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We describe an apparatus to measure the diffusion of dilute fluorophores in molecularly thin liquid
films within a surface forces apparat¢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 molecule6n the solvent, 1,2-propane djolin 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.
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I. INTRODUCTION of spectroscopic techniques in the studies of confined fluid

hfas been of speculative interest for a long time, only a very

In recent years, there has been a significant increase L

. . . w successes have been reported so far. Safihghinves-

interest to study the structural and dynamical properties of. : o ,
igated the structure of a thin smectic liquid crystal films

nanometer to micrometer thick films confined between two nder confinement using svichrotron x-ray scattering within
solid surfaces. Whereas mechanical contact occurs at numey- gsy Y 9

ous asperities when dealing with most workaday surfaceg, e SFA” But it was not “Se_d to study ultrathin-nm) liquid
which are rough, the advent of tip-based microscopies analms' Synphrotron wayegmde methods were r'ecently u;ed to
the surface forces apparat(SFA) has enabled systematic characterize the layering of mo!ecglarly thin f||t‘h§h§ mi-
investigation of interfacial problems in a single asperity con-Crorheometer developed by Dhinojwadaal. can readily be
tact. In particular, the surface forces apparatus, though it wa®mbined with spectroscopyFourier transform infrared
originally designed to measure the van der Waals and DeSPectroscopy and dielectric spectroscomyscatteringx-ray
jaguin, Landau, Verway, and OverbeéRLVO) forces in and neutroh techniques. It uses two parallel optically flat
simple liquids and in colloidal systemidater was modified windows plates whose separation can be controlled from a
by several groups to study the frictional forces of molecu-few tens of nm to a tens gfm, but is more suited for thicker
larly thin films confined between rigid surfacelt.has made (0.1-10um) films. By replacing one of the plates with a
a significant impact on understanding the origin of confinesPrism, recently it was shown that this rheometer can be com-
ment induced solidification which is responsible for the ubiq_bined with the surface sensitive technique of infrared-visible
uitous phenomenon of static friction and ensuing stick—slipsum frequency generatidisFG in the total internal reflec-
when motion begins. This in turn has consequences frortion geometry. That combination can be used to probe the
tribology to geology, and possibly to biological issues suchorientation, alignment and relaxation modes of organic mol-
as the longevity of hip and knee joint replacements. ecules at the buried interface in a condition of flow or shear.
Though force measurement using the SFA is a producSome years back it was shown that SFG can also be com-
tive technique, forces represent ensemble-averaged valubied with the SFA to study 1-nm-thick films of one system
and it is also desirable to have local, direct information at theof self-assembled monolayer confined between atomically
molecular level. However, technical difficulties of combining smooth mica surfacesbut implementation of this approach
spectroscopy with the SFA have until present precluded thiso other experimental situations has not been reported as yet.
The semireflective silver layer at the backside of mica sheets, In this article we present the experimental setup and
which is used to measure the film thickness by opticalprinciples of operation of an integrated platform in which to
interferometry does not allow sufficient excitation source combine surface forces measurement and friction studies
intensity to illuminate the confined film. Though the power within the SFA, with measurements of translational diffusion
using fluorescence correlation spectroscOpgS. In these

aAuthor to whom correspondence should be addressed; electronic maif.luorescenc_e experiments, a (_1ye m0|eCU|_e is doped into the
granick@mail.mrl.uiuc.edu sample, acting as a probe of its local environment. The sci-
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entific objective, in building this integrated platform, is to  (a)
elucidate how forces and frictiofensemble-averaged num- SFA with

berg are related to local, spatially-resolved rates of diffusion shear assembly |
(translational and rotationalElsewhere, we reported initial

