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Experimental Observation of Critical Wetting
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An ellipsometry study of the wetting behavior of pentane on water reveals that at a well-defined
temperatureTw a continuous transition from a thin to a thick adsorbed film takes place. We present
evidence that the transition is due to a Hamaker constant that changes sign with temperature atTw, and
verify that the wetting layer thicknessl obeys the power-law divergence,l ~ sTw 2 Td21, predicted for
critical wetting in systems with van der Waals forces. [S0031-9007(96)00930-1]

PACS numbers: 68.10.–m, 64.70.Ja, 68.45.Gd
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The last few years have seen huge progress in
field of wetting phenomena. For the first time conclus
evidence for the first-order nature of wetting transitio
including the discovery of prewetting, has been obtain
on a number of systems [1]. This finally confirmed t
theoretical predictions of Cahn [2], concerning the fir
order (discontinuous) nature of the phase transition.

In contrast, the continuous orcritical wetting transi-
tion has, despite tremendous theoretical attention, so
eluded experimental observation. Theory was partly c
cerned with short-range critical wetting, for which the
mal fluctuations are relevant [3]. For the more realis
van der Waals systems, it was first believed that c
cal wetting was impossible [4], but subsequent theor
cal work has shown that under certain conditions on
long-range forces the phenomenon can occur [5]. M
specifically, one needs the Hamaker constant (which
scribes the net interaction between substrate and ad
bate) to change sign with temperature, a feat that app
hard to accomplish experimentally [6]. Very recent th
ory, however, predicts critical wetting for a few we
defined systems [7].

In this Letter we present the first observation of
continuous transition between a thin and a thick wett
film of liquid pentane (in contact with its vapor) o
water. Besides the importance of critical wetting, t
system is itself of interest. The question at whi
chain length of alkane a transition between partial a
complete wetting on water takes place has been m
debated [8], as has important practical consequences
e.g., oil recovery [9]. The current consensus is t
alkanes lighter than pentane completely wet water
ambient conditions, whereas longer alkanes wet w
only partially. Pentane is a borderline case, and b
experimental and theoretical attempts at clarifying
situation have been inconclusive [8,10].

One of the most striking observations is that wh
droplets of pentane are deposited on water, the fi
equilibrium state appears to be the coexistence of le
(droplets) with a thick film [10], in disagreement wit
the idea that either a molecularly thin or a macrosco
0031-9007y96y77(8)y1532(4)$10.00
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film should form [2]. However, as these measureme
were performed by direct visual observation, no prec
information on the thickness of the film was obtaine
We therefore set out to measure the equilibrium thi
ness of films of pentane on water at different tempe
tures. These measurements were performed in 10
long cylindrical closed glass cells that were heated
550±C before use to remove any organic impurities. W
ter was taken from a Milli-Q Plus system, and very pu
n-pentanes. 99.7%d was obtained from Merck and use
as received. Thermostating of the cell was perform
by inserting it in a copper block through which wa
ter from a thermostated water bath was flowing. A
parts of the thermostat were carefully thermally ins
lated. The temperature was measured to an accu
of either 10 or 1 mK depending on the required pre
sion. In order to collect possible lenses of pentane flo
ing around at the surface, a teflon disk was inserted
one end of the cell. After injection of typically60 ml
of pentane and flame sealing the cell, a droplet of p
tane in contact with the teflon disk was clearly visib
The thickness of the pentane film was subsequently m
sured far from the droplet. In the following, the wat
phase may be considered as an inert “spectator ph
since hardly any pentane dissolves in water (typica
4 3 1025 g pentaneyg H2O) at the temperatures unde
consideration.

