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An integrated platform for surface forces measurements and fluorescence
correlation spectroscopy

Ashis Mukhopadhyay, Jiang Zhao, Sung Chul Bae, and Steve Granicka)

Department of Materials Sciences and Engineering, University of Illinois, Urbana, Illinois 61801

~Received 1 November 2002; accepted 2 March 2003!

We describe an apparatus to measure the diffusion of dilute fluorophores in molecularly thin liquid
films within a surface forces apparatus~SFA!. The design is a significant modification of the
traditional SFA in that it allows one to combine nanorheology with the single-molecule sensitive
technique of fluorescence correlation spectroscopy. The primary enabling idea was to place a
miniaturized SFA onto the stage of an optical microscope equipped with a long working distance
objective and illuminated by a femtosecond laser. A secondary enabling idea was that the silver
coating on the backside of mica, normally used in the traditional SFA design for interferometric
measurements of the film thickness, was replaced by multilayer dielectric coatings that allowed
simultaneous interferometry and fluorescence measurements in different regions of the optical
spectrum. To illustrate the utility of this instrument, we contrast the translational diffusion of
rhodamine dye molecules~in the solvent, 1,2-propane diol!, in the unconfined bulk state and
confined between mica sheets to the thickness 2.5 nm. The diffusion coefficient is found to decrease
by 2 orders of magnitude under confinement. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1570947#
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I. INTRODUCTION

In recent years, there has been a significant increas
interest to study the structural and dynamical properties
nanometer to micrometer thick films confined between t
solid surfaces. Whereas mechanical contact occurs at nu
ous asperities when dealing with most workaday surfac
which are rough, the advent of tip-based microscopies
the surface forces apparatus~SFA! has enabled systemat
investigation of interfacial problems in a single asperity co
tact. In particular, the surface forces apparatus, though it
originally designed to measure the van der Waals and D
jaguin, Landau, Verway, and Overbeek~DLVO! forces in
simple liquids and in colloidal systems,1 later was modified
by several groups to study the frictional forces of molec
larly thin films confined between rigid surfaces.2 It has made
a significant impact on understanding the origin of confin
ment induced solidification which is responsible for the ub
uitous phenomenon of static friction and ensuing stick–s
when motion begins. This in turn has consequences f
tribology to geology, and possibly to biological issues su
as the longevity of hip and knee joint replacements.

Though force measurement using the SFA is a prod
tive technique, forces represent ensemble-averaged va
and it is also desirable to have local, direct information at
molecular level. However, technical difficulties of combinin
spectroscopy with the SFA have until present precluded t
The semireflective silver layer at the backside of mica she
which is used to measure the film thickness by opti
interferometry1 does not allow sufficient excitation sourc
intensity to illuminate the confined film. Though the pow

a!Author to whom correspondence should be addressed; electronic
granick@mail.mrl.uiuc.edu
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of spectroscopic techniques in the studies of confined fl
has been of speculative interest for a long time, only a v
few successes have been reported so far. Safinyaet al. inves-
tigated the structure of a thin smectic liquid crystal film
under confinement using synchrotron x-ray scattering wit
the SFA.3 But it was not used to study ultrathin~;nm! liquid
films. Synchrotron waveguide methods were recently use
characterize the layering of molecularly thin films.4 The mi-
crorheometer developed by Dhinojwalaet al. can readily be
combined with spectroscopy~Fourier transform infrared
spectroscopy and dielectric spectroscopy! or scattering~x-ray
and neutron! techniques.5 It uses two parallel optically flat
windows plates whose separation can be controlled from
few tens of nm to a tens ofmm, but is more suited for thicke
~0.1–10mm! films. By replacing one of the plates with
prism, recently it was shown that this rheometer can be co
bined with the surface sensitive technique of infrared-visi
sum frequency generation~SFG! in the total internal reflec-
tion geometry.6 That combination can be used to probe t
orientation, alignment and relaxation modes of organic m
ecules at the buried interface in a condition of flow or she
Some years back it was shown that SFG can also be c
bined with the SFA to study 1-nm-thick films of one syste
of self-assembled monolayer confined between atomic
smooth mica surfaces,7 but implementation of this approac
to other experimental situations has not been reported as