<——>¢ :
experimental findings obtained using this apparitTe "PV é

known single-molecule sensitivity of the FCS technique in
bulk experiments is demonstrated to apply also to the T\>C Zeiss Axiovert
present measurements. , , [ Microscope
Ti-Sapphire m— 74
|:| Laser //B
Il. PRINCIPLE OF FCS MEASUREMENT ﬂ "
FCS, an experimental method to extract information on L—|T
dynamical processes from the fluctuation of fluorescence in- E’
tensity, has enjoyed widespread application on chemica
biology'® but was not used previously to study the dynamics
in ultrathin liquid films buried between two solids. The fluc-  (b)
tuation of fluorescence, when dye molecules are dilute, car A
in principle result from diffusion, aggregation, or chemical i /w

reaction. Here we have chosen to use two-photon excitatior
such that fluorescence was induced in a very small volume

10-151 ;

(~10 l) in very dilute system$from pM to nM) . . FIG. 1. (8) Schematic diagram of the assembly by which to perform fluo-
Compared to other techniques for studying diffusionrescence correlation spectroscopy within a surface forces apparatus

problems, such as quasielastic light scattering, fluoresceneauipped for shear experiments. A miniaturized surface forces apparatus sits

recovery after photobleaching, and laser induced transie @ commercial microscope stage. A mode-locked Ti—saphhire laser excites

i t ECS ts th bility of fluorescent dye molecules within a molecular thin liquid film contained
grating spectroscopy, presents the capability Of measUfayeen two opposed surfaces of muscovite miéa. Colored filter to

ing extremely dilute systems with high spatial resolutionremove the residual excitation light €800 nm) from the fluorescence
(down to the optical diffraction limjt On the average there light (400-550 nmwhich is collected by the single photon counting mod-
can be as few as 1-5 dye molecules within thefl volume ule (D). (B) Dichroic mirror and(C) the objective lens used to focus and
. collect the light. An inchworm motor controls the separation of the surfaces

element of the f(?CUSEd laser bedmscussed Iat?r How- . from nanometers to up to several micrometébg.The small working dis-
ever, they move in and out due to Brownian motion causingance of the microscope objective-1.5 mm requires significant modifica-
intensity fluctuations, which are observed as a low frequencyon of the box. The figure shows how the bottom l¢tisough which the
noise on the mean fluorescence signal. By inspecting thg@ltaﬂon light enters and emitted light is collectedas attached with the

. . . . FA. It was clamped to the center of a stainless steel spring that itself was
autocorrelation  function of this fluctuation, G(7) clamped onto the SFA box. The small g&p0.2 mm) between the lens
=(51(t) 81 (t+ 7))/{81(t))? (herel denotes fluorescence in- holder and the bottom surface of the sealed apparatus chamber box allowed
tensity and is the time variablg and by choosing a suitable the spring to deflect in the presence of surface forces or compressive forces
model to analyze the autocorrelation function, the rate of\PPlied by the motor.
dynamic process is obtainéd.

If the primary reason for fluctuation is translational dif-

fusion, and assuming that fluorescence characteristics of tH@S: light source, microscope, and data acquisi‘ﬁoTwo:
diffusing molecules do not change while traversing the lasePnoton excitation was achieved by a femtosecond Ti:sap-
volume, one can use Fick's second law to calculate the trangiré 1asei(Tsunami, Spectra Physicsvhich generated laser
lational diffusion coefficient(D) from the autocorrelation P“'Ses with full width at h_alf maximum (_)f 50 fs at a repeti-
function by using the relation, derived in Ref. 1G() tion rate of SQ MHz. A Zeiss inverted mmroscop@xmvert
:G(O)/(lJFSDT/w%)_ This result follows from the convo- 139 Carl Z(_als}s served as lthe_ opt_araﬂonal platform for the
lution of the concentration correlation with the spatial profile Who!€ experiment. The excitation light was focussed onto the
of the laser focus, which has been assumed to be twg22MPle with the objective lerfdchroplan, Zeiss 65X, nu-
dimensional Gaussiatof width wy). The magnitude of the merical aperture (N.A70.75] .and' the emitted light was
autocorrelation function at time zer6,(0), isrelated to the ~ collécted through the same objective and was detected by a
average number of fluorophoré) in the observation vol- Sindle photon counting moduléiamamatspiat the bottom

