
REPORTS 

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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by interaction with a hydrophobic liquid. 
These vibrational sum frequency studies 
show that a large portion of interfacial water 
molecules have remarkably weak or negligi- 
ble hydrogen bonding interactions with other 
interfacial water molecules, in contrast to the 
enhanced water structure commonly invoked 
by the standard picture of hydrophobic hy- 
dration. These weakly interacting interfacial 
water molecules nevertheless are oriented by 
interactions with the organic phase, and some 
can change orientation with variation of the 
aqueous-phase pH. 

We used total internal reflection (TIR) 
vibrational sum frequency spectroscopy 
(VSFS) (8-1 0) in these studies as a molecular 
probe of the hydrogen bonding and orienta- 
tion of interfacial water molecules at organic1 
water interfaces and compared the results 
with similar measurements at the vaporlwater 
interface. The SF vibrational spectrum results 
from a summation of the optical fkquencies 
of two incident laser beams: a fixed visible 
beam and a tunable infrared (IR) beam that 
pass through the organic media and illumi- 
nate the interface. This second-order optical 
process is forbidden in the centrosymmetric 
bulk liquid phases but will occur at the inter- 
face of the two liquids where inversion sym- 
metry is broken. 

The anomolously high surface tension at a 
vaporlwater interface is generally recognized 
to be the result of strong hydrogen bonding 
between surface water molecules (11). At 
organiclwater interfaces, the interfacial ten- 
sion is known to decrease with the polarity of 
the organic phase until the phases are misci- 
ble. Figure 1 compares the vibrational spec- 
trum of the OH stretching modes of water at 
these interfaces for the CCl4/H2O (Fig. lA), 
hexane/H20 (Fig. lB), and vapor/H20 (Fig. 
1C) systems (12). The frequencies of these 
modes are known to be highly sensitive to 
intermolecular hydrogen bonding between 
water molecules. As the hydrogen bonding 
interactions between water molecules de- 
crease, a strengthening of the OH oscillator 
results in a blue shift in energy and a sharp- 
ening of spectral peaks (13). The most obvi- 
ous difference between the spectra of Fig. 1 is 
that the organiclwater interfaces are dominat- 
ed by spectral intensity at higher frequencies 
(weaker H20-H20 interactions) relative to 
the vaporlwater interface (Fig. 1C). In the 
case of the vaporlwater interface, the strong 
spectral intensity at lower energies (3100 to 
3400 cm-') is characteristic of tetrahedrally 
coordinated water molecules participating in 

- - 
strong hydrogen bonding interactions with 
adjacent surface water molecules. The major- 
ity of water molecules at this interface are 
involved in extensive hydrogen bonding (14). 
In contrast, the CC14/H20 (Fig. 1A) and hex- 
a n e w 0  (Fig. 1B) interfaces are dominated 
by intensity at higher energies (3400 to 3700 

cm-') characteristic of weakly and non-hy- 
drogen-bonded water molecules (15-17). 
The VSF spectrum of 1-hexenelwater (not 
shown) is similar (18). 

The VSF spectra shown in Fig. 1 represent 
all water molecules in the interfacial region that 
are perturbed by asymmetric forces that occur 
between the two dissimilar phases. The spectra 
thus demonstrate that the hydrogen-bonding in- 
teractions between water molecules at the or- 
ganiclwater interface are greatly reduced rela- 
tive to those at the vaporlwater interface. This 
weakening of hydrog& bond interaction arises 
from a reduction in the coordination number of 
interfacial water molecules andlor a weakening 
in the strength of individual hydrogen bonds 
between interfacial water molecules as thev 
interact with the organic phase. 