In this article we present the experimental setup a
principles of operation of an integrated platform in which
combine surface forces measurement and friction stu
within the SFA, with measurements of translational diffusi
using fluorescence correlation spectroscopy~FCS!. In these
fluorescence experiments, a dye molecule is doped into
sample, acting as a probe of its local environment. The
il:
7 © 2003 American Institute of Physics
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entific objective, in building this integrated platform, is
elucidate how forces and friction~ensemble-averaged num
bers! are related to local, spatially-resolved rates of diffusi
~translational and rotational!. Elsewhere, we reported initia
experimental findings obtained using this apparatus.8 The
known single-molecule sensitivity of the FCS technique
bulk experiments9 is demonstrated to apply also to th
present measurements.

II. PRINCIPLE OF FCS MEASUREMENT

FCS, an experimental method to extract information
dynamical processes from the fluctuation of fluorescence
tensity, has enjoyed widespread application on chem
biology10 but was not used previously to study the dynam
in ultrathin liquid films buried between two solids. The flu
tuation of fluorescence, when dye molecules are dilute,
in principle result from diffusion, aggregation, or chemic
reaction. Here we have chosen to use two-photon excita
such that fluorescence was induced in a very small volu
(;10215 l) in very dilute systems~from pM to nM!.

Compared to other techniques for studying diffusi
problems, such as quasielastic light scattering, fluoresce
recovery after photobleaching, and laser induced trans
grating spectroscopy, FCS presents the capability of mea
ing extremely dilute systems with high spatial resoluti
~down to the optical diffraction limit!. On the average ther
can be as few as 1–5 dye molecules within the;1 fl volume
element of the focused laser beam~discussed later!. How-
ever, they move in and out due to Brownian motion caus
intensity fluctuations, which are observed as a low freque
noise on the mean fluorescence signal. By inspecting
autocorrelation function of this fluctuation,G(t)
[^dI (t)dI (t1t)&/^dI (t)&2 ~hereI denotes fluorescence in
tensity andt is the time variable!, and by choosing a suitabl
model to analyze the autocorrelation function, the rate
dynamic process is obtained.11

If the primary reason for fluctuation is translational d
fusion, and assuming that fluorescence characteristics o
diffusing molecules do not change while traversing the la
volume, one can use Fick’s second law to calculate the tra
lational diffusion coefficient~D! from the autocorrelation
function by using the relation, derived in Ref. 12,G(t)
5G(0)/(118Dt/v0

2). This result follows from the convo
lution of the concentration correlation with the spatial profi
of the laser focus, which has been assumed to be t
dimensional Gaussian~of width v0). The magnitude of the
autocorrelation function at time zero,G(0), is related to the
average number of fluorophores~N! in the observation vol-
ume by using the relationG(0)51/(2A2N).13 As will be
seen below, measurements in this setup can be made
single-molecule sensitivity. This same setup with min
modifications can also be used to study the rotational di
sion, which also probes the local viscosity of a liquid m
dium, and could also be of potential interest.

III. THE EXPERIMENTAL SETUP

A schematic diagram of the experimental setup is sho
in Fig. 1. The FCS portion of the setup consists of th
Downloaded 30 May 2003 to 130.126.32.13. Redistribution subject to A
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parts: light source, microscope, and data acquisition.14 Two-
photon excitation was achieved by a femtosecond Ti:s
phire laser~Tsunami, Spectra Physics!, which generated lase
pulses with full width at half maximum of 50 fs at a repe
tion rate of 80 MHz. A Zeiss inverted microscope~Axiovert
135, Carl Zeiss! served as the operational platform for th
whole experiment. The excitation light was focussed onto
sample with the objective lens@Achroplan, Zeiss 65X, nu-
merical aperture (N.A.)50.75] and the emitted light was
collected through the same objective and was detected
single photon counting module~Hamamatsu! at the bottom
outport of the microscope. The photon counting output w
recorded by an integrated FCS data acquisition board~ISS,
Champaign, IL! and data analysis was conducted using
software provided. By introducing the laser beam throu
the objective lens, a small excitation volume~;1 fL! was
generated within the sample.