ume by using the relatioG(0)=1/(2,2N). As will be outport of the microscope. The photon counting output was

seen below, measurements in this setup can be made wifficorded by an integrated FCS data acquisition bets8,

single-molecule sensitivity. This same setup with minor—hampaign, Il and data analysis was conducted using the

modifications can also be used to study the rotational diffuSCftware provided. By introducing the laser beam through

sion, which also probes the local viscosity of a liquid me-the objective lens, a small excitation volurtiel fL) was

dium, and could also be of potential interest. generated W|th|n.the sgmple. L
The lateral dimension of the excitation spot was about

~0.35 um, determined by a calibration experiment using a
widely used dye, fluoresceigfldrich), whose diffusion co-

A schematic diagram of the experimental setup is showrefficient in water is known to be-300 um?s. The nonlinear
in Fig. 1. The FCS portion of the setup consists of threeprocess of two-photon excitation offers the advantage of in-

IIl. THE EXPERIMENTAL SETUP
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herent spatial sectioning along tlzedirection, as only the volving the SFA technique, is the necessity to perform spec-
focal plane receives sufficient intensity for significant ab-troscopy at the same time as MBI to determine the film
sorption. The excitation power was at less than 1 mW tahickness. Traditionally a silver coating of thicknes63 nm
avoid photobleaching and heating effect of the sample. Thé used at the backside of mica for the purpose of MBI, but
typical concentration of the sample was 10 nM. Measurethe high reflectivity of silver from the infrared to ultraviolet
ment time was limited to 45 min because photobleachingUV) regime excludes this possibility here.
could not be avoided when the sample was illuminated for The final challenge is to incorporate the SFA and the
longer times. needed optics. As the signal must be as large as possible, the
The miniaturized SFA sat directly on the microscopemaximum possible amount of fluorescence from the fluoro-
stage. The traditional crossed-cylindrical geonfetpro-  phore of interest should be detected for a successful experi-
duced a circular contact of parallel plates when the crossethent. A high N.A. objective is desirable but such objectives
cylinders were squeezed together such that they flattened bhave a very small working distande-1-2 mmj. This re-
the apex. Using an inchworm motdBurleigh IW-700, quires significant modification of the traditional SFA in order
separation of the surfaces was controlled from nanometers to make it possible to focus the laser beam on the sample.
millimeters. To determine the separation between the sur-
faces we used multiple beam interferoméfryThe opera- B. Design solutions
tional details of the surface forces apparatus and the principle . .
. . . We now discuss how we partially overcame all the prob-
of surface separation measurement by multiple beam mteq-

ferometry (MBI) have been described elsewh&A thin ems mentioned in the earlier section, starting with the last

reflective layer on the backside of each mica sheet acted &roblem mentioned above.

an optical mirror, producing sharp interference fringes ofl. Surface forces apparatus

equal chromatic ordefFECO in the focal plane of an im- In our design, the SFA sits directly on the microscope
aging spectrograptsP-500, Acton Researkhinspection of  stage. The working distance of the objective lens used is only
the FECO wavelengths enabled determination of the surface 1 5 mm. The cylindrical lenses we uséBK7) were the
separation. But to integrate this technique with concurrenthinnest(center thickness-1 mmj that we could obtain com-
measurements using fluorescence spectroscopy required sigarcially (Edmund Industrial Optios The large radius of
nificant modification of the usual methods. In the following ¢\ rvature of the lensR~ 2.6 cm) minimized any significant
we discuss the challenges of combining SFA with spectrosgistortion of the laser focus profile. The bottom lens was

copy. glued at the middle of a stainless steel sprinfthickness
~0.2 mm which was supported on two thin stainless steel