Further experiments have allowed the 
identification and characterization of the dif- 
ferent interfacial water species giving rise to 
the spectrum in Fig. 1A. All spectra display a 
sharp peak at higher energies, at -3700 
cm-' and 3669 + 1 cm-' for the vaporlwater 
(9, 14) and CC1,/H20 interfaces, respective- 
ly, with a weaker but measurable peak at 
3669 ? 4 cm-' for the hexanelwater inter- 
face. This peak corresponds to the "dangling 
bond" or "free OH bond" of water molecules 
that straddle the interface, this bond being the 
one that protrudes into the organic or vapor 
phase. This OH stretch mode is energetically 
uncoupled from its adjoining OH bond that is 
directed into the aqueous phase where it hy- 
drogen bonds to other water molecules. The 
red shift of the free OH bond energy for all 
liquidliquid interfaces studied here relative 

to the free OH bond of the vaporlwater inter- 
face (Fig. 1C) indicates an attractive interac- 
tion between this free OH bond and the in- 
terfacial organic molecules. (19) To confirm 
this, IR absorption measurements of HOD in 
CC14 were conducted (Fig. 2A) (20). Isotope 
experiments such as these are important be- 
cause the vibrational spectrum of HOD is 
much simpler than that of H20 because of a 
reduction in intra- and intermolecular cou- 
pling, which broadens the spectral features in 
the case of H20 (21-25). Under the condi- 
tions employed, where only monomeric HOD 
and D20 are present in CCl,, the Fourier 
transform infrared (FTIR) spectrum of HOD 
in CCl, displays a single peak at 3663 cm-' 
(Fig. 2A). This peak corresponds to the un- 
coupled OH stretch mode of HOD and is 
similar in energy to the uncoupled free OH 
bond mode of Fig. 1A. 

To obtain the OH spectrum of the adjoining 
OH bond of the molecules that straddle the 
interface (the bond that is directed into the 
aqueous phase), VSF measurements of HOD at 
the CCl,/H,O interface were made (Fig. 2B). 
The VSF spectnun of HOD shows the free OH 
mode peak at 3667 cm-' (Fig. 2B) and a 
broader peak at 3450 cm-', which we attribute 
to the uncoupled OH stretch mode of interfacial 
HOD molecules that have an OH bond protrud- 
ing into the aqueous phase. The energy and 
breadth of this peak relative to the free OH 
bond mode confirm that it is hydrogen bonding 
with other water molecules. Hence, the spec- 
trum in Fig. 2B represents the effective VSF 
spectrum of the portion of interfacial H20 mol- 
ecules in Fig. 1A composed of a free and 

Fig. 1. VSF spectra of the 
CClJwater (A), hexanel 
water (B), and vaporlwater 
interfaces (C), indicating 
the differences in hydrogen 
bonding at the various in- 
terfaces. Intensity varia- 
tions in the 2800 to 3000 
cm-' region for hexanel 
water are due to absorp- 
tion of the incident IR 
beam by CH stretching 
modes in the bulk hexane 
phase, making quantitative 
comparison in this region 
with the other two spectra 
not appropriate. 
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bonded OH bond, because these H20 mole- 
cules (molecules that straddle the interface) 
have similar vibrational decoupling to that of 
HOD. This leads us to conclude that a substan- 
tial portion of the intensity in the 3450 cm-' 
region of the spectrum in Fig. 1A is due to the 
bonded OH mode of these water molecules that 
straddle the interface. Polarization experiments 
confirm that both of these adjoining OH bonds 
have a perpendicular component and do not lie 
exactly parallel to the interfacial plane. 

The remaining portion of the H20 spec- 
trum of Fig. 1A that has not yet been ex- 
plained is in the 3600 cm-' region at slightly 
lower energy than the free OH bond mode. 
Because the weakest interacting water mole- 
cules that could be present at the interface 
would be water monomers surrounded by 
CCl,, we measured the IR spectrum of a 
solution of water monomers in CCl, (Fig. 
3A). The OH stretch of these monomers 
shows two characteristic peaks: the symmet- 
ric OH stretch (SS, or v,) at 3616 cm-' and 
the asymmetric OH stretch (AS, or v,) at 
3708 cm-' that bracket the free OH bond 
stretch mode in the CC14/H20 VSF spectrum 
shown for comparison in Fig. 3B. The energy 
of the SS mode corresponds well with the 
VSF intensity in the 3600 cm-' region of 
CC14/H20. Hence, the spectral intensity in 
this region must correspond to interfacial wa- 
ter molecules that have weak H20-H20 or 
CC1,-H20 bonding interactions comparable 
to the CC1,-H20 interactions in bulk CCI,; 
that is, monomeric interfacial water mole- 
cules whose sole interaction is with CC1, 
(monomers) and hydrogen bond acceptor in- 
terfacial water molecules that hydrogen bond 
to other water molecules through the lone 
electron pairs on the oxygen atom (HB 
acceptor). 