The lateral dimension of the excitation spot was ab
;0.35 mm, determined by a calibration experiment using
widely used dye, fluorescein~Aldrich!, whose diffusion co-
efficient in water is known to be;300mm2/s. The nonlinear
process of two-photon excitation offers the advantage of

FIG. 1. ~a! Schematic diagram of the assembly by which to perform flu
rescence correlation spectroscopy within a surface forces appa
equipped for shear experiments. A miniaturized surface forces apparatu
on a commercial microscope stage. A mode-locked Ti–saphhire laser ex
fluorescent dye molecules within a molecular thin liquid film contain
between two opposed surfaces of muscovite mica.~A! Colored filter to
remove the residual excitation light (l5800 nm) from the fluorescence
light ~400–550 nm! which is collected by the single photon counting mo
ule ~D!. ~B! Dichroic mirror and~C! the objective lens used to focus an
collect the light. An inchworm motor controls the separation of the surfa
from nanometers to up to several micrometers.~b! The small working dis-
tance of the microscope objective~;1.5 mm! requires significant modifica-
tion of the box. The figure shows how the bottom lens~through which the
excitation light enters and emitted light is collected! was attached with the
SFA. It was clamped to the center of a stainless steel spring that itself
clamped onto the SFA box. The small gap~;0.2 mm! between the lens
holder and the bottom surface of the sealed apparatus chamber box all
the spring to deflect in the presence of surface forces or compressive fo
applied by the motor.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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herent spatial sectioning along thez direction, as only the
focal plane receives sufficient intensity for significant a
sorption. The excitation power was at less than 1 mW
avoid photobleaching and heating effect of the sample.
typical concentration of the sample was 10 nM. Measu
ment time was limited to 45 min because photobleach
could not be avoided when the sample was illuminated
longer times.

The miniaturized SFA sat directly on the microsco
stage. The traditional crossed-cylindrical geometry2 pro-
duced a circular contact of parallel plates when the cros
cylinders were squeezed together such that they flattene
the apex. Using an inchworm motor~Burleigh IW-700!,
separation of the surfaces was controlled from nanomete
millimeters. To determine the separation between the
faces we used multiple beam interferometry.15 The opera-
tional details of the surface forces apparatus and the princ
of surface separation measurement by multiple beam in
ferometry ~MBI ! have been described elsewhere.1,15 A thin
reflective layer on the backside of each mica sheet acte
an optical mirror, producing sharp interference fringes
equal chromatic order~FECO! in the focal plane of an im-
aging spectrograph~SP-500, Acton Research!. Inspection of
the FECO wavelengths enabled determination of the sur
separation. But to integrate this technique with concurr
measurements using fluorescence spectroscopy required
nificant modification of the usual methods. In the followin
we discuss the challenges of combining SFA with spectr
copy.

IV. DESIGN REQUIREMENTS FOR FLUORESCENCE
MEASUREMENT WITHIN A SURFACE FORCES
APPARATUS

A. Challenges

In FCS experiments, the magnitude of the fluctuat
autocorrelation function scales inversely with the number
fluorescent molecules in the observation volume, which
quires that on the average there should be only a few
molecules within the laser focus~which can be determined
either by confocal optics or the two-photon excitation th
we employed here!.10 The difficulty comes to detect and co
lect fluorescence efficiently and to separate it from ba
ground noise.

Background originates from many sources: Raman
Rayleigh scattering, fluorescence owing to impurities in
solvent, and—particularly for this experiment—the len
glue, and mica~the glue attaches a cleaved mica sheet o
the supporting cylindrical lens!. It is our experience that the
typical counts from mica and glue can far exceed those fr
a dilute concentration of fluorophore molecules doped ins
the sample of interest.

Another type of challenge comes from the limited ph
tochemical lifetime of a fluorophore. A common fluoropho
photobleaches irreversibly after emitting a finite number
photons (105– 106). This problem becomes severe in the u
trathin films where the dynamics become extremely slow
a dye molecule resides for a long time within the laser foc

A third difficulty, which is particular to experiments in
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volving the SFA technique, is the necessity to perform sp
troscopy at the same time as MBI to determine the fi
thickness. Traditionally a silver coating of thickness;63 nm
is used at the backside of mica for the purpose of MBI, b
the high reflectivity of silver from the infrared to ultraviole
~UV! regime excludes this possibility here.

