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The hydrophobic interaction
is long range,
decaying exponentially with distance

Jacob Israelachvili & Richard Pashley

Department of Applied Mathematics,
Institute of Advanced Studies, Australian National University,
Canberra, ACT, 2600 Australia

The attractive interaction between organic nonpolar molecules,
such as hydrocarbous, in water is unusually strong. This ‘hydro-
phobic interaction’ is responsible for the very low solubility of
hydrophobic molecules in water, and has a central role in micelle
formation, biological membrane structure, and in determining
the conformations of proteins®’. It was once believed that
because the interaction is so strong there is a ‘hydrophobic
bond’ associated with it>*; but it is now recognized that the
interaction involves the configurational rearrangement of water
molecules as two hydrophobic species come together®® and is
therefore of longer range than a typical covalent bond.
However, there has been no experimental information available
concerning the distance dependence and effective range of this
interaction. From measurements of the fotal force as a function
of distance between two hydrophobic surfaces immersed in
aqueous electrolyte solutions we have determined accurately
the attractive component due to the hydrophobic interaction
and found that the hydrophobic interaction has the same range
as, but is about an order of magnitude stronger than, the van
der Waals-dispersion force; and that in the range 0-10 nm it
decays exponentially with distance with a decay length of
~1 nm. The results can be roughly extrapolated to molecular
interactions and show that the interaction free energy of two
hydrophobic solute molecules of radius R (nm) in water at
21°C is approximately given by AGy=-40R kJ mol™,
which is in agreement with previous estimates. However, the
hydrophobic interaction is not due to a ‘hydrophobic bond’,
and its long-range nature has obvious implications for the
mechanism and rates of folding as well as the equilibrium
conformations of proteins and other macromolecules.

We have measured the forces between two hydrophobic
surfaces in aqueous solutions in the distance range D = 0 {(con-
tact) to D >50nm.The experimental techniques used were
similar to those used previously for measuring the forces
between mica surfaces in liquids'®"*, which allow for the force
F between two crossed cylinders of mica of radius R to be
measured with a distance resolution of about 0.2 nm. In the
present experiments the mica surfaces were rendered hydro-
phobic by the adsorption of a monolayer of the cationic surfac-
tant hexadecyltrimethylammonium bromide, CH;—(CHy),s—
N(CH;)$B1® or CTAB, from solution. At concentrations just
below the CMC (107 M) the positive CTA® group adsorbs
onto the negatively charged mica surface as a compact
monolayer exposing a hydrophobic surface composed of CH;
and CH, groups 2. In this range of concentrations the net surface
charge on the mica®-CTA® surface goes from being negative
to positive, passing through its point of zero charge (PZC).
Thus in addition to any attractive force between two such
monolayer-covered surfaces there is a repulsive electric
‘double-layer’ force arising from the incomplete charge
neutralization at the mica®-CTA® interface. We have measured
how these forces vary with distance for a range of CTAB
concentrations in both distilied water and in NaCl and KBr
solutions up to 0.1 M and at various pH values in the range
5.4-10.4.
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Fig. 1 Measured repulsive force F between two cylindrically
curved hydrophobic surfaces (of radii R) as a function of distance
D in ~107*M NaCl and KBr solutions at 21°C (plotted as
normalized force F/R). The effective surface charge density cor-
responding to the observed double-layer forces are le per 5 nm

(a), and le per 95 nm? (b). The solid lines are the theoretical
force laws expected from the classical DLVO theory*'®. Dotted
lines, experiment force laws. Inset: measured force law between
uncoated mica surfaces where excellent agreement with the DLVQ
theory is obtained. Errors in distance measurements are negligible
(0.2 nm); errors in the force are roughly equal to the size of the
experimental points, except at smaller distances where the errors
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Fig. 2 Adttractive force law Fy as a function of distance D as
deduced from a wide range of force curves such as those shown
in Fig. 1 (and for different values of R between 0.75 and 2.0 cm).
Experimental points are obtained from the differences between
the measured and theoretical forces in the regions of the observed
maxima (arrows in Fig. 1). The hydrophobic interaction decays
exponentially out to a separation of about 10 nm, and is given by
Fu/R=014¢"""°Nm™’

