BRIEF COMMUNICATIONS

SUPERHYDROPHOBICITY

Drying transition of confined water

Long-range hydrophobic interactions operat-
ing underwater are important in the mediation
of many natural and synthetic phenomena,
such as protein folding, adhesion and colloid
stability. Here we show that rough hydrophobic
surfaces can experience attractive forces over
distances more than 30 times greater than any
reported previously, owing to the spontaneous
evaporation of the intervening, confined water.
Our finding highlights the importance of sur-
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Figure 1| Cavitation between superhydrophobic
surfaces. a, Plot of force versus displacement
for the underwater approach of a tip towards

a flat surface. The experiment starts at zero
micrometres relative displacement (arbitrarily
defined). The sudden development of a negative
(attractive) force at about 0.4 p.m relative
displacement corresponds to cavitation. Contact
with the surface is indicated by the inflection at
about 2.2 pum (arrow). The distance between the
onset of adhesion and contact (1.8 wm) is the
distance over which cavitation occurs for this
sample. The inset shows the cavitation geometry:
Ap=y(1/r,—1/r,), where Ap is the pressure
difference across the interface, y is the liquid-
vapour interfacial tension, r,,, is the radius of the
meniscus, r,, is the radius of its waist, and r_ is the
contact radius of the cavity on the tip surface. D
is the critical separation below which cavitation
is thermodynamically favoured. See also
supplementary information. b-e, Optical images
of cavitation: b, position of superhydrophobic tip
and substrate just before cavitation; ¢, cavitation
occurs about 33 ms later; d, cavity meniscus,

as seen during tip retraction, one frame before
its unstable collapse; e, a cavity ‘bubble’ is left
behind on both the tip and substrate. These
bubbles, attributed to air supplied from water
and the porous superhydrophobic surface, are
unstable and are readsorbed in about 6 seconds.
In all frames, the circular image at the bottom is
the reflection of the spherical 150-pum-diameter
tip in the flat superhydrophobic surface.
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face roughness in the interaction of extended
structures in water, which has so far been
largely overlooked.

The existence of ‘long-range” hydrophobic
interactions has been debated for more than 25
years', because their reported range of 1-100
nanometres exceeds that of van der Waals forces
and cannot be explained by water restructur-
ing. However, investigations have been limited
to smooth, flat model surfaces’, even though
most surfaces are rough. Roughness strongly
influences wetting — as evidenced by the high
water-contact angles (6 = 160°) and rolling of
water droplets on lotus leaves®.

Knowing that superhydrophobic surfaces
occur naturally and that living systems operate
mainly in water, we investigated the interaction
of rough superhydrophobic surfaces beneath
the water surface. Interfacial-force micros-
copy’ and optical imaging were used to exam-
ine the interaction between two approaching
or retracting superhydrophobic surfaces (water
contact angle 6 of about 170°; see supplemen-
tary information) submerged in either air-
equilibrated or de-aerated water.

We discovered a very-long-range hydro-
phobic interaction that was due to out-of-
contact evaporation, or ‘cavitation, of the
intervening water at tip-to-substrate sepa-
rations ranging from 0.8 wm to as much as
3.5 wm. Cavitation is a first-order phase tran-
sition characterized by a sudden, strong attrac-
tive force (Fig. 1a) and by the appearance of
a vapour bridge spanning the tip-to-substrate
gap (Fig. 1 b-e, and see supplementary infor-
mation for details).

Pre-existing ‘nanobubbles’ of a size com-
mensurate with the interaction length have
been proposed as a source of long-range
interactions®. We therefore used in situ con-
focal imaging to search for bubbles on an
isolated, flat superhydrophobic surface (for
details, see supplementary information). Nei-
ther the microscopy nor neutron reflectivity
experiments’ provide evidence for bubbles
— certainly not micrometre-sized bubbles.
We therefore argue that cavitation is a conse-
quence of, and thermodynamically consistent
with, the properties of confined water'’. The
critical separation, D, below which cavitation is
thermodynamically favoured can be estimated
from Laplace’s equation as 1.4 wm (see supple-
mentary information): this is a lower bound
and will increase if Ap, the pressure difference
across the interface, is reduced by incorpora-
tion of air into the cavity.