The final challenge is to incorporate the SFA and t
needed optics. As the signal must be as large as possible
maximum possible amount of fluorescence from the fluo
phore of interest should be detected for a successful exp
ment. A high N.A. objective is desirable but such objectiv
have a very small working distance~;1–2 mm!. This re-
quires significant modification of the traditional SFA in ord
to make it possible to focus the laser beam on the samp

B. Design solutions

We now discuss how we partially overcame all the pro
lems mentioned in the earlier section, starting with the l
problem mentioned above.

1. Surface forces apparatus

In our design, the SFA sits directly on the microsco
stage. The working distance of the objective lens used is o
;1.5 mm. The cylindrical lenses we used~BK7! were the
thinnest~center thickness;1 mm! that we could obtain com-
mercially ~Edmund Industrial Optics!. The large radius of
curvature of the lens (R;2.6 cm) minimized any significan
distortion of the laser focus profile. The bottom lens w
glued at the middle of a stainless steel spring~of thickness
;0.2 mm! which was supported on two thin stainless ste
spring at both ends@Fig. 1~b!#. The whole assembly was the
clamped at both ends and directly fixed with the SFA. T
small ~;0.2 mm! gap created this way between spring co
taining the lens and the bottom surface of the box allowe
to deflect vertically due to surface forces and with the ap
cation of the normal pressure as in the conventional surf
forces apparatus.

The top cylindrical lens, which was oriented at rig
angle to the bottom cylindrical lens as in the traditional SF
was suspended from the upper portion of the apparatus
two piezoelectric bimorphs, mounted symmetrically to tw
ends of the mount. Shear forces were generated by one o
piezoelectric bimorphs~the ‘‘sender’’!, and the response o
the device induced a voltage across the right-hand bimo
~the ‘‘receiver’’!. The analysis of the response signal to d
termine the viscoelastic properties of the confined liquid fi
has been described previously.16

The traditional silver sheets for interferometric measu
ments of surface spacing in the SFA were replaced
multilayer dielectric coatings known in the field of optics b
not previously applied to this purpose.17 We produced these
multilayers by successive evaporation of 13 layers of Tix

and Al2O3 by electron-beam evaporation~inset, Fig. 2! at the
Center of Microelectronics, University of Illinois. The opt
cal thickness of each layer was approximatelyl/4 (l
;650 nm) as determined by the optical monitor within t
coating chamber. The desired thickness of each coating
calculated using software~J. A. Woolam Co., Inc., Lincoln,
NE! so that the windows of reflectivity and translucen
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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were controlled by the deposition conditions. This approa
produced high reflectivity in the region 600–700 nm, as w
as translucent windows in the region;800 nm ~to allow
fluorescence excitation! and 400–550 nm~to detect fluores-
cence!. The reflectivity as a function of wavelength is show
in Fig. 2 for the bare mica surface and for surfaces w
different number of multilayers.

The surface–surface separation was then measure
traditional multiple-beam interferometry of incident whi
light while at the same time affording translucency need
for the fluorescence studies. It allows one to excite fluor
cence through one spectral window, detect the induced fl
rescence through a second spectral window, and use mu
beam interferometry to determine the film thickness at a th
spectral window.

2. Background and photobleaching

The problems associated with the background fluor
cence and photobleaching were much more difficult to ov
come. Every attempt was made to reduce the backgro
fluorescence originating from the lens, glue, and mica. P
to use, the lenses were kept in acid bath overnight, rin
with de-ionized water, ultrasonicated in acetone, and fin
rinsed with distilled ethanol before mounting. When not us
they were stored in methylene chloride.

The adhesives that are traditionally used to attach m
sheets to a cylindrical lens~e.g., diphenylcarbazide or a mix
ture of galactose and fructose! could not be used for ou
application owing to the prohibitively large fluorescence th
originated from multiphoton excitation in the presence
pulsed laser light. Instead we used NOA 63~Norland Op-
tics!, an UV-cured optical glue~transparent above 350 nm!,
diluted with tetrahydrofuran at the ratio of 1:10 by volum

FIG. 2. Transmission spectra of mica with dielectric coating; bare m
~solid line!, mica coated with seven layers of coating~dotted line! and with
13 layers of coating~dash–dot line!. Thirteen layers were employed for th
experiments shown in this paper. With successive layer of coating the
flectivity in the region 600–700 nm increased sharply, which allowed us
traditional multiple-beam interferometry of incident white light to measu
the surface–surface separation. The large transmission in the region
800 nm permitted fluorescence excitation and the large transmission in
region 400–550 nm enabled fluorescence detection.~Inset! The schematic
diagram of the dielectric coating, composed of alternate layers of TiOx ~re-
fractive index52.6) and Al2O3 ~refractive index51.765).
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for initial experiments. For later experiments, the glue w
used as received.