The film thickness measurements were performed
ing an ellipsometry technique based on phase modula
described elsewhere [11]. The measured ellipticity c
be related, through the Drude formula [12], to the
tegral over the dielectric constant profile. As both t
waterypentane and the pentane liquidyvapor interfaces are
sharp (we are far from any critical point), one may mod
the intruding layer as a slab with sharp boundaries. T
ellipticity is then proportional to the layer thickness a
the refractive index difference between the two liqu
phases. As the index difference is very small, we m
sured it for our system using a differential refractomet
technique. A linear dependence on temperature is fou
Dn ­ 0.03410 2 0.000476Ts±Cd.
© 1996 The American Physical Society
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The primary data of film thickness versus temperat
T are depicted in Fig. 1, and appear surprising.
low T a thin (approximately 50 Å) but not molecular
thin film is observed. Upon increasingT , the film
thickness increases continuously and appears to div
around 53±C. Moreover, the evolution of the thickne
with temperature is completely reversible. No differen
between heating or cooling cycles was observed. In o
to ensure that these values are equilibrium values,
monitored the ellipticity (thickness) in time. Typically
after a change inT of 0.1±C, the ellipticity would
fluctuate over periods of hours, after which a value wo
be found that remains stable over several days.

The observed continuous growth of the wetting la
over more than an order of magnitude in thickness,
gether with the absence of hysteresis, makes a st
point that the transition is a continuous or critical w
ting transition. A necessary condition for this to occ
is that the van der Waals forces change sign. The
interaction between the two interfaces bounding the w
ting layer is given by the Hamaker constantW . There
are two contributions [13]. The first is the usual disp
sion interactionWn.0, which contains contributions from
all frequencies. The second is the zero-frequency t
Wn­0, which contains contributions from the dipoles
the water molecules. The latter is usually negligible, b
since the dispersion term is small, it cannot be neglec
here. A detailed calculation is difficult due to the com
plicated dielectric constant of water [10,13]. A rou
calculation (neglecting retardation and contributions fr
the infrared) can be found in Israelachvili’s book [13
To first order,Wy.0 is proportional to the refractive in
dex differenceDn, which changes sign at 71.5±C. Com-
bining our refractive index measurements with the d
of Ref. [13], the calculated Hamaker constant is sho
in Fig. 2. It turns out that the two contributions are
opposite sign. The zero-frequency term tends to thic
n
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e
ti
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FIG. 1. Measured thickness of the wetting layer as a fu
tion of temperature. The drawn line is a fit using the a
proximate interface potential. Inset: log-log plot of the lay
thickness versus the reduced distance from the critical wet
temperature, takingTw ­ 53.1 ±C. The slope of the line is
20.99 6 0.03.
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the wetting layer, whereas the other term tends to thin
Moreover, as the dispersion contribution decreases
T , the overall Hamaker constant changes signat 52±C.

Thus, the leading term in the interaction between
two interfaces vanishes, which implies that the next-
leading term becomes important. Usually, this term
taken to be positive due to the enhanced density of
fluid (pentane) near the substrate (water) [7]. Then
the standard expansion of these forces around the cr
wetting temperature [14], the leading term tends to t
the film, and the next-to-leading term tends to thick
it. This leads to the approximate interface potential (i
interaction energy per unit area)V sld ­ Ayl2 1 Byl3,
with A , 0, B . 0. Approaching the critical wetting
point Tw , the leading termA varies asA ~ T 2 Tw ,
so that the layer thickness diverges as a power l
l ~ ByjAj ~ jT 2 Twj21. In Fig. 1 we show the fit
to the data, with the exponent andTw as adjustable
parameters. This yieldsTw ­ 53.1 6 0.1 ±C and the
exponent20.99 6 0.03, which compares favorably to th
theoretical prediction of21. The wetting temperatur
is thus found to be very close to the point where
Hamaker constant changes sign, as is indicated by
arrow in Fig. 2. Using the approximate Hamaker const
shown in Fig. 2, the magnitude of the next-to-lead
term is found to be1.3 3 10231 J m. This contribution
was discussed by Dietrich and Napiorkowski [15], but n
evaluated for a specific system.

