains at solid surfaces is crucial in determining
properties as diverse as fracture properties of polymer composites, polymer
surface glass transition, biocompatible coatings, friction and lubrication, and
adhesion. Yet the understanding of this area is rather limited. While
simulations have been performed, there exist no direct measurements to
contrast polymer melt diffusion in molecularly thin films with the friction that
has so often been measured.

This is basically due to the lack of proper experimental tools and the large
number of variables involved. The experimentation on examining the dynamics
of confined polymers is difficult because, first, the confinement has to be well
defined if any meaningful mechanical parameters are to be extracted. Second, the
technique should allow independent control of experimental parameters such as
film thickness, surface wettability and shear deformation, so that potential
contributing factors can be separated. Third, the polymer dynamics is expected
to be very slow when it is under confinement. Polymer diffusion is usually too
slow to evaluate using the methods of fluorescence correlation spectroscopy
(FCS) previously employed by this laboratory (Sukhishvili et al. 2000, 2002;
Mukhopadhyay et al. 2002, 2003). Others previously used fluorescence recovery
Phil. Trans. R. Soc. A (2008)
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Figure 6. FRAP for narrow-distribution Bodipy-labelled PDMS with number-average molecular
weight of 2400 g molK1. This polymer was squeezed between crystallographically oriented mica
sheets to a thickness of 1.8 nm and, before measurements, 12 hours were allowed for equilibration,
as discussed in the text. The mica sheets were cleaved using the method of tape cleaving described
elsewhere (Zhu & Granick 2003).
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after photobleaching (FRAP) to measure chain mobility in thin (unconfined)
solid films (Frank et al. 1996).

For the FRAP measurements presented below, fluorescent probes in a given
area are first photobleached using laser light of high intensity, then the inflow of
unbleached molecules is monitored using light of lower intensity. The diffusion
coefficient is calculated by fitting the fluorescence recovered over time to the
diffusion equation.

In preliminary experiments using Bodipy-FL-labelled low-molecular-weight
PDMS, figure 6 presents fluorescence recovery curves for a film 1.8 nm thick.
First, the fluorescence within a spot of approximately 0.3 mm in diameter was
bleached using an intense but short pulse from the 488 nm line of an ArC laser,
then the intensity of the bleached area was monitored with a much weaker probe
beam. A single exponential time constant described the fluorescence recovery
curves very well. Nanorheology experiments show that the shear viscosity of
confined PDMS melts starts to rise above that of the bulk at the distance of
approximately 5–6 Rg (Van Alsten & Granick 1990; Granick & Hu 1994), which,
for the molecular weight of PDMS used here (see figure 6 legend), is
approximately 10 nm.

For the data in figure 6, the thickness of the film is 1.8 nm and the implied
diffusion coefficient is Dz1!10K13 m2 sK1, one-third of that obtained from
unconfined PDMS surface diffusion. The observed reduction in diffusion
coefficient (figure 6) might also be influenced by adsorption from the melt to
mica. In extending these preliminary data, which present a proof of concept,
experiments to explore the thickness dependence as well as dependence on chain
length are ongoing.
Phil. Trans. R. Soc. A (2008)
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4. Prospects

This survey of instrumental developments for the study of confined fluids
between single crystals of mica, based on using methods of fluorescence and
vibrational spectroscopy, presents methods designed to complement the
ensemble-averaged, engineering-based, force measurements that presently
dominate experimental work in this field. How do fluids organize when they
are confined, in one or more directions, to less than the correlation length of
short-range packing (Walley et al. 1994)? The natural disorder of the liquid state
competes with the order induced by confining surfaces and the ‘friction’ differs
from that expected from the viscosity of the parent, bulk fluid. This, the confined
fluid problem, presents major intellectual challenges as well as significant
practical ramifications, because molecularly thin fluids are ubiquitous in areas
from tribology to geology. This explains why interest in confined fluids is
so intense.

However, a survey of the literature shows that most of what is known about
how the transport properties of molecularly thin fluids vary with thickness
depends on measuring forces, especially the surface forces and friction of fluids
confined between atomically smooth sheets of muscovite mica. Thus,
experiments on this question were based mainly on macroscopic force
measurements, leaving open the question of what actually happens at the
molecular level.

How does the mechanical property, friction, relate to how molecules orient? To
diffusion? Otherwise stated: in this field that has hitherto been dominated by
mechanical studies on the experimental side, what happens on the level of physical–
chemical investigation? First, this will develop new understanding of how fluids
assemble and diffuse in molecularly thin confined geometries. This is fundamental
in many scientific and technical applications, including friction, adhesion, geology
and the mechanical behaviour of composite and nanocomposite materials.

It is the laboratory’s hope that the Raman spectroscopy and fluorescence
methods sketched here may find general application in other research groups, as
the equipment needed to duplicate the experimental platforms illustrated here
would be relatively straightforward now that the experimental protocols have
been developed.

In a larger sense, the time is right to address squarely the microscopic motions,
relaxations and structural rearrangements of molecules in confined geometries. In
the long run, this research seeks to map connections between the macroscopic
observables (friction, adhesion and various other forces) and the molecular
parameters that give rise to them. A long-term goal in this field of study is that
friction and adhesion arising from molecularly thin films at surfaces should
become as well understood as molecular conformations already are in the bulk.
To achieve this, and to stimulate theoretical interest in the problem, quantitative
data are needed on how surface conformations and diffusion depend on normal
load, position within a squeezed contact zone and film thickness.
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