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We have studied the dynamic structure of thin (approximately a few nanometers) liquid films of a nearly spherical,
nonpolar molecule tetrakis(2-ethylhexoxy)silane (TEHOS) by using a combination of atomic force microscopy (AFM)
and fluorescence correlation spectroscopy (FCS). Ultra-sensitive interferometer-based AFM was used to determine
the stiffness (force gradient) and the damping coefficient of the liquid film. The experiments show oscillations in the
damping coefficient with a period ef1 nm, which is consistent with the molecular dimension of TEHOS as well
as previous X-ray reflectivity measurements. Additionally, we performed FCS experiments for direct determination
of the molecular dynamics within the liquid film. From the fluctuation autocorrelation curve, we measured the translational
diffusion of the probe molecule embedded within the fluid film formed on a solid substrate. The autocorrelation
function was best fitted with two components, which indicate that the dynamics are heterogeneous in nature. However,
the heterogeneity is not as pronounced as had been previously observed for molecularly thin liquid films sandwiched
between two solid substrates.

measure the force required to bring two solid surfaces from a
large distance into close proximify-?’These experiments have

in numerous areas of nature and technology, among themrevealed that when two surfaces approach closer than a few

lubrication, adhesion, lithography, and colloidal particles sus- Mmolecular diameters, continuum theories often break down, and
pended in liquidd=® It is also relevant to the understanding of an oscillatory solvation force, which arises from the discrete

the structure and transport properties of complex fluids localized Melecular nature of the liquids, comes into play?Theoretical
in self-assembled fluid structures such as polymers, vesicles,Work and computer simulations of fluids at solid surfaces have

and biomembranes. During the last two decades significantShOW” that the origin of this oscillatory solvation force is the
experimental and theoretical studies have been carried out to°'d€ring of molecules in layers parallel to the surféthlore
understand the interfacial behavior of liquidd® The structure  '€Cently, ithas become possible by using advanced synchrotron

of liquids near a solid surface has been be analyzed by differentX-ray reflectivity to directly observe such molecular layering in

) i i i i i 7 25
techniques. Experimental methods such as using a surface forcedin liquid films:

apparatus (SFA$ and atomic force microscopy (AFNi)2° The mechanical properties of the first few molecular layers
of a liquid close to a solid surface have also been found to be
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how this layering affects the lateral translational diffusion of

10 fluorescent dye molecules embedded within the film. This will
0.75- be accomplished by utilizing the single molecule sensitive
9,(v) technique of fluorescence correlation spectroscopy (FCS). A
0.501 second objective of this paper is to investigate the mechanical
0.25)ve responses of the film, which are expressed in terms of stiffness
’ and damping coefficients. A novel liquid-based APfMyhich
0.004 can measure forces associated with molecular ordering, will be

used for this purpose. Both FCS and AFM results will be compared
with previous experiments, which used another model liquid,
OMCTS (octamethylcyclotetrasiloxane).
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Figure 1. Normalized autocorrelation function of coumarin diffusing
through TEHOS in bulk (circles) and within a thin filh,~ 14 nm
(squares). The graph has been fitted with a single diffusion coefficient
(D); Dpuk = 70um?/s andDim = 6 um?/s. Inset a shows the fitting FCS.FCS is an experimental method that extracts information
of the thin film autocorrelation function data assuming two diffusing - on dynamical processes from the tiny fluctuations that can be observed
species, having a fasDfs = 10 um?/s) and a slow component iy the emission of a small ensemble of fluorescent molecules. The
(Dsiow = 0.2 um?/s). Inset b provides the molecular structure for  fjyctuation of fluorescence is due to dynamic processes such as
TEHOS. diffusion, aggregation, and chemical reactions, which occur in very
small volumes £10715L) in very dilute systems (from picomolar
dynamics because although the thickness of the studied liquidto nanomolar concentrations). By calculating the autocorrelation
films is molecular in the force-based experiments, the area function (G(z)) of this fluctuation F), G(r) = OF(t)oF(t + 7)1
dimension is not. The measurements in such experiments typically[E:(t)EFand by choosing a suitable model to analyze the autocorrelation
represent an average over ensembles of many mo|e"8u|esl function, the rate of the dynamic process can be obtainddhe