For the real experimental system under considerat
some reservations should, however, be made. An im
tant point is that for the distances larger than a charac
istic absorption wavelength in the ultraviolet, theWy.0

contribution becomes retarded, i.e., its distance dep
dence crosses over tol23. The conclusion should then b
that the zero-frequency term is the dominant one at la
l and, as it tends to thicken the wetting layer, compl
wetting of pentane on water is predicted [13]. This fe
ture indeed shows up in model calculations but turns
c-
-
r
ng

FIG. 2. Calculated Hamaker constants: the zero-freque
contribution (dashed line) tends to thicken the film, where
the dispersion forces (dotted line) tend to thin it. The over
Hamaker constant (full line) changes sign at 52±C, very close
to the experimentally determined wetting temperatureTw ­
53.1 ±C.
1533
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to be extremely weak; it corresponds to a contribution
the disjoining pressure [13] of about 0.2 Pa [10] whi
would be very hard to observe experimentally. A d
tailed calculation using Dzyaloshinskii-Lifshitz-Pitaevsk
theory [16] is in progress. Second, in our experimen
system there is a curved interface, as we collected all
pentane near the teflon disk. This leads to a capill
pressure

Q
c ­ syR, wheres is the tension andR the

radius of curvature of the waterypentane interface; it fol-
lows from the form of the interface (and the fact that w
see a finite layer at low temperatures) that

Q
c tends to

thin the film. However, as we see no (or at most a v
small) saturation effect in the layer thickness versus te
perature curve for large thicknesses (Fig. 1), this effec
presumably small. In a complete description of the pro
lem, however, it should be taken into account.

To demonstrate experimentally that the observed v
ation of the layer thickness is indeed due to a variat
of the Hamaker constant with temperature, we stud
the thickness of adsorbed films off liquid-vapor coex
tence of pentane. A new cell was prepared which has
compartments (but no teflon disk), which could be th
mostated independently. The first (atT ­ T1) is filled
with water, the second (atT ­ T2) with pentane. By
keepingT2 just belowT1, the vapor pressureP of pen-
tane in the two parts is the saturated vapor pressurP
at T2. By tuning the temperature differenceT1 2 T2,
we can thus varyP relative to PsatsT1d and measure
the thickness of the pentane film adsorbed on the w
as a function ofPyPsat. The difference in temperatur
translates into a chemical potential distance from coe
tenceDm ­ RT ln PyPsat. For T well aboveTw (com-
plete wetting), the wetting layer thickness should th
behave asl ­ sWy6prLDmd1y3 (with rL the density of
the liquid pentane) [14] for nonretarded van der Wa
forces.

In principle, the measurement ofl versusPyPsat then
provides a value for the overall Hamaker constantW .
In practice, however, one has to go to extremely sm
temperature differencesT1 2 T2 to get a reliable estimate
of W . Taking all possible precautions with regard
thermal insulation, we arrived at the results depicted
Fig. 3. Measurements ofl as a function ofPyPsat are
shown below and aboveTw. The data forT , Tw show
that a thin film is found for allDm. For T . Tw, on
the other hand,l increases whenDm ! 02 and appears
to diverge very close to coexistence. For the thin fil
the data are completely consistent with the interfa
potential; using the constants determined above, the
are described satisfactorily; also, a steeper increase
close to saturation is predicted. This increase can
be resolved experimentally, but leads to an intersec
with PyPsat ­ 1 at a thickness of about 100 Å, as wa
found in the first experiment. For the thick film, o
the other hand, the expected divergence occurs fur
from coexistence than anticipated. The reasons for
apparent discrepancy may be manifold, but a factor tha
1534
o

-

l
e
y

y
-

is
-

i-
n
d

o
-

er

-

s

ll

n

,
e
ta
ry

ot
n

er
is
is

FIG. 3. Film thickness as a function of distance from bu
liquid-vapor coexistence just below and above the wett
temperature:T ­ 45 ±C (open symbols) andT ­ 55 ±C (closed
symbols). No “background” contribution for the wateryvapor
interface was subtracted, so that the baseline is given with
uncertainty of a few Å.

