
Accordingly, the product AtAv, which devi- 
ates largely from the Fourier transform limit, 
provides direct evidence of the laser-induced 
chirp. The experiment can be interpreted as a 
measurement of the action associated with 
the relevant electron trajectory; e.g., for the T~ 

trajectory, we find ReS,,,,, = a X 10-l4 
I[Wlcm2]h with a = 3 t 2. The saddle-point 
Eqs. 3 through 5 yield, for the 19th harmonic 
a t I =  1.35 X 1014W/cm2,a= 3.0(a = 22) 
for the short (long) orbit, corresponding to 
T. = 1.2 fs and T, = 2.2 fs. These results 
agree nicely with accurate theoretical calcu- 
lations (28). 

Notwithstanding the combined complexi- 
ties of atomic physics and nonlinear laser- 
matter interaction, HHG and AT1 spectra can 
be reproduced with a small number of quan- 
tum orbits. The identification of these orbits 
and the measurement of the corresponding 
action offer a unique way of controlling these 
processes and opens the possibility of new 
applications. 
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Density Fluctuations Under 

Confinement: When Is a Fluid 


Not a Fluid? 

M. Heuberger,* M. Zach, N. D. Spencer 

Knowing the behavior of a fluid in small volumes is essential for the under- 
standing of a vast array of common problems in science, such as biological 
interactions, fracture propagation, and molecular tribology and adhesion, as 
well as pressure solvation and other geophysical processes. When a fluid is 
confined, its phase behavior is altered and excluded-volume effects become 
apparent. Pioneering measurements performed with the surface forces appa- 
ratus have revealed so-called structural or oscillatory solvation forces as well 
as the occurrence of a finite shear stress, which was interpreted as a solidifi- 
cation transition. Here, we report measurements obtained with an extended 
surface forces apparatus, which makes use of fast spectral correlation to gain 
insight into the behavior of a thin film of cyclohexane confined within attoliter 
volumes, with simultaneous measurement of film thickness and refractive 
index. With decreasing pore width, cyclohexane is found to undergo a drastic 
transition from a three-dimensional bulk fluid to a two-dimensional adsorbate 
with strikingly different properties. Long-range density fluctuations of unex- 
pected magnitude are observed. 

Several experimental techniques, such as the 
surface forces apparatus (SFA) ( I ) ,  differen-
tial scanning calorimetry (DSC) (2) ,neutron 
diffraction (4,or nuclear magnetic resonance 
(4) in porous materials, are capable of mea- 
suring properties of a fluid under molecular- 
level confinement. Here, an extended surface 
forces apparatus (eSFA) (5) has been used, 
comprising two thin (2 to 5 bm) mica sheets, 
which form a well-defined, single-slit pore of 
controllable width (i.e., surface separation), 
D (Fig. 1). The same mica sheets also form an 
optical interferometer using a 55-nm, silver- 
mirror coating on their reverse sides. The 
interferometer is immersed in a fluid, such as 
cyclohexane, and the fluid is increasingly 
confined between the surfaces by reducing D. 
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Zentrum, CH-8092 Ziirich, Switzerland. 
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mail: heuberger@surface.mat.ethz.ch 

Cyclohexane becomes the central optical lay- 
er of a multilayer interferometer, which se- 
lectively filters (infrared-free) white light in 
transmission. When the optical distance, 0 = 

D n (D = film thickness, n = refractive 
index), of the thin film varies, the condition 
for constructive interference is altered, and 
the wavelength shift of interference fringes 
with different chromatic orders can be mea- 
sured. Odd- and even-ordered fringes shift 
differently as a function of n, an effect that 
allows D and n to be independently deter- 
mined. As one would expect, the measure- 
ment of n is more difficult for thinner films 
(5-7). Our measurement errors are a, < 25 
pm for distance and a, < 0.05 for refractive 
index. Detailed error calculations are avail- 
able (5). This represents a 10- to 30-fold 
improvement over conventional SFA kch- 
niques (6-12). Using imaging optics, trans- 
mitted light from a spot of lateral diameter 0 
- 1 bm can be analyzed. For a very thin slit 
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Fig. 1. Fast spectral corre- 
lation (FSC) interferometry 
allows simultaneous and 
local measurement of 
thickness, D, and refractive 
index, n, of a confined fluid. 
The focused optical probe 
has a diameter of 1 k m  
and is sensitive to attoliter 
volumes. FSC evaluates 
small wavelength shifts of 
interference fringes. One 
surface (e.g., a 2- to 5-pm- 
thick mica sheet) is mount- 
ed on a force-measuring 
spring of spring constant, 
k = 1002 -C 21 Nlm, while 
the other surface is fixed. & 
The approximate deflec- - _ 
tion, which Ax, impels of an the external spring, ,',,lmk - _ 