In the past few years, optical spectroscopy at the level of a primary reason for fluctuation is two-dimensional translational

sinale or a few molecule has arown into a powerful technique diffusion, one can calculate the translational diffusion coefficient
9 9 P q (D) from the autocorrelation function by using the relat®fr) =

for e_xploring the nanoscale behaviorin complex condense(_i matterG(o)/(l + 8D7/wo?), Wherewo (~0.354m) is the width of the laser
environments®>* The direct measurement of the dynamics of focys. As the thickness of the filnt ¢~ 10 nm) is much smaller as
individual molecules within an SFA has been achieved rECéhtly. Compared to the size of the laser focus in the axial direcﬁ@n:(

The experiments revealed a massively heterogeneous moleculax-2 um), the analysis of the autocorrelation function using two-
mobility within fluid films. It has been speculated that the origin  dimensional diffusion is justified. The magnitude of the autocor-
of the heterogeneous dynamics is the layering of the moleculesrelation function attime zer6(0), is related to the average number
parallel to the confining surfaces, in which both the local density Of fluorophores K) in the observation volume b§(0) = 1/(2N).

and the diffusion rate can differ. Because of several technical The concentration of dye molecules in these experiments has been

; s lected such thdd < 10. As compared to other methods such as
challenges to perform single molecule spectroscopy within SFA, 5€ . ;
itis difficult to definitively correlate the heterogeneous dynamics scattering, fluorescence recovery after photobleaching (FRAP), and

. - . . laser induced transient grating spectroscopy, FCS is capable of
with the layering. It is also relevant to point out here that the eaqring extremely dilute systems with high spatial resolution
computer simulations of confined fluids of a few nanometers in gown to the optical diffraction limit.
thickness have also indicated that the dynamics of molecules at  £cs experiments have been performed by two-photon excitation
individual layers could be differeri. of fluorescence. A femtosecond titanium-sapphire laser (Mai Tai,
Thin (approximately a few nanometers) films of tetrakis (2- Spectra-Physics) generates laser pulses with a fwhm (full width at
ethylhexoxy)silane (TEHOS), a nearly spherical and nonpolar half-maximum) of 100 fs at a repetition rate of 80 MHz. A Zeiss
molecule, have been model systems to investigate the interfacialinverted microscope (Axiovert S200TV, Carl Zeiss) serves as the
organization of liquids near a solid surfa¥%The molecule is operational platform f_or t_he experiment. By introducing the laser
comprised of a silicon atom bound to four oxygen atoms, which beam through the objective lens (63NA = 0.75), a very small

. . excitation volume is generated within the sample solution. Fluo-
are surrounded by branched alkanes (see FigufeTtje freezing rescence is collected through the same objective and detected by a

point and critical point for TEHOS have yet to be precisely gjngle photon counting module (Hamamatsu). The sensitivity of this
determined, although X-ray scattering in transmission and technigue to the diffusion of a single molecule both in bulk and

differential scanning calorimetry has found no evidence of a within thin films has been demonstrated previou$ly.

bulk phase transition down to 190 ® We have chosen this AFM. AFM was used to sample the stiffness, mechanical damping,
system because evidence of molecular layering of TEHOS nearand mechanical relaxation time of a TEHOS layer confined between
a solid substrate has previously been demonstrated by X-raythe tip and the substrate. In general, when a liquid is confined,

reflectivity experiment$342430ne of our goals is to investigate ~ Mechanical measurements often exhibit an oscillatory profile as the
separation of the two confining surfaces is changed. Broadly speaking,
we expect a high stiffness when the separation allows the molecules

Experimental Procedures
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For our measurements, we used a home-built AEMhich uses
a fiber-interferometric deflection sensor to boost sensitivity. With
this, we were able to perform measurements in the small amplitude,
linear regime*®In this regime, the stiffness and damping coefficient
can be calculated from

k= kL(AKOCOSqu - 1) (2)

Y= %Sin @ @)

wherek_ is the stiffness of the cantilevedy is the amplitude far
from the surfaceA is the measured amplitude as the surface is
approached with the tipp is the angular frequency of the tip
oscillation, andy is the phase angle between the piezo drive and
the tip end. Our measurements were performed far below the
resonance frequency of the lever, and in the absence of-a tip
sample interaction, the phase anglevould be zero and\ = A,.
A change in the phase angle indicates a dissipative interaction with
the substrate and intervening meditin.