MEASUREMENT WITHIN A SURFACE FORCES clamped at both ends and directly fixed with the SFA. The

APPARATUS small (~0.2 mmn) gap created this way between spring con-

taining the lens and the bottom surface of the box allowed it
to deflect vertically due to surface forces and with the appli-
In FCS experiments, the magnitude of the fluctuationcation of the normal pressure as in the conventional surface
autocorrelation function scales inversely with the number oforces apparatus.
fluorescent molecules in the observation volume, which re- The top cylindrical lens, which was oriented at right
quires that on the average there should be only a few dyangle to the bottom cylindrical lens as in the traditional SFA,
molecules within the laser focusvhich can be determined was suspended from the upper portion of the apparatus by
either by confocal optics or the two-photon excitation thattwo piezoelectric bimorphs, mounted symmetrically to two
we employed hepe'® The difficulty comes to detect and col- ends of the mount. Shear forces were generated by one of the
lect fluorescence efficiently and to separate it from backpiezoelectric bimorphsgthe “sender”), and the response of
ground noise. the device induced a voltage across the right-hand bimorph
Background originates from many sources: Raman andthe “receiver”). The analysis of the response signal to de-
Rayleigh scattering, fluorescence owing to impurities in theermine the viscoelastic properties of the confined liquid film
solvent, and—particularly for this experiment—the lens,has been described previou&fy.
glue, and mic&the glue attaches a cleaved mica sheet onto  The traditional silver sheets for interferometric measure-
the supporting cylindrical lenslt is our experience that the ments of surface spacing in the SFA were replaced by
typical counts from mica and glue can far exceed those fronrmultilayer dielectric coatings known in the field of optics but
a dilute concentration of fluorophore molecules doped insid@ot previously applied to this purpoeWe produced these
the sample of interest. multilayers by successive evaporation of 13 layers of,TiO
Another type of challenge comes from the limited pho-and ALO; by electron-beam evaporatigimset, Fig. 2 at the
tochemical lifetime of a fluorophore. A common fluorophore Center of Microelectronics, University of lllinois. The opti-
photobleaches irreversibly after emitting a finite number ofcal thickness of each layer was approximatel{gd (A
photons (18—1F). This problem becomes severe in the ul- ~650 nm) as determined by the optical monitor within the
trathin films where the dynamics become extremely slow anaoating chamber. The desired thickness of each coating was
a dye molecule resides for a long time within the laser focuscalculated using softwarg). A. Woolam Co., Inc., Lincoln,
A third difficulty, which is particular to experiments in- NE) so that the windows of reflectivity and translucency

A. Challenges
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' ' ' ! ' ' ] for initial experiments. For later experiments, the glue was
A N7 733 used as received.
—H ’;l’\./ An additional design consideration was to use two-
e I 1 photon excitatio TPE) to improve the signal-to-background

i ol . ratio. Rather than rely on single-photon excitation using
i S . ] high-energy 400 nm photons to induce fluorescence, this
i e strategy made it possible to excite the dye molecules using
P 1 | 800 nm photons of lower energy. As the most prominent
\ 1 scattering came from the incident light, well separated in

) ®
=} o
1

~
A}
o
e -
oy

TransmEtance (%)
o
T

wavelength from the induced fluorescence, this made it easy
——————TiOx to separate the fluorescence emission from the excitation
! . mica | light and the scattered light. The TPE strategy also created a
400 600 800 1000 1200 (ijffraction-limited small open volume element of1 fL by
Wavelength (nm ) the focused laser beam, and this also reduced the background
FIG. 2. Transmission spectra of mica with dielectric coating; bare micalluorescence. Unfortunately, the high power density at the
(solid line), mica coated with seven layers of coatifptted ling and with  laser focus reduced significantly the photochemical lifetime