load, F = k Ax, is estimat- 
ed from the difference between the local film thickness measurement, D, and the distance, M, moved 
by the loading actuator (39, 40). 

between mica surfaces, e.g., D - 1 nm, the 
probed volume is thus on the order of V - 10 
attoliter. This corresponds to an ensemble of 
lo6 to lo7 molecules (Fig. 1). When an ex- 
ternal force, F, of typically 0 mN < F < 1 
mN is applied, pressing the initially cylindri- 
cally curved mica surfaces together, they flat- 
ten elastically (13-15). The resulting circular 
contact, which defines the perimeter of the 
single-slit pore, may grow to a diameter of 10 
to 50 pm. 

Excluded-volume effects in confined cy- 
clohexane have been previously reported (I, 
16, 17). When the pore width is reduced to a 
few molecular diameters, finite shear-stress 
(17) and film-thickness transitions can be 
observed. Such transitions are often found to 
be similar in size to a molecular diameter, 
d = 530 pm (18). The apparent periodicity of 
these transitions presumably motivated the 
hypothesis of a confinement-induced layering 

0.0 1 .O 2.0 3.0 4.0 5.0 
Film thickness, D (nm) 

5100% 

75% 

50% 

25% 

. vacuum 

Fig. 2. Simultaneous measurement of D and n during a loading 
(green)/unloading (red) cycle in  cyclohexane. The experiment was 
conducted in a bath of cyclohexane under isothermal conditions, T = 
24.785' t O.OOS°C, and with controlled actuator approach velocity, 
v = 0.330 5 0.002 nmls. Lines between points indicate the sequence 
of points, which were measured at intervals of 3000 t 3 ms. (A) 
Normalized force versus distance in the known regime of excluded- 
volume effects. Film-thickness transitions are highly reproducible at a 

given point on the surface, but may vary by 5 1  nm depending on the 
surface location. (B) Simultaneously measured refractive index as a 
function of film thickness. We observed an overall 50% reduction of 
density superimposed on significant fluctuations. The scatter of the 
points is due to  fluctuations, not measurement errors (see also Fig. 3). 
The fluctuations of D and n are correlated and exhibit distinctive statis- 
tics. Statistical measurement errors are only indicated if they are larger 
than the symbol size. 
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of molecules. An intimate relationship is 
commonly assumed between near-surface 
(time-averaged, mean-field) fluid-density os- 
cillations and the forces required to induce 
such film-thickness transitions (contact value 
theorem) (19), which are thought to be re- 
versible. Unfortunately, the SFA cannot mea- 
sure attractive forces in an oscillatory poten- 
tial without instrumental instability. During 
loading, the surfaces jump together when the 
gradient of the surface force, dF(D)ldD, ex- 
ceeds the spring constant k. For this reason, 
each local minimum of an oscillatory poten- 
tial has to be measured during a separate 
unloading cycle (I). Positions of maxima or 
minima are thus measured in different situa- 
tions-during loading or unloading. Experi- 
ments of this type do not allow a clear dis- 
tinction to be made between reversible (e.g., 
oscillatory potential) and irreversible (e.g., 
plasticity) effects. Measurements capable of 
distinguishing between plastic deformation 
and instrumental instability during film- 
thickness transitions have not hitherto been 
reported. 