probably very important are the temperature fluctuati
in the cell. A small temperature fluctuation which mov
the system toward coexistence will lead to a large incre
in the layer thickness. A fluctuation in the other directio
on the other hand, will not have a large effect. This has
a consequence that the measured average layer thic
is in fact somewhat higher than expected. Although o
qualitatively, for the reasons specified above, these re
confirm our earlier assessment. ForT , Tw the overall
Hamaker constant (neglecting retardation) andDm tend to
thin the film. Thus, a thin film should be present for
Dm. For T . Tw, on the other hand,W tends to thicken
the film and the competition withDm leads to a diverging
layer thickness asDm ! 0.

Summarizing, we have presented evidence for a crit
wetting transition with a Hamaker constant that chan
sign. This, however, turns out to be a necessary but
sufficient condition for critical wetting to occur; it is als
necessary that the short-range forces favor wetting. In
der to demonstrate this, we consider the phenomenolog
Landau-Cahn [2] mean-field surface free energy functio
gfmg, to which we add the effect of the long-range forc
We take [17]

gfmg ­
Z `

0
dz

Ω
1
2

µ
dm
dz

∂2

1 fsmd 2 hszdm
æ

1 wssssms0dddd , (1)

wherez is the distance from the substrate,mszd the den-
sity profile,fsmd the Landau bulk free energy density,ws

a local surface energy, andhszd the long-range substrate
adsorbate field. The short-range substrate-adsorbate
ergy ws has been determined previously for this syste
using the standard Cahn theory and experimental sur
tension data [18]. For that calculation, the long-ran
forces can be neglected to a first approximation. S
ting hszd ­ 0, one retrieves the standard Cahn argum
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FIG. 4. Phase portraitÙm ­ dmydz vs m for the Landau-
Cahn model with long-range forces, characterized byfsmd ­
sm2 2 m2

bd2, with bulk density mb ­ 60.2, and B ­ 0.15
and A ­ 20.05. The system is at bulk liquid-vapor coexi
tence and slightly below the critical wetting pointTw. The
thick line gives the computed trajectory for the equilibriu
thick film. The computed curveY sGd

s represents initial con
ditions for trajectories that end in the gas pointG. The
intersection of Ùws ­ dwsydm (derived from experimental in
put) with Y sGd

s gives the initial condition for the equilibrium
profile.

[2]; two local minima for the surface free energy can e
ist, corresponding to a microscopic and an infinitely th
wetting layer. To account for the long-range forces,
takehszd ­ Ayz3 1 Byz4, with B . 0 andA ~ T 2 Tw ,
which leads to a similarV sld as above. The first (local
minimum ofgfmg remains practically unchanged, but t
minimum corresponding to the infinitely thick wetting film
now corresponds to a relatively thick but finite film, as t
long-range forces inhibit the layer to grow to infinite thic
ness. A schematic representation of the results is show
Fig. 4, together with a computed density profile in the fo
of a trajectory (thick line) in a phase portrait [2,6]. The tr
jectory represents the thick (but finite) wetting film. In t
limit A ! 02 the trajectory touches the bulk liquid pointL,
which leads to the divergence of the film thickness to in
ity. This calculation thus demonstrates that the conditi
B . 0 andA ! 02 are not sufficient for critical wetting
to occur. It is also necessary that the intersection of
curve2 Ùws with the computedinitial condition curveY

sGd
s

occurs sufficiently far to the right in the phase portrait; i.
the absolute minimum in the surface free energy should
the second one. This means that, for small amplitudeB,
critical wetting can thus only occur for states which wou
show complete wetting in the absence of long-range for
From the figure it follows that this is indeed the case
pentane [18,19].

In conclusion, the data presented above, as well as
theoretical arguments supporting them, provide evide
that the phenomenon we observed is a critical wet
phase transition.
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