13 layers of coatingdash—dot ling Thirteen layers were employed for the of the dye. Deoxygenating the sample before use and keep-
experiments shown in this paper. With successive layer of coating the re- . .
flectivity in the region 600—700 nm increased sharply, which allowed use oimg the whole sample cell in a nitrogen atmosphere have

traditional multiple-beam interferometry of incident white light to measure D€€n reported to reduce photobleaching significantly in the
the surface—surface separation. The large transmission in the region neease of one-photon excitation, but consistent with other re-
80Q nm permitted fluorescence excitation and the large transmission in thﬁorts we found that it had little effect f(ﬁ'll'PE).lg To prolong
region 400—550 nm enabled fluorescence detectiose) The schematic he lifeti f the fl h d the | t ibl
diagram of the dielectric coating, composed of alternate layers of & the litetime of the fluorop oreg W_e use e lowest possible
fractive index=2.6) and AyO; (refractive index= 1.765). power (<1 mW for most applicationsand the most stable

dyes available commercially.

N
(=]
T T T
’..""'I-F-\...-;\..

were controlled by the deposition conditions. This approach

produced high reflectivity in the region 600—700 nm, as wellV. EXPERIMENTAL RESULTS

as translucent windows in the region800 nm (to allow ) , , ,
fluorescence excitatiorand 400—550 nngto detect fluores- As mentioned in Sec. |, the purpose .Of this expenmen.tal
cence. The reflectivity as a function of wavelength is shown platform was to study the effect of confinement on the dif-

in Fig. 2 for the bare mica surface and for surfaces Withfusion of small tracer molecules in ultrathin fluid films, and
diﬁere.nt number of multilayers using this approach to contrast diffusion with friction. To

The surface—surface separation was then measured monstrate that our experimental setup is capable of mea-

traditional multiple-beam interferometry of incident white suring diffusion in 1.-nm—th|ck fluid f|.|ms, We now show ex-

light while at the same time affording translucency needed)e”memal results in the bulk and in the confined fluid for
for the fluorescence studies. It allows one to excite fluores®"€ SYStem. . . .
cence through one spectral window, detect the induced fluo- .Ch0|ce O_f a swtablg experimental system for F.CS appli-
rescence through a second spectral window, and use multipf@t'_ons requires some judgement. A.S the initial object of ex-
beam interferometry to determine the film thickness at a third€"'ments using this platform, the liquid was chosen to be

spectral window. simple. The fluorescent tracer molecules should have low

photobleaching rate and high quantum efficiefieyl). They
should also dissolve readily in the solvent and should not
adsorb at the surface. As a typical experiment can last for
more than 12 h, the solvent should be nonvolatile, in order to
The problems associated with the background fluoresavoid a time-dependent concentration change of the dye.
cence and photobleaching were much more difficult to over-  The typical signal-to-background ratio for the experi-
come. Every attempt was made to reduce the backgroungients described below was 1:5 before signal averaging and
fluorescence originating from the lens, glue, and mica. Priowas improved by extensive signal averaging. The dark count
to use, the lenses were kept in acid bath overnight, rinseffom the detector was negligible<20 counts/s The typical
with de-ionized water, ultrasonicated in acetone, and finallythickness of the mica was between 2 angu#. With our
rinsed with distilled ethanol before mounting. When not usedptical setup the background fluorescence from the ifv@a
they were stored in methylene chloride. quality, purchased from Lawrence and Co, Mg the power
The adhesives that are traditionally used to attach micaf ~1 mW at the sample stage, was 200—2000 counts. This
sheets to a cylindrical len®.g., diphenylcarbazide or a mix- tenfold variability of background fluorescence probably
ture of galactose and fructgseould not be used for our stemmed from differing amounts of impurities at different
application owing to the prohibitively large fluorescence thatspots within the mica sheets.
originated from multiphoton excitation in the presence of  The effect of background on measurement of the auto-
pulsed laser light. Instead we used NOA @Sorland Op- correlation function has been described extensively in the
tics), an UV-cured optical gluétransparent above 350 nm  FCS literaturé”® The background does not alter the diffusion
diluted with tetrahydrofuran at the ratio of 1:10 by volume coefficient measurement, but it introduces a constant error

2. Background and photobleaching
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' ' ' ' rasiloxane, which has been extensively studied in surface
forces measuremertts.