Film-thickness measurements under load- 
inglunloading conditions have been obtained 
with the eSFA, as shown in Fig. 2A. The 
force, F, is normalized with the previously 
measured effective radius of surface curva- 
ture, R (19). To facilitate cross-figure read- 
ability, the data shown in this report all be- 
long to one selected loadinglunloading cycle. 
Supplementary data are available at Science 
Online (20). More than 1200 interference 

Film thickness, D(nm) 

7.4 8.0 8.6 
Time, t (mln) 

Fig. 3. Fluctuations of D and n during a loading/ 
unloading cycle. (A) Fluctuations of film thick- 
ness result in a persistent fine structure in the 
conventional representation [FIR(D)]. (B) Den- 
sity fluctuations can have a lifetime of several 
seconds. 

spectra were measured and evaluated using 
fast spectral correlation (FSC) (5). Major 
transitions of the film thickness are observed 
while loading at constant velocity, v = 330 + 
2 pmls. The film thickness is subject to fluc- 
tuations of nonrandom statistics and k0.2 nm 
amplitude (see fine structure in Fig. 3). The 
histogram, H@) in Fig. 2A, taken at 2.0 nm, 
suggests that the film exhibits two preferred 
states, whereas the histogram corresponding 
to an average film thickness of 1.7 nm shows 
a considerably broader distribution. 

A time-averaged view of D suggests no- 
table deviations from molecular periodicity. 
The major structural transition occurring at a 
force of FIR - 5 mN/m, is smaller (AD - 
350 pm) than d. Indeed, analysis of many 
eSFA experiments reveals that film-thickness 
transitions occur neither at a well-defined 
film thickness and normalized external load. 
nor over exactly one molecular dimension, 
nor even in periodic intervals. Irreproducibil- 
ity and nonperiodicity of structural forces 
have also been detected in previous studies 
(1, 21). 

Figure 2B depicts the refractive index, n, 
measured simultaneously with the film thick- 
ness. Cyclohexane is nonpolar and is known to 
be optically isotropic, even in the plastic crys- 
talline state (22). Using the empirical Glad- 
stone-Dale formula (23), (n - l)/p = constant, 
we can convert n to a mass density p (24). The 
red dashed lines in Fig. 2B indicate the bulk 
n = 1.427, which corresponds to p = 100% 
(= 0.779 g/cm3) (25). Under confinement, we 

observe a reduction of the time-averaged den- 
sity to half the bulk liquid value, which is 
comparable to the gadliquid coexistence re- 
gime of bulk cyclohexane (26). We also ob- 
serve significant density fluctuations in the 
probed volume. Analysis of these fluctuations 
reveals a correlation with the fine structure of 
the film thickness. This correlation is graphical- 
ly indicated in Fig. 2B by tilted gray ovals in the 
background. The amplitude of the fine structure 
in Fig. 3A translates into a <lo% volume 
change in the probed volume, which cannot 
explain the magnitude of these density fluctua- 
tions (-100%). They must have another origin. 
A statistically significant number of points re- 
veals densities -9% above that of the bulk 
liquid (Fig. 2B), which corresponds to the den- 
sity of the solid S, phase in cyclohexane (26). 

The evolution of the cyclohexane film 
during the same loading cycle is illustrated in 
Fig. 4. For thick films, we measured the 
expected bulk liquid density. We observed 
the appearance of long-range fluctuations in 
both D and n, at the line marked LRF, which 
coincides exactly with the first detected re- 
pulsive forces (visible as a deviation from 
linearity in Fig. 4A). The observed density 
fluctuations are of long range, extending over 
a lateral distance that is similar to or longer 
than the diameter of the analyzed region (Fig. 
1 ,0  - 1 pm). 

Film-thickness transitions may occur over 
significant times, especially at small values 
of D. Region R in Fig. 4 designates such a 
relaxation that evolves over more than 1 min. 