Because VSFS is a coherent process, 
neighboring resonant vibrational modes can 
interfere in a constructive or destructive man- 
ner, depending on the inherent phase (26) and 
orientation of the molecular vibration. (27- 
29) The intensity in the 3600 cm-' region of 
CC141H20 is consistent with constructive in- 
terference between the free OH bond mode 
and the SS mode of interfacial H20 mono- 
merslm acceptors. Given that the free OH 
bond mode has a substantial perpendicular 
component relative to the interface, construc- 
tive interference between this mode and the 
SS of the monomerlHB acceptor molecules 
can only occur if their dipole is in the same 
orientation; that is, oriented with their hydro- 
gen atoms pointed into the CC1, phase (27). 
Because under I,,, polarization, the SS and 
AS of monomericIHB acceptor are 180" out 
of phase (27), the SF response from the AS 
mode of such oriented water monomers/HB 
acceptors results in destructive interference 
near 3700 cm-' with the free OH bond mode. 
This would be manifested by a relatively 

sharp drop in intensity on the high-energy 
side of the free OH bond mode, as is observed 
in Fig. 1A. 

Further evidence confirming the orienta- 
tion and presence of these oriented monomer1 
HI3 acceptor water molecules at the interface 
comes from experiments in which the aque- 
ous-phase pH varied. As the pH is altered 
(Fig. 3, C and D), distinct changes are ob- 
served in the monomeric AS and SS regions. 
At low pH and up until neutral pH, very little 
change is observed in these regions (compare 
Fig. 3, B and D). At higher pH (Fig. 3C), a 
distinct decrease in intensity in the SS region 
and an increase in the AS region is observed, 
indicating a change in the average orientation 

of these monomeric/HB acceptor molecules 
of -180". This flip in orientation of the 
molecular dipole and the corresponding 
- 180' phase change result in the SS intensity 
becoming out of phase and the AS becoming 
in phase with the free OH bond as observed. 
No change was observed in ionic strength 
studies using NaCl as a solute. We attribute 
the flip in orientation observed for these in- 
terfacial water molecules to a change in in- 
terfacial potential caused by the change in 
interfacial OH- concentration. 

A best fit to the data based on spectral 
peak positions and widths of the contributing 
OH stretching modes of water derived from 
the isotope and IR spectroscopic measure- 

Fig. 2. Isotopic exchange 
studies in bulk CCI, and at 
the CCl,/water interface 
(A) FTlR spectrum of 
HOD in bulk CCl,. (0) VSF 
spectrum of HOD at the 
CC141water interface. At 
mole fractions of 0.198 
and 0.012 for HOD and 
H,O, respectively, the SF 
signal in the OH stretch- 
ing region originates 
primarily from HOD 
molecules. 

Fig. 3. Comparison of the 
vibrational spectrum of 
monomeric water in bulk 
CCl, to the VSF spectrum 
of the neat CCl,/water in- 
terface for the aqueous 
phase at different pH val- 
ues. (A) FTlR spectrum of 
CCI, with trace amounts of 
H20.  The vertical axis is in 
percent transmittance (% 
T). (0) VSF spectrum of 
the neat CCI,/H,O inter- 
face at neutral pH, with the 
least-squares spectral fit to 
data superimposed as a 
blue solid line. The individ- 
ual peaks composing the fit 
are shown in Fig. 48. (C) 
VSF spectrum of the neat 
CC14/H20 interface, with 
the aqueous-phase pH at 
9.87. (D) VSF spectrum of 
the neat CCL,/H,O inter- 
face, with the aqueous- 
phase pH at 2.45. HCL and 
NaOH solutions were used 
to adjust the pH of the 
aqueous phase. 
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ments described above results in an excellent 
fit to the experimental data (Fig. 3B). The 
contributing spectral peaks and their respec- 
tive phases derived from the best fit are 
shown in Fig. 4B along with a corresponding 
picture of these different interfacial water 
species and their orientation derived from the 
phase (Fig. 4A). The fit gives rise to SS and 
AS bands (no. 3 in Fig. 4) at 3618 2 2 cm-' 
and 3708 t 2 cm-' that coincide well with 
the SS and AS modes of water monomers in 
CCI,. The frequencies and the phase (ampli- 
tude sign) of the peaks provide convincing 
evidence that whereas these water molecules 
have weak or negligible interactions with oth- 
er water molecules, their interaction with the 
polarizable interfacial organic phase causes a 
net orientation of these molecules with their 
hydrogens pointed into the CCI,, as depicted 
in Fig. 4B. The frequencies derived from the 
fit for the free OH and bonded OH modes 
(nos. 4 and 2) of water molecules that strad- 
dle the interface (Fig. 4B) also show good 
agreement with the HOD studies. The broad 
peak near 3250 cm-' (no. 1) is attributed to 
the assembly of more strongly hydrogen- 
bonded interfacial water molecules that inter- 
act with interfacial and bulk-phase water 
molecules. Recent molecular dynamics sim- 
ulations (30) of this interface are consistent 
with our observations. 