An additional design consideration was to use tw
photon excitation~TPE! to improve the signal-to-backgroun
ratio. Rather than rely on single-photon excitation usi
high-energy 400 nm photons to induce fluorescence,
strategy made it possible to excite the dye molecules us
800 nm photons of lower energy. As the most promine
scattering came from the incident light, well separated
wavelength from the induced fluorescence, this made it e
to separate the fluorescence emission from the excita
light and the scattered light. The TPE strategy also create
diffraction-limited small open volume element of;1 fL by
the focused laser beam, and this also reduced the backgr
fluorescence. Unfortunately, the high power density at
laser focus reduced significantly the photochemical lifeti
of the dye. Deoxygenating the sample before use and ke
ing the whole sample cell in a nitrogen atmosphere h
been reported to reduce photobleaching significantly in
case of one-photon excitation, but consistent with other
ports we found that it had little effect for~TPE!.18 To prolong
the lifetime of the fluorophores we used the lowest poss
power ~,1 mW for most applications! and the most stable
dyes available commercially.

V. EXPERIMENTAL RESULTS

As mentioned in Sec. I, the purpose of this experimen
platform was to study the effect of confinement on the d
fusion of small tracer molecules in ultrathin fluid films, an
using this approach to contrast diffusion with friction. T
demonstrate that our experimental setup is capable of m
suring diffusion in 1-nm-thick fluid films, we now show ex
perimental results in the bulk and in the confined fluid f
one system.

Choice of a suitable experimental system for FCS ap
cations requires some judgement. As the initial object of
periments using this platform, the liquid was chosen to
simple. The fluorescent tracer molecules should have
photobleaching rate and high quantum efficiency~;1!. They
should also dissolve readily in the solvent and should
adsorb at the surface. As a typical experiment can last
more than 12 h, the solvent should be nonvolatile, in orde
avoid a time-dependent concentration change of the dye

The typical signal-to-background ratio for the expe
ments described below was 1:5 before signal averaging
was improved by extensive signal averaging. The dark co
from the detector was negligible~,20 counts/s!. The typical
thickness of the mica was between 2 and 4mm. With our
optical setup the background fluorescence from the mica~V2
quality, purchased from Lawrence and Co, MA! at the power
of ;1 mW at the sample stage, was 200–2000 counts. T
tenfold variability of background fluorescence probab
stemmed from differing amounts of impurities at differe
spots within the mica sheets.

The effect of background on measurement of the au
correlation function has been described extensively in
FCS literature.19 The background does not alter the diffusio
coefficient measurement, but it introduces a constant e
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factor at all time scales in the autocorrelation curveG(t)
that leads to wrongly decreased apparent amplitude va
G(0), such that one overestimates the number of molec
within the laser focus.

One could account for this in principle if the pho
tobleaching rate were known, but in practice it is difficult
separate quantitatively photobleaching and a diffusion p
cess when a significant amount of photobleaching occ
during the measurement. From the definition of the autoc
relation functionG(t)5(^dI (t)dI (t1t)&/^I &2), it is easy to
verify that due to photobleaching the magnitude of the au
correlation function will increase with time and that th
value forG(t→`) will not be zero. Typically an autocorre
lation curve with photobleaching of less than 10% should
analyzed. The effect of moderate photobleaching in the
tocorrelation function is shown in Fig. 3, where it can
noted that the magnitude of the autocorrelation funct
G(t→`) does not decay to zero.

Note that the signal-to-noise ratio depends upon
square root on the total averaging time, so from this poin
view, long averaging is desirable. But the longer the aver
ing, the larger the photobleaching. The problem can be a
viated by using fluorophores with high quantum efficien
and photo-stability, using samples with low background flu
rescence, and low light intensity to excite fluorescence.