125% 

100% 

75% 
50% 

25% 
vacuum 

Elapsed time, t (min) 

Fig. 4. Evolution of (A) film thickness and (B) simultaneously measured density. The onset of long-range 
fluctuations (LRF) in D and n coincides with the detection of repulsive forces and the appearance of 
film-thickness transitions. The transition in region R exhibits a characteristic time constant. Note that 
the conventional representation [FIR(D)] of the same data (Fig. 2A) does not clearly reveal the 
evolution of such transitions. Error bars are only indicated if they are larger than the symbol size. 
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When D is reduced, the surface-to-volume 
ratio grows roughly as liD. Consequently, 
volume contributions to the free energy (e.g., 
intermolecular potential and entropy), which 
are the basis of the known phase diagram 
(26-28), are progressively balanced by inter- 
facial contributions (29). Under confinement, 
cyclohexane is known to exhibit a depression 
of phase-transition temperatures (2, 30-32) 
and a reduction of normalized enthalpies 
(32), as well as lower critical points (31, 33, 
34). Macroscopic thermodynamics are inad- 
equate to describe the properties of small 
volumes, being defined for infinite ensembles 
of particles. In small volumes, however, ther- 
mal fluctuations become increasingly impor- 
tant, and a time-averaged definition of ther- 
modynamic functions is more useful (35). 

To change the density of bulk cyclohex- 
ane from the solid state to the gas phase, an 
energy, W, of at least 36 kJimol (heat of 
melting plus heat of vaporization) is required. 
This energy is more than 10 times the kinetic 
energy, kT, available for thermal fluctuations. 
Homogeneous density fluctuations of the ob- 
served magnitude can only be thermal in 
nature if a reduction of W,by at least a factor 
of 10, is effective in this 2-nm-wide mica 
pore. This simple estimate is in excellent 
agreement with the sixfold reduction in tran- 
sition enthalpies for cyclohexane in 4-nm 
porous silica, measured by means of DSC 
(32). 

Molecules within 2 to 3 nm of the surface 
are thought to form a layer of thermally 
fluctuating optical and mechanical properties, 
as a consequence of the surface-induced de- 
coupling of energy and density changes. This 
may explain many observations in confined 
cyclohexane, such as the time-averaged den- 
sity reduction (Fig. 2B), density fluctuations 
(Fig. 2B), critical scattering (36), high sur-
face mobility (4, 37), anomalously fast self 
diffusion (3, 33), modified molecular dynam- 
ics (33, 34) and macroscopic mechanical 
properties, such as apparent solidification 
(17, 38), and excluded-volume effects lead- 
ing to quasi-periodic film-thickness transi- 
tions (Fig. 2A). Additional insights into the 
fascinating properties of confined fluids are 
expected from a planned laterally resolved 
real-time measurement of D and n in the 
eSFA. 
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Water at Hydrophobic Surfaces: 

Weak Hydrogen Bonding and 


Strong Orientation Effects 

L. F. Scatena, M. G. Brown, C. L. Richmond* 

Vibrational studies that selectively probe molecular structure at CCl,/H20 and 
hydrocarbon/H,O interfaces show that the hydrogen bonding between adja- 
cent water molecules at these interfaces is weak, in contrast to generally 
accepted models of water next to fluid hydrophobic surfaces that suggest 
strong hydrogen bonding. However, interactions between these water mole- 
cules and the organic phase result in substantial orientation of these weakly 
hydrogen-bonded water molecules in the interfacial region. The results have 
important implications for understanding water adjacent to hydrophobic sur- 
faces and the penetration of water into hydrophobic phases. 

Protein folding. membrane formation. micel- 
lar assembly, and wetting are a few of the 
many processes in which the interaction of 
water with hydrophobic fluid surfaces plays 
an important role. A driving force behind 
these processes is an uncommonly large en- 
tropy loss, which is usually explained as an 
enhanced structuring of water in the immedi- 
ate vicinity of apolar molecules. biological 
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macromolecules. and hydrophobic surfaces. 
Experimental measurements that provide a 
molecular-level view of interfacial water 
structure and hydrogen bonding at these in- 
terfaces have proven to be problematic be- 
cause of the difficulty in selectively examin- 
ing interfacial water molecules. Hence. most 
of our understanding of the molecular struc- 
ture of water at hydrophobic surfaces comes 
from theory (1-7). Here we report surface- 
specific vibrational spectroscopy experiments 
on the CCI,!H,O and hexaneiH,O interfaces. 
which provide detailed information on the 
structure and orientation of water influenced 
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