Sample Preparation.The sample of TEHOS (Gelest) was used

Patil et al.
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Figure 2. Diffusion coefficient D) as a function of film thickness.

D has been obtained by fitting the autocorrelation functions with a

single diffusion coefficient. The inset shows the histogram of
measured atL = 14 nm.

the measured diffusion coefficients on the thickness of the films,
which was varied between 14 and 22 nm (Figure 2). Surprisingly,
even for the thickest films, which correspond+@5 or more
molecules thick, the diffusion dynamics are at least 5 times slower
as compared to the bulk value. A histogram of the diffusion

as received. The substrates used were quartz cover slips (Escqoefficients measured at a fixed film thickness has been shown

Products) for FCS experiments and silicon wafers for ellipsometry
and AFM experiments. Prior to use, the cover slips were keptin an
acid bath overnight, rinsed with deionized water, ultrasonicated in
acetone, and finally rinsed with distilled ethanol. Si wafers were
cleaned with a piranha solution, rinsed in deionized water several
times, and kept in oven at 1EC overnight to remove water. This
cleaning procedure left the Si wafer surface hydrophilic with a thin
passive oxide layer. For AFM experiments, a small amount of liquid
was injected into a liquid cell containing the clean Siwafer substfate.
The cantilever and tip were immersed in the liquid to avoid snap-
to-contact due to capillary forces. For FCS and ellipsometry
experiments, the deposition of the thin film was carried out as
described in ref 13. The substrate was immersed in a dilute solution
of TEHOS in hexane and then withdrawn at a constant speéd (
mm/s). The thickness of the film was varied by changing the
concentration of TEHOS in the hexane solution. The film thickness

in the inset of Figure 2. To obtain this histogram, curves were
fitted with a single diffusion coefficient.

A closer look at the autocorrelation function for thin films,
however, showed that comparably good fitting results were
obtained (Figure 1 inset) if the curves were evaluated under the
assumption of two diffusing species having a faster and a slower
component. To obtain these components, the autocorrelation
function in Figure 1 was fitted using the functional foKa(r)
= Gy/(1 + 8Dtas/wo?) + Gol(1+ 8Dsjont/wo?), giving Diast =
10um?/s andDgjow = 0.2um?/s. These results can be compared
to single molecule microscopy experiments performed by Cichos
et al. for the same systef59-51In their experiments, the mean
diffusion coefficient of the dyes and its distribution were obtained
by averaging over hundreds of individual single molecule

was measured by using acommercial phase-modulated ellipsometefrajectories. A broad distribution of diffusion coefficients was
(Beaglehole Instruments). For FCS experiments, the solution alsofound, which was attributed to diffusion within distinct layers

