perhaps because of steric effects. [Ethanol
forms solid complexes with cholesterol;
methanol does not (5).]

For all of the cosolvents studied, the
Krafft pressure was near the critical pressure
of CO,. Transitions, however, were much
less sharp than those observed without co-
solvent. A gradual sharpening of the peaks
was seen when the pressure fell through the
critical region in a solution of spin-labeled
cholesterol and 3% (v/v) methanol in CO,.
The sharpening was more abrupt when zerz-
butanol was the cosolvent. When cosolvents
are added to supercritical CO,, the broad-
ened Krafft pressure region may be due to
increased  polydispersity in  aggregation
number.

There 1s a good correlation between the
degree of spin-spin broadening in the EPR
spectrum of spin-labeled cholesterol in vari-
ous COj-cosolvent mixtures and the ob-
served enhancement in the rate of enzymatic
cholesterol oxidation (Fig. 6). The rate of
reaction increases when cholesterol is more
tightly aggregated and the local concentra-
tion of polar hydroxyl groups is higher.
EPR spectroscopy indicates that this aggre-
gation is promoted by solvents isobutanol
and zert-butanol, whereas methanol and ace-
tone do not enhance aggregation. Choles-
terol aggregation appears to be the domi-
nant factor affecting the rate of enzymatic
oxidation; increased solubility of cholesterol
(due to addition of cosolvent to supercritical
CO;) does not necessarily lead to higher
reaction rates.

There are several possible explanations for
the enhanced enzymatic activity with the
addition of aggregate-enhancing cosolvents
such as isobutanol or zert-butanol. As with
many membrane-bound proteins (18), cho-
lesterol oxidase from Nocardin vhodocrous
contains a hydrophobic anchor region that
confers amphipathic properties on the en-
zyme, causing the enzyme to bind to hydro-
phobic membranes and to detergent micelles
(19). A detergent micelle or hydrophobic
surface is necessary for full enzymatic activi-
ty. Although it has not been confirmed that
cholesterol oxidase from G. chrysocreas has a
hydrophobic anchor region, such amphi-
pathic character is likely. Increased hydro-
phobic surface area due to formation of
larger aggregates may allow stronger bind-
ing of enzyme to cholesterol aggregates.
Cosolvents such as tert-butanol and isobu-
tanol may also act as stabilizing “spacers,” a
well-known phenomenon in liquid micellar
systems (20). Increased enzymatic activity
may then result from more favorable choles-
terol spacing, as occurs in aqueous solution
when cholesterol is placed in mixed micelles
of dioctanoylphosphatidylcholine  (21).
Alternatively, increased activity may result
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from steering effects caused by the holding
of cholesterol molecules in a more rigid
orientation than that of monomeric choles-
terol free in solution.
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Cavitation and the Interaction Between Macroscopic

Hydrophobic Surfaces

Huco K. CHRISTENSON AND PER M. CLAESSON*

The interaction in water of neutral hydrocarbon and fluorocarbon surfaces, prepared
by Langmuir-Blodgett deposition of surfactant monolayers, has been investigated. The
attraction between these hydrophobic surfaces can be measured at separations of 70 to
90 nanometers and thus is of considerably greater range than previously found.
Spontaneous cavitation occurred as soon as the fluorocarbon surfaces were brought
into contact but occurred between the hydrocarbon surfaces only after separation from
contact. The very long range forces measured are a consequence of the metastability of
water films between macroscopic hydrophobic surfaces. Thus the hydrophobic interac-
tion between macroscopic surfaces may not be related to water structure in the same
way that the hydrophobic effect between nonpolar molecules is related to water

structure.

ERY STRONG LONG-RANGE AT-
tractive forces have been measured
between macroscopic hydrophobic
surfaces in water (I—4). This attraction can-
not be accounted for by the classical Derja-
guin-Landau-Verwey-Overbeek  (DLVO)
theory (5, 6) or Lifshitz theory (7, 8), and
there has been no satisfactory explanation.
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Similarly, interactions between small hydro-
phobic moieties drive amphiphile aggrega-
tion (9) and help to determine the confor-
mation of proteins in solution (10). The
nature and origin of these hydrophobic
forces present physicists, chemists, and biol-
ogists with a key problem. We report new
measurements of the interaction between
neutral macroscopic hydrocarbon and fluo-
rocarbon surfaces. In comparison with our
results, earlier measurements of the hydro-
phobic attraction do not seem very different
from the continuum van der Waals force.
The hydrophobic surfaces were prepared
by Langmuir-Blodgett deposition (4) of
double-chain cationic hydrocarbon and flu-
orocarbon surfactants on mica. The hydro-
carbon surfactant was dimethyldioctadecyl-
ammonium bromide (DDOA; deposition
pressure of 25 mN/m), and the fluorocarbon
surfactant was N-(a-trimethylammonioace-
tyl)-0,0'-bis-(1H,1H,2H,2H-perfluorode-
cyl)-L-glutamate chloride (deposition pressure
of 20 mN/m). The advancing (6,) and reced-
ing (6;) contact angles of water on these

Fig. 1. The force F normalized by the radius of
curvature R of the surfaces as a function of
separation D for two mica surfaces rendered
hydrophobic by deposition of dimethyldiocta-
decylammonium bromide (DDOA) and im-
mersed in water. The various filled symbols are
the results of separate measurements. The attrac-
tive force is well described by the equation
F/IR = —2.3 exp(—D/13), where F/R and D have
the units shown in the figure. The solid line shows
the results of (3) (the force measured between
surfaces coated with dihexadecyldimethylammon-
ium acetate by adsorption from solution). The
dotted line is the nonretarded continuum van der
Waals force for bare mica surfaces across water
(Hamaker constant A = 2 X 102 J), which is
an upper bound for the theoretically expected
interaction in this system.