The force—distance profile of propane diol is purely re-
pulsive with the onset of repulsion starting at 2.8 nm. Con-
trol experiments showed that presence of small concentration
%t_ of this dye did not change the rheological behavior of mo-
lecularly thin films of propane diol. To begin the experiment
we first measured the dry thickness of mica by bringing the
mica sheets into contact in air, and then inserted a small drop
e of liquid between the sheets after separating them.

0.01, tim.e (se0) O The first measurement of the autocorrelation function,
1E-3  0.01 0.1 1 1 taken in the bulk, is shown in Fig. 4. The time at which the
xs) autocorrelation function decayed to half of its initial value
provides a measure of the characteristic diffusion timg) (
FIG. 3. lllustrations of autocorrelation functiorfaormalized to have the the average residence time of the dye molecules within the

same value at the shortest timéasr the system of 1,2-propane diol contain- calibrated laser focus. For bulk propane diol, we measured
ing 40 nM rhodamine 123. The examples refer to a case of minimal pho-

tobleaching(circles and significant photobleachirigquares The effect of D2 rr;s, ZOWhICh gave the diffusion  coefficienD
photobleaching is obvious; at long times, the autocorrelation function did~8 pmm Is.
not decay to zero. In the inset, fluorescent coufetsunts/s are plotted Next we brought the two mica surfaces close together
against time for a typical curve that showed minimal photobleachinggnd found that the minimum spacing wa®.5 nm; with the
(~2%-3% over the interval of averagindNo change in the autocorrelation . . " .
function was observed with the change of laser power, indicating that th@‘ppllcatlon of c_ompresswe force, the C!’OSSGd mica cylinders
heating effect was negligible. flattened at their apex to produces a circular contact area of
diameter~20 um. We equilibrated the compressed films for

factor at all time scales in the autocorrelation cuer)  Several hours and after that, the measurement of the autocor-

that leads to wrongly decreased apparent amplitude valudsglation function was performed around halfway between the

G(0), such that one overestimates the number of molecule§enter of the contact and the boun_d%try. o
within the laser focus. The comparison of bulk and thin-film response in Fig. 4

One could account for this in principle if the pho- illustrates that the normalized autocorrelation function in the
tobleaching rate were known, but in practice it is difficult to film (normalized to have equal value at short timescayed
Separate quantitative|y photob|eaching and a diffusion proon markedly slower times scales when the thin-film behavior
cess when a significant amount of photobleaching occuré/@s probed. If this is fit to a single Fickian diffusion process,
during the measurement. From the definition of the autocorthe implied diffusion coefficient decreases by more than 2
relation functionG(7) = ({81 (t) 1 (t+ 7))/(1)?), it is easy to _orders of magn|tude; tk_ns and other aspects .of the physical
verify that due to photobleaching the magnitude of the autolnterpretation are described elsewhte. this article we em-
correlation function will increase with time and that the Phasize the instrumental aspects and note that the analysis of
value forG(7— ) will not be zero. Typically an autocorre- the magnitude of the autocorrelation functionzat-0 im-
lation curve with photobleaching of less than 10% should bePlies that for the experiments performed here in the confined
analyzed. The effect of moderate photobleaching in the aufilm, there was on the averagel molecule within the focal
tocorrelation function is shown in Fig. 3, where it can beVvolume of the laser.
noted that the magnitude of the autocorrelation function
G(7— ) does not decay to zero.