Unambiguous cavitation has previously
been observed only following the contact of
smooth hydrophobic surfaces™®"". Although it
is thermodynamically acceptable, out-of-con-
tact cavitation has been modelled as having a
large activation barrier'?, so we need to explain
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why we observe it and how kinetic barriers are
surmounted.

First, we used interfacial-force microscopy’,
in which interfacial forces are counterbal-
anced, to avoid snap-to-contact (when the
rate of change of the force exceeds the spring
constant and the two surfaces snap together
uncontrollably, as occurs in atomic-force
microscopy and in surface-force apparatus
studies®). Second, the calculated D for sub-
merged superhydrophobic surfaces is more
than ten times that of smooth surfaces, which
increases the probability of cavity nucleation
at larger separations. Third, the submerged
superhydrophobic surface presents an intrinsic
liquid/vapour/solid interface, which may serve
as a heterogeneous nucleation surface.

We simulated the molecular dynamics of
a model fluid, which showed the necessary
liquid-vapour behaviour, confined between
two closely spaced surfaces containing oppos-
ing (6 =180°) superhydrophobic patches. The
simulations show that cavitation occurs by the
growth of capillary-like fluctuations of vapour
films extending from the superhydrophobic
surfaces, leading to the sudden formation and
growth of a vapour bridge.

Our experiments reveal that cavitation can
be one source of long-range hydrophobic
interactions. For rough surfaces, the inter-
action length extends to micrometre scales.
Correspondingly, interaction lengths of hun-
dreds of nanometres, observed for smooth
surfaces (for example, snap-to-contact), might
also be explained by cavitation, in agreement
with thermodynamic expectations.

Seema Singh*, Jack Houston*, Frank van
Swol*¥, C. Jeffrey Brinker*+

*Sandia National Laboratories, PO Box 5800,
Albuquerque, New Mexico 87185, USA

e-mail: cjbrink@sandia.gov

TUniversity of New Mexico, Albuguerque, New
Mexico 87131, USA

1. Blake, T.D. &Kitchener J. A. J. Chem. Soc. Farad. Trans. 168,
1435-1442 (1972).

2. Christenson, H. K. & Claesson, P. M. Adv. Colloid Interface
Sci. 91,391-436 (2001).

3. Christenson, H.K. & Claesson, P. M. Science 239, 390-392
(1988).

4., lIsraelachvili, J. & Pashley, R. Nature 300, 341-342 (1982).

5. Stevens, H., Considine, R. F,, Drummond, C. J., Hayes, R. A.
& Attard, P. Langmuir 21, 6399-6405 (2005).

6. Lafuma, A. & Quéré, D. Nature Mater. 2, 457-460 (2003).

7. Joyce,S. A. &Houston, J. E. Rev. Sci. Instr. 62, 710-715 (1991).

8. Parker, J. L., Claesson, P. M. & Attard, P. J. Phys. Chem. 98,
8468-8480 (1994).

9. Doshi, D.etal. Langmuir 21, 7805-7811(2005).

10. Lum, K., Chandler, D. & Weeks, J. D. J. Phys. Chem. B103,
4570-4577 (1999).

11. Pashley, R. M., McGuiggan, P. M., Ninham, BW. &
Evans, F. D. Science 229, 1088-1089 (1985).

12. Luzar, A.J. Phys. Chem. B108,19859-19866 (2004).

Supplementary information accompanies this
communication on Nature's website.

Received 15 December 2005; accepted 15 June 2006.
Competing financial interests: declared none.
doi:10.1038/442526a

BRIEF COMMUNICATIONS ARISING online
» www.nature.com/bca see Nature contents.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