Fig. 2. Vapor cavities in water between curved
(R ~ 1 cm) mica surfaces coated with DDOA.
The mica surfaces are silvered on the back sides,
and the standing wave pattern created by multiple
reflections of incident white light gives an accu-
rate reflection of the surface shape and allows
calculation of the surface separation and refractive
index of the intervening medium. The fringe
pattern observed in a spectrometer is shown on
the left, and the surface configuration, which may
be deduced therefrom, is shown schematically on
the right. A difference in optical path length due
to a decrease in refractive index causes the inter-
ference condition to occur for shorter wave-
lengths (a shift to the left of the fringe). At a
vapor-water interface there is thus a discontinuity
in the fringes. (A) At a separation of 100 nm, the
fringe pattern is characteristic of the curved sur-
faces. (B) As the surfaces come into molecular
contact, they deform and flatten (contact diame-
ter, 50 wm) as a result of the large adhesion. (C)
Upon subsequent separation (150 nm), a
“bridge” of refractive index 1.00 can be seen to
connect the surfaces. (D) The diameter of this
vapor cavity decreases with surface separation (1
pm).
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surfaces were 6, = 93° 0, = 60° (DDOA)
and 6, = 113°, 6, = 60° (fluorocarbon sur-
face). These surfaces were stable for days in
distilled water, that is, the contact angle was
not measurably affected. The surfaces were
mounted in a surface force apparatus (11) that
was subsequently filled with deaerated water;
multiple-beam interferometry (12) was used
to measure the force between the surfaces and
to study the occurrence of cavitation.

The force as a function of surface separa-
tion between two DDOA-coated surfaces is
shown in Fig. 1. There is a measurable attrac-
tion at 70 nm, which appears to decay expo-
nentially with a decay length of 13 nm in
the range from 30 to 70 nm. For comparison,
the force measured between surfaces coated
with dihexadecyldimethylammonium acetate
(DHDAA) by adsorption from solution (3)
and the continuum van der Waals force are
shown.

There is a strong adhesion between
DDOA-coated surfaces (typically 300 to 500
mN/m), much stronger than expected from
simple extrapolation of the fit to the forces at
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separations beyond 30 nm. The interaction is
not a simple exponential over the entire range,
as was suggested in (2) and (3). On separation
from contact, a vapor cavity is formed as a
bridge between the surfaces (Fig. 2), as was
found with DHDAA (3) and suggested earli-
er (13). This cavity remains stable to a separa-
tion of 1 wm but vanishes instantly if the
surfaces are brought back into contact.

Between fluorocarbon surfaces, the mea-
sured force is similar to that found with
DDOA but of slightly longer range (measur-
able at 90 nm, decay length of 16 nm in the
range from 30 to 90 nm). As the surfaces
come into contact, however, the behavior is
dramatically different. A number of small
vapor cavities form spontaneously as soon as
the surfaces have come into contact (Fig. 3, A
and C); the surfaces often stop at a separation
of 1 to 4 nm as the cavities form. Thereafter
they continue into contact slowly, presumably
because the cavities impede the drainage of
water from between the surfaces. After separa-
tion, distinct vapor bridges connect the sur-
faces (Fig. 3, B and D). These bridges gradu-
ally coalesce with increasing surface separation
but remain stable out to several micrometers.

The interfacial free energy of a hydrophobic
surface is lower against vapor than against
water (that is, the contact angle is greater than
90°), so that it is energetically favorable to
replace water between the surfaces by water
vapor, provided the increase in free energy
resulting from the vaporization of water and
the formation of a vapor-water interface do
not together exceed this free energy gain.
Unfortunately, a precise analysis of the condi-
tions governing cavity formation is difficult.
Spontaneous cavitation at contact seems im-
possible in that water would have to recede
over the surface, and, since 0, < 90° no
cavitation should occur. Obviously, the mac-
roscopic contact angle is not necessarily the
correct parameter to use for a dynamic process
such as cavitation (for both surfaces the mea-
sured adhesion in water is greater than in air).
There is also an activation energy (I4) that
depends on the particular surface and the
dynamics of cavity formation.