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

To illustrate a successful experiment, we now show the
result of an experiment for 1,2-propane didlldrich) con-
taining 40 nM rhodamine 128Aldrich). Propane diol is a

polar liquid (bulk viscosity ~40 CP at room temperatyre G4 C _ . lation function in the bidkcles, and
P ; ; . 4. Comparison of autocorrelation function in the cles, and at
The structure of the dye rhodamine is shown in the inset Ogne spot within a film 2.5 nm thick, for 40 nM rhodamine 123 in the solvent

Fi.g. 4. .|t has a qu_amum efficiency 6f0.9 and when mixed 1 > propane diolsquares The magnitude of the autocorrelation function at
with this solvent, it does not adsorb to mft@he autocorre-  the shortest times3(0)~0.2 for the thin-film experiment, implied that on
lation curves in Fig. 4 were taken from data acquired withaverage<l molecule resided within the focal volume of the laser. Analysis

: d interpretation of the differences between bulk and thin-film behavior has
the same sampllng frequency of 5 kHz and averaged over 4§;en presented elsewhéRef. 8. The inset shows the chemical structure of

mins._ NO'Fe that we also Obs_erV_Ed similar findings for prob&ne rhodamine 123 dye. Coarse estimates of the length, width and thickness
diffusion in a molecularly thin films of octamethylcyclotet- for the rhodamine 123 are 261.1x0.37 nm.
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experiments not previously possible regarding friction and 2321(2002.

. . . 7 :
lubrication. Although only the simplest systems have been_P- Frantzet al, Rev. Sci. Instrum68, 2499(1997).

) . . 8A. Mukhopadhyay, J. Zhao, S. C. Bae, and S. Granick, Phys. Rev. Lett.
studied to date, the same techniques can be applied to studyg 136182?203? a0 ae. an ranic ys. mev. ke

aqueous systems, polymers, and systems of biological interp, schwille, J. Korlach, and W. W. Webb, Cytome8§, 176 (1999.
est. Among the outstanding technological challenges are t&D. Magde, E. L. Elson, and W. W. Webb, Biopolymér3 29 (1974).
employ these approaches to measure rotational diffusiofK- M. Berland, P.T. C. So, and E. Gratton, Biophys68, 694 (1995.

1
_ app es to | _ n . @ :
times and dye lifetimes in similar confined geometries. ngéghw'"e' U. Haupts, S. Maiti, and W. W. Webb, Biophys73, 2251

BBW. W. Webb, Appl. Opt40, 3969(2001).
ACKNOWLEDGMENT 143. Zhao.et al, Macromolecules4, 3123(2001).

. 153, N. Israelachvili, J. Colloid Interface Se4, 259 (1973.
This work was supported by the U.S. Department of En'leJ. Peachey, J. V. Alsten, and S. Granick, Rev. Sci. Inst62n463(1991.

ergy, Division of Materials Science, under Award NO. M. Born and E. Wolf Principles of Optics7th ed.(Cambridge University
DEFG02-91ER45439 through the Frederick Seitz Materials Press, Cambridge, 1989

. . . . 18 s ; .
Research Laboratory at the University of lllinois at Urbana- P S: Dittrich and P. Schwille, Appl. Phys. B: Lasers Off, 829 (2003
P. Schwille, U. Haupts, S. Maiti, and W. W. Webb, Biophys73, 2251

Champaign. (1999,
2R, D. Neuman, S. Park, and P. Shah, J. Colloid Interface I5d. 257
1J. N. Israelachvilijntermolecular and Surface Force2nd ed(Academic, (1995; C. J. Ellison, S. D. Kim, D. B. Hall, and J. M. Torkelson, Eur.
London, 1992 Phys. J. BB, 155(2002; C. Muller, P. Machtle, and C. A. Helm, J. Phys.
2B. Bhushan, J. N. Israelachvili, and U. Landman, Nat{irendon 374, Chem.98, 11119(1994.

Downloaded 30 May 2003 to 130.126.32.13. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