Figure 1 shows the measured forces in two instances: high
surface charge, and very low surface charge (near the PZC). In
each case {and in many others, not shown) the attractive com-
ponent of the interaction greatly exceeds that expected from
the normal van der Waals-dispersion contribution to the total
van der Waals + double layer (DLVO) interaction'*'®, which is
shown as the solid curves in Fig. 1. This is in marked contrast
to similar measurements of forces between uncoated mica sur-
faces in dilute electrolyte solutions'''* where the agreement
with the DLVO theory is excellent (Fig. 1 inset).

By subtracting the measured forces from the theoretical
curves one can deduce the additional attractive force between
the hydrophobic surfaces at different values of D down to the
‘force barriers’ {arrows in Fig. 1), below which the net force
becomes rapidly attractive and the two surfaces jump into
monolayer contact at D =0,

The additional attractive (hydrophobic) force is plotted as
Fyu/R against D in Fig, 2, where we have also included the
adhesion or ‘pull-off’ force at I = 0, given by the force needed
to separate the two surfaces from adhesive contact. It is
apparent that over the distance range 0-10 nm the hydrophobic
force-law is well described by an exponential function given by

Fy/R=C e ™M

where C=0.14x0.02Nm™,
1.0+0.1 nm.

We found that the strength of this interaction is not sensitive
to the type and concentration of the electrolyte present, nor to
the pH. The adhesion foree Fy/R at D =0 did, however,
increase slightly when the repulsive double-layer forces were
weaker, as might be expected. Experiments were also perfor-
med with the surfactant concentration progressively diluted to
1/100 of the CMC with no resulting change in the attractive

and decay length Dy=

force-law, thus ruling out the possibility that the presence of
surfactants is responsible for the extra attraction (through some
bridging mechanism involving premicellar aggregates, for
example).

The measured attractive force-law is about an order of
magnitude larger than the maximum possible van der Waals-
dispersion force; and since it decays exponentially with distance
rather than as a power law it cannot be attributed to a ‘modified’
dispersion interaction. It is most likely that this force is the
‘hydrophobic interaction’. Although we cannot discuss here all
the implications arising from this work or correlate our results
with previous experimental and theoretical studics the following
three points are notable:

(1) The hydrophobic interaction acts over long-range and
cannot be considered as arising from any bond-like association.
For two surfaces 50% of the total interaction free energy occurs
at distances beyond about two water molecule diameters. The
exponential dependence of the interaction has been predicted
in recent theories of solvation forces™*,

(2) The measured force law given above corresponds to a
pair interaction free energy of

AGH = _CRD() eADfDD
=~—84R ¢ PP kI mol™ (R in nm)

for two crossed cylinders or for a sphere of radius R near a
flat surface, while more generally the value of R above should
be replaced by R.R,/(R1+R,) for two interacting spheres of
radii R, and R,. Although there are obvious objections to
extrapolating this expression down to molecular radii, it does
give surprisingly good values when used to estimate the hydro-
phobic interaction of small solute molecules in water. Thus for
two dissolved methane molecules (hard sphere radius R =
0.18 nm)""*°, two benzene molecules (R = 0.25 nm)*™'*, and
two cyclohexane molecules (R =0.28 nm)'"'®, the values
obtained for the free energy of dimerization (AGy=
—42R kI mol ! at D =0) in each case are AGy, = 7.6, 10.5 and
11.8 kI mol™", respectively, which compare surprisingly well
with the various theoretical and experimentally determined
values of 7.5-8.8 (refs 5, 6), 8.5-9.6 (refs 9, 20) and 11.3 (ref.
20) kJ mol ™",

(3) The long-range attractive forces measured between sur-
factant'> and lipid bilayers®?, where both hydrophilic and
hydrophobic groups are present at these interfaces, appear to
be well described by the van der Waals-dispersion force, sug-
gesting that the hydrophobic interaction is neutralized when
the local structure of water molecules is dominated by their
interaction with nearby hydrophilic groups.
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