The pressure inside the cavity (at equilibri-
um) is not accurately known, but it must lie
between the vapor pressure of water (with a
minor correction for meniscus curvature) and
atmospheric pressure (if the water is saturated
with air). The pressure difference AP across
the cavity-water interface is given in terms of
the surface tension -y and the principal radii of
curvature 7y and 7, by the Laplace equation,

AP = y(1/r, + Liry) 1)

Since AP must be in the range 0 to —1 atm
(the pressure inside the cavity is lower), the
total radius of curvature is negative and must
have a magnitude exceeding 700 nm. Because
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Fig. 3. The appearance of (A and B) the interfer-
ence fringes and (C and D) the surfaces for mica
surfaces coated with a monolayer of the fluorinat-
ed surfactant N-(a-trimethylammonioacetyl)-
0,0'-bis-(1H,1H,2H,2H-perfluorodecyl)-L-glu-
tamate chloride and immersed in water. As the
surfaces are brought into contact (A and C), many
small cavities form, leading to a number of dis-
continuities in the fringes. After separation (B and
D), several distinct cavities remain between the
surfaces.

Fig. 4. A comparison of the attractive force
between fluorocarbon monolayer surfaces in the
absence (solid line) and in the presence (dashed
line) of a vapor cavity connecting the two sur-
faces. Since the energy state at contact is the same
in both cases, the greater attraction without the
cavity (the hydrophobic force) indicates a higher
energy state away from contact. The hydrophobic
interaction is thus a nonequilibrium force. The
magnitude of the attraction is similar to that
measured by us between hydrocarbon surfaces
(compare with Fig. 1).

of the flattened contact zone, an annular
cavity must have one large positive radius of
curvature and a negative radius of some mini-
mum magnitude. This leads to a critical de-
pendence of the annulus size on the contact
angle. Only for contact angles approaching
90° can such a cavity become arbitrarily small.
We do not know what the “microscopic”
contact angle at the cavity-water interface is,
but with neither surface does a single, large
annulus form in contact. Such an annular
cavity has been reported between contacting
glass surfaces in mercury (15).

The many small and separate cavities
formed between the fluorocarbon surfaces
avoid the constraint of one large positive
radius of curvature, and it becomes easier to
satisfy the Laplace pressure condition. With
the hydrocarbon surfaces the activation ener-
gy is higher and cavities cannot form at
contact, only during or after separation. Possi-
bly the separation from molecular contact
causes a reduction in local pressure that facili-
tates cavitation. We cannot rule out that local
defects in the deposited monolayers reduce
the activation energy and are responsible, at
least in part, for the difference between the
hydrocarbon and fluorocarbon monolayers.
After separation the cavity forms a cylindrical
bridge with the two radii satisfying the curva-
ture requirements. No cavity is observed after
the surfaces are brought together again, so
cither it has disappeared completely or be-
come immeasurably small.

The free energy of two hydrophobic sur-
faces at small separations is lowered by the
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presence of a cavity. At contact there is a
minimum in the free energy, and it is indepen-
dent of whether a cavity was present away
from contact or not. To go from a finite
separation to contact leads to a smaller de-
crease in the free energy in the presence of a
cavity than in its absence. This shows up
experimentally as a much reduced attractive
force (the change in free energy with separa-
tion) with a cavity present (Fig. 4).

It remains to consider the reason for the
much larger attraction found here as com-
pared to earlier measurements. In the case of
monolayers adsorbed from solution (2, 3) it is
impossible to rule out the presence of a
weakly adsorbed second layer [in (3) bilayer
adsorption did eventually take place]. A weak-
ly adsorbed bilayer would increase the stabil-
ity of the interlayer of water and reduce the
range of the force. Because a second layer is
easily squeezed out, the short-range force,
adhesion, and cavitation behavior would be
similar. Earlier results with DDOA (4)
seemed to show a shorter decay length (5.5
nm) of the attraction, but this was measured
in the presence of a repulsive double-layer
force. The difficulty of accurately subtracting
this may account entirely for the difference.

The “hydrophobic interaction” between
macroscopic surfaces in water is not a true
equilibrium force, even though the measure-
ments are reproducible. We believe that there-
in lies the key to the problem. We suggest that
the hydrophobic attraction between macro-
scopic surfaces originates from a local imbal-
ance of the kinetic and cohesive pressures (16)

in the metastable liquid layer separating the
two hydrophobic surfaces, which may lead to
an attraction of considerable range and mag-
nitude. Laplace’s original formulation of the
capillary pressure relation does consider the
internal pressure of the liquid (17), and it is
perhaps time to resurrect this term.

The alternative explanation of an equilibri-
um structural force that results in a measur-
able attraction at a separation of 300 molecu-
lar diameters of water appears to be less likely,
particularly as the range of the repulsive hy-
dration force between hydrophilic surfaces is
20 molecular diameters or less (18, 19).

An important consequence of our sugges-
tion is that any extrapolation of the interac-
tion measured between macroscopic surfaces
down to molecular dimensions (2) is not
justified. The hydrophobic effect between
nonpolar solute molecules and the hydropho-
bic attraction between macroscopic surfaces
are not the same thing. Nevertheless, aware-
ness of the existence of such an extraordinarily
long-range attraction between macroscopic
hydrophobic surfaces must be of great impor-
tance for many technological applications
such as mineral flotation, wetting of surfaces,
and colloidal stability.
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