contained~50 nM fluorescent dye coumarin 153 (Exciton). The of the liquid. They have interpreted the results in terms of
dye was selected because it has a high two-photon cross-section atlynamics that depend strongly on the distance of the molecules
an excitation wavelength of 800 nm and does not adsorb to the from the solid surface. In contrast to single molecule tracking
substrate as verified by control experiments. The mean diameter ofexperiments, FCS is an intrinsically statistical method, and a
the liquid TEHOS is~0.9 nm, and the dlmen53|7ons of the dye, typical FCS measurement averages many individual molecules
coumarin 153, are-1.2 nmx 0.9 nmx 0.37 nm: diffusing in and out of the focal volume during data recording.
Results and Discussion This causes some_loss of informat_ion on _dyna}mig properties.
o ] ) . . Nevertheless, previous FCS experiments in thin filmg-5
Diffusion Dynamics. Figure 1 shows the illustrative auto- ) of OMCTS confined between two solid substrates within
correlation function obtained from FCS experiments. From the 5, SEA have observed massively heterogeneous molecular
time series of fluctuations of the fluorescence intensity, the dynamics¥ This heterogeneity did not disappear, even when it
intensity—intensity autocorrelation function was calculated and 55 averaged over an extended period of timég min). It has
plotted against the logarithmic time lag. The time scale of peenspeculated thatthe heterogeneity arises because of different
diffusion, which can be estimated as the time at which the angjation diffusion rates in different layers. For the system
autocorrelation function decays to one-half its initial value, is stydied in the present experiments, X-ray reflectivity experiments
larger within the fluid film as compared to the bulk. The paye shown density oscillations, although the amplitude is less
autpcorrelatlon functlor} in the bulk can be fitted very well with a0 10% of the average liquid denslBAFM experiments have
a single diffusion coefficienD ~ 70 um?/s. For thin films ( also indicated layering of the confined TEHOS (see Mechanical
~ 14 nm), fitting the data with a single diffusion coefficient  easurements). Taken together, our data are consistent with the
yields D ~ 6 um?s, indicating that dye molecules within the  jnterpretation that the layering of molecules in thin films is
fluid films have slowed down by a factor 6f10. This resultis  yegponsible for the heterogeneous dynamics. It is important to
consistent with previous experiments, which have also found a note that the film could also be laterally heterogeneous, especially

slowing down of the molecules near a solid surf&c¥.In the for thinner films. But, the effect of those is likely to be weak,
present experiments, however, we found a weak dependence of

(50) Schuster, J.; Cichos, F.; von BorczyskowskiEGr. Phys. J. 2003 12,
(48) Hoffmann, P. MAppl. Surf. Sci2003 210, 140. _ 75.

(49) Hoffmann, P. M.; Jeffery, S.; Pethica, J. Bzddr, O. H.; Oral, A.Phys. (51) Schuster, J.; Cichos, F.; von BorczyskowskiEGr. Polym. J2004 40,
Rev. Lett. 2001, 87, 265502. 993.
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. . . . Figure 4. Simultaneously measured stiffness (open circles) and
Figure 3. Simultaneously measured stiffness (open circles) and gjayation time (filled circles) of a confined TEHOS film. The

damping (filled circles) of a confined TEHOS film. The measuring P ;
tip was approached at a rate of 12 A/s. The surface is located to thergsgtse%nﬂ?tﬂz \;\i/gaﬁt.approached at a rate of 12 Afs. The surface is

right.

1.0 8.0x10°
based on our FCS measurements of different film thicknesses
(Figure 2). However, we note that the heterogeneity in the 0.8 L6.0x10°
diffusion dynamics is not as pronounced in these films as E g6l §
compared to when the liquid is confined between two solid % L4.0x10° 3
substrates. The thicknesses of the films in these experiments are 8 04 ‘,‘é
also much larger as compared to SFA experiments. We found = L2 0x10° 5
thickness variations across the film when we tried to prepare 02 =
thinner films (by using more dilute TEHOS in a hexane solution). 0.0 . B N oo
This made it difficult to measure the diffusion dynamics as a 0 20 40 60 8 100 120

function of film thickness in a more systematic way. In all these Displacement (A)

experiments, it was also difficult to determine whether the dye Figure 5. Simultaneously measured stiffness (open circles) and
resided distinctly within given fluid layers or also between them. damping (filled circles) of a confined TEHOS film. The measuring
The axial length of the laser focus, which+€ um, is orders tip was approached at a rate of 3 AJs. The surface is located to the
of magnitude larger than the thickness of the film. So, the question right.