To illustrate a successful experiment, we now show
result of an experiment for 1,2-propane diol~Aldrich! con-
taining 40 nM rhodamine 123~Aldrich!. Propane diol is a
polar liquid ~bulk viscosity;40 CP at room temperature!.
The structure of the dye rhodamine is shown in the inse
Fig. 4. It has a quantum efficiency of;0.9 and when mixed
with this solvent, it does not adsorb to mica.8 The autocorre-
lation curves in Fig. 4 were taken from data acquired w
the same sampling frequency of 5 kHz and averaged ove
mins. Note that we also observed similar findings for pro
diffusion in a molecularly thin films of octamethylcyclote

FIG. 3. Illustrations of autocorrelation functions~normalized to have the
same value at the shortest times! for the system of 1,2-propane diol contain
ing 40 nM rhodamine 123. The examples refer to a case of minimal p
tobleaching~circles! and significant photobleaching~squares!. The effect of
photobleaching is obvious; at long times, the autocorrelation function
not decay to zero. In the inset, fluorescent counts~counts/s! are plotted
against time for a typical curve that showed minimal photobleach
~;2%–3% over the interval of averaging!. No change in the autocorrelatio
function was observed with the change of laser power, indicating that
heating effect was negligible.
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rasiloxane, which has been extensively studied in surf
forces measurements.8

The force–distance profile of propane diol is purely r
pulsive with the onset of repulsion starting at 2.8 nm. Co
trol experiments showed that presence of small concentra
of this dye did not change the rheological behavior of m
lecularly thin films of propane diol. To begin the experime
we first measured the dry thickness of mica by bringing
mica sheets into contact in air, and then inserted a small d
of liquid between the sheets after separating them.

The first measurement of the autocorrelation functio
taken in the bulk, is shown in Fig. 4. The time at which t
autocorrelation function decayed to half of its initial valu
provides a measure of the characteristic diffusion time (tD),
the average residence time of the dye molecules within
calibrated laser focus. For bulk propane diol, we measu
tD;2 ms, which gave the diffusion coefficientD
;8 mm2/s.20

Next we brought the two mica surfaces close toget
and found that the minimum spacing was;2.5 nm; with the
application of compressive force, the crossed mica cylind
flattened at their apex to produces a circular contact are
diameter;20 mm. We equilibrated the compressed films f
several hours and after that, the measurement of the auto
relation function was performed around halfway between
center of the contact and the boundary.8

The comparison of bulk and thin-film response in Fig
illustrates that the normalized autocorrelation function in
film ~normalized to have equal value at short times! decayed
on markedly slower times scales when the thin-film behav
was probed. If this is fit to a single Fickian diffusion proces
the implied diffusion coefficient decreases by more than
orders of magnitude; this and other aspects of the phys
interpretation are described elsewhere.8 In this article we em-
phasize the instrumental aspects and note that the analys
the magnitude of the autocorrelation function att→0 im-
plies that for the experiments performed here in the confi
film, there was on the average<1 molecule within the focal
volume of the laser.

-

d

g

e

FIG. 4. Comparison of autocorrelation function in the bulk~circles!, and at
one spot within a film 2.5 nm thick, for 40 nM rhodamine 123 in the solve
1,2-propane diol~squares!. The magnitude of the autocorrelation function
the shortest times,G(0);0.2 for the thin-film experiment, implied that on
average<1 molecule resided within the focal volume of the laser. Analy
and interpretation of the differences between bulk and thin-film behavior
been presented elsewhere~Ref. 8!. The inset shows the chemical structure
the rhodamine 123 dye. Coarse estimates of the length, width and thick
for the rhodamine 123 are 1.531.130.37 nm.
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This implies that the FCS technique with TPE was c
pable of measuring diffusion in molecularly-thin films wit
single-molecule sensitivity. The combination of friction me
surement and time-correlated fluorescence spectroscop
the same apparatus has the potential to open up a cla
experiments not previously possible regarding friction a
lubrication. Although only the simplest systems have be
studied to date, the same techniques can be applied to s
aqueous systems, polymers, and systems of biological in
est. Among the outstanding technological challenges ar
employ these approaches to measure rotational diffu
times and dye lifetimes in similar confined geometries.
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