The combined areas under the peaks cor- 
responding to these oriented and weakly 
bonded water molecules [that is, those that 
straddle the interface (nos. 4 and 2) and in- 

ing to the peaks in 
the spectrum of (8). 
Dashed lines repre- 
sent H,O-H 0 inter- 
actions, an8 dotted 
lines represent H,O- 
CCL, interactions. (B) 
Peak positions for the 
various OH modes de- 
rived from the fit to 
the data in Fig. 38. 
Each fitted peak is 
shaded either blue (+) 
or red (-), identifying 
the relative phase of 
the molecular vibra- 
tion. Peak parameters 
[peak position, full 
width at half maxi- 
mum, and peak inten- 

terfacial water monomersIHB acceptors (no. 
3)] make the most substantial contribution to 
the VSF spectrum and consequently represent 
the majority of the water molecules in the 
interfacial region. Although quantitative 
comparison of peak areas is complicated by 
the fact that increased hydrogen bonding re- 
sults in stronger OH stretch intensity (17), 
such trends would support an even stronger 
dominance in the proportion of weakly inter- 
acting interfacial water molecules at these 
organiclwater interfaces. The spectra do not 
provide support for commonly accepted mod- 
els of an increase in the coordination number 
of water molecules at an organiclwater inter- 
face andlor a strengthening of the hydrogen- 
bonding network between water molecules, 
both which would appear as a growth in 
intensity at lower frequencies rather than as 
an observed reduction in intensity in this 
region. 

These studies demonstrate that dipolar in- 
teractions between interfacial water mole- 
cules and the polarizable organic phase play 
an important role in the interfacial region, 
resulting in strong orientation effects. The 
orientation of these water molecules that in- 
teract with the organic phase can be altered 
by changes in the pH of the aqueous phase. 
Such results have important implications for 
developing a molecular-level picture of some 
of the most important technological and bio- 
logical processes in our everyday lives, in- 
cluding the penetration of water into lipids 
and macromolecular assemblies, chemical 

Fig. 4. Water mole- 
cules present at the 
neat CCIJH,O inter- 
face. (A) Schematic of 
the water molecules 
in the VSF spectrum 
of the neat CCI,/H,O 
interface, correspond- I 

sity (followed by am- 
plitude s i ~ n  in paren- 

2 
ided OH I 

IR Energy (cm-1) 
theses)] are as follows: 
3250 cm-', 284 cm-', 0.32 (-); 3444 cm-', 220 cm-', 0.50 (-); 3575 cm-l, 70 cm-l, 0.08 (+); 
3618 cm-', 66 cm-', 0.30 (+); 3669 cm-', 44 cm-l, 0.88 (+);and 3707 cm-', 60 cm-l, 0.21 (-). 

separations, interfacial polymerization, mo- 
lecular transport, and macromolecular fold- 
ing and assembly. 
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Controlled Rotation of 

Optically Trapped Microscopic 


Particles 


We demonstrate controlled rotation of optically trapped objects in  a spiral 
interference pattern. This pattern is generated by interfering an annular shaped 
laser beam wi th  a reference beam. Objects are trapped in  the spiral arms of the 
pattern. Changing the optical path length causes this pattern, and thus the 
trapped objects, t o  rotate. Structures of silica microspheres, microscopic glass 
rods, and chromosomes are set into rotation at rates in  excess of 5 hertz. This 
technique does not depend on intrinsic properties of the trapped particle and 
thus offers important applications in  optical and biological micromachines. 