of how the diffusion dynamics depends upon the distance from 12
a solid surface still remains open to debate. Experiments are

e
“0~0——0
T

currently under progress in our laboratory to answer this question. _ & o2 B

Mechanical MeasurementsFigure 3 shows the stiffness, = ‘ i § \ g
and damping coefficienty, measured with our AFM at an 2 Mg‘ l‘ g
amplitude of 3.4 A and a frequency of 465 Hz. The approach £ ‘ g
speed of the two surfaces (tip and substrate) during the ] ” -

measurement was 12 A/s. Stiffness and damping maxima can be
clearly discerned over a monotonically increasing background O o 0 0 8o 100 130 °
as the tip approaches the surface. It is also apparent that the

s_tiffness_and damping are out of phase fgr the last few Iz_ayers Figure 6. Simultaneously measured stiffness (open circles) and
(ie., atdlsplac_emgnt_s where the _st_lffness IS at_a local Maximum e faxation time (filled circles) of a confined TEHOS film. The
and the damping is in a local minimum (or vice versa)). The measuring tip was approached at a rate of 3 A/s. The surface is
average spacing of the stiffness peaks in this measurement wasocated to the right.

7.6+ 1.1 A, while the spacing averaged over all measurements
obtained at an approach speed of 12 A/s was9.9.7 A,

Displacement (A)

Figure 5 shows a measurement of the stiffness and damping

consistent with the size of the molecules. Differences in spacing g;gi':2§pargggrhefa?em§|';ug\/esofg'; f’ﬁgfggzg%gifcﬁ;rzﬁa

between measurements are most likely due to thermal drift. . . . . .

) ) in the stiffness and damping, with an average spacing of the

From the stiffness and damping data, we can also calculateggjtness peaks in this measurement of 1&.8.1 A. Averaged

a characteristic mechanical relaxation titae= K/(yw?), which - qyer all measurements at an approach speed of 3 A/s we found
corresponds to the time it takes for any stress to dissipate in a5 gpacing of 10.3t 2.7 A, consistent with the molecular size
system when an external strain is impos&dhis time would  and the spacing measured at a higher approach rate. As in the
be expected to be short in a liquid and large in a solid. Figure case of the previously published OMCTS measurements, we
4 shows the mechanical relaxation time versus displacement. Itfound that the amplitude (as long as we stay in the linear regime)
can be seen thatthe relaxation time has prominent peaks associateghd the frequency (as long as we stay far below the cantilever
with the stiffness maxima, indicating a solid-like, elastic behavior resonance) have no systematic influence on the results. As can
when the molecular layers are allowed to order between the tip be seen in this figure, the stiffness and damping are again out-
and the substrate. From previous experiments on OMEWe, of-phase close to the surface, similar to Figure 3.
found that this elastic solid-like behavior is not necessarily  Figure 6 shows the corresponding relaxation time, which also
associated with the solidification of the confined film at thermal shows peaks, indicating solid-like, elastic behavior. This is in
equilibrium but rather is induced kinetically. In OMCTS, we contrast to the OMCTS dafdwhere the peaks in the relaxation
found that the peaks in the relaxation time disappear when thetime disappeared when lowering the approach rate to 3 A/s.
tip is approached at a rate slower than about 5 A/s toward the Unfortunately, we cannot go any slower in our measurement due
substrate. to software and thermal drift limitations and thus at the moment
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cannot determine if a solid-like mechanical response in TEHOS of heterogeneous dynamics. This can be interpreted in terms of
is induced kinetically at a very low speed or exists at thermal a different diffusion coefficient in different layers. Our AFM
equilibrium. results suggest that kinetic solid-like behavior in nanoconfined
We also note that at both approach speeds, the stiffness andiquid films depends strongly on the nature of the molecules
damping are in-phase far from the surface and only becomeinvolved. Even though OMCTS and TEHOS are chemically
out-of-phase in the last few layers. This suggests that the inducedsimilar and of comparable size, their kinetic mechanical behavior
solid-like behavior only happens in the last few molecular layers. appears to be different. While confined OMCTS remains as a
This correlates well with our FCS results stated previously, where liquid up to a speed of about 5 A/s, TEHOS already behaves as
we obtained two distinct diffusion coefficients even for a free, a solid when squeezed at a rate of only 3 A/s. We also note that
unconfined liquid. This would suggest that solid-like mechanical TEHOS has a higher viscosity that OMCTS and that this fact
behavior may occur in TEHOS even at thermal equilibrium, in may have a bearing on the observed differences in kinetic
contrast to our previous results on OMCTS. mechanical behavior. These observations would have to have a
firmer basis by further experiments and appropriate theory.
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