Optical forces have been used to trap and 
manipulate micrometer-sized particles for 
more than a decade (1). Since it was shown 
that a single tightly focused laser beam could 
be used to hold, in three dimensions, a mi- 
croscopic particle near the focus of the beam, 
this optical tweezers technique has now be- 
come an established tool in biology, enabling 
a whole host of studies. They can be used to 
manipulate and study whole cells such as 
bacterial, fungal, plant, and animal cells (2) 
or intracellular structures such as chromo-
somes (3). Optical tweezers make use of the 
optical gradient force. For particles of higher 
refractive index than their surrounding medi- 
um, the laser beam induces a force attracting 
the trapped particle into the region of highest 
light intensity. 

The ability to rotate objects offers a new 
degree of control for microobjects and has 
important applications in optical microma- 
chines and biotechnology. Various schemes 
have, therefore, been investigated recently to 
induce rotation of trapped particles within 
optical tweezers. This could be used to realize 
biological machines that could function with- 
in living cells or optically driven cogs to 
drive micromachines. 

Besides the use of specially fabricated 
microobjects (4) ,  two major schemes have 
successfully enabled trapped microobjects to 
be set into rotation. The first scheme uses 
Laguerre-Gaussian (LG) light beams (5-7). 
These beams have an on-axis phase singular- 
ity and are characterized by helical phase 
fronts (Fig. 1A). The Poynting vector in such 
beams follows a corkscrewlike path as the 
beam propagates, and this gives rise to an 
orbital angular momentum component in the 
light beam (8) .  This angular momentum is 
distinct from any angular momentum due to 
the polarization state of the light and has a 
magnitude of Ih per photon. Specifically, 1 
refers to the number of complete cycles of 
phase ( 2 ~ 1 )upon going around the beam 
circumference. However, to transfer orbital 
angular momentum to a trapped particle with 
such a beam, the particle must typically ab- 
sorb some of the laser light yet still be trans- 
parent enough to enable tweezing to occur. 
This in turn restricts the range of particles to 
which this method can be applied. and it also 
further limits this technique because any 
heating that arises from this absorption could 
damage the rotating particle. Furthermore. as 
the oarticle absorption can be difficult to 
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that can be exchanged with a birefringent 
medium (e.g., calcite) upon propagation of 
the beam through the medium. This is anal- 
ogous to Beth's famous experiment-where 
he measured the torque on a suspended half- 
wave plate as circularly polarized light 
passed through it (11)-but here we are 
working on a microscopic scale. This method 
has shown rotation rates of a few hundred 
hertz for irregular samples of crushed calcite. 
but it is difficult to control and is limited 
solely to birefringent media so it is not widely 
applicable. Although both of these methods 
have proven useful in specific applications. 
they do have serious shortcomings for gener- 
al applications in rotating optical microcom- 
ponents and realizing optical micromachines. 

We introduce a general scheme for rotat- 
ing trapped microobjects. Specifically. we 
trap objects within the interference pattern of 
an LG beam and a plane wave (Fig. IB) (12). 
By changing the path length of the inter- 
ferometer, we are able to cause the spiral 

objects in such a beam is very difficult to azimuthal index 1 = 3 (helical structure) and 
'School of Physics and Astronomy, St. Andrews reallze, intensity pattern when interfered with a plane 
University. North Haugh, St. Andrews. Fife KY16 wave. The phase fronts describe a triple start 
9SS, Scotland. 2School of Biology, Bute Building, St. ~h~ other technique for rotation makes 

intertwined helix that repeats its shape every h 
Andrews University, St. Andrews, Fife KY16 9TS, the change in polarization state but only fully [h, (B), we can seerotates after 
Scotland. light upon passage through a birefringent the experimental forms of the interference pat- 
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mail: kdl@st-and.ac.uk polarized light has spin angular momentum plane waves used in our experiments. 
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