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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
temperaturefl’,, 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 temperBjundt
verify that the wetting layer thicknegsobeys the power-law divergendey (T,, — T)~!, 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

The last few years have seen huge progress in thi#m should form [2]. However, as these measurements
field of wetting phenomena. For the first time conclusivewere performed by direct visual observation, no precise
evidence for the first-order nature of wetting transitions,information on the thickness of the film was obtained.
including the discovery of prewetting, has been obtainedVe therefore set out to measure the equilibrium thick-
on a number of systems [1]. This finally confirmed theness of films of pentane on water at different tempera-
theoretical predictions of Cahn [2], concerning the first-tures. These measurements were performed in 10 cm
order (discontinuous) nature of the phase transition. long cylindrical closed glass cells that were heated to

In contrast, the continuous arritical wetting transi- 550° C before use to remove any organic impurities. Wa-
tion has, despite tremendous theoretical attention, so faer was taken from a Milli-Q Plus system, and very pure
eluded experimental observation. Theory was partly cons-pentane(>99.7%) was obtained from Merck and used
cerned with short-range critical wetting, for which ther- as received. Thermostating of the cell was performed
mal fluctuations are relevant [3]. For the more realisticby inserting it in a copper block through which wa-
van der Waals systems, it was first believed that crititer from a thermostated water bath was flowing. All
cal wetting was impossible [4], but subsequent theoretiparts of the thermostat were carefully thermally insu-
cal work has shown that under certain conditions on thdéated. The temperature was measured to an accuracy
long-range forces the phenomenon can occur [5]. Moref either 10 or 1 mK depending on the required preci-
specifically, one needs the Hamaker constant (which desion. In order to collect possible lenses of pentane float-
scribes the net interaction between substrate and adsdng around at the surface, a teflon disk was inserted at
bate) to change sign with temperature, a feat that appeaosie end of the cell. After injection of typicallg0 ul
hard to accomplish experimentally [6]. Very recent the-of pentane and flame sealing the cell, a droplet of pen-
ory, however, predicts critical wetting for a few well- tane in contact with the teflon disk was clearly visible.
defined systems [7]. The thickness of the pentane film was subsequently mea-

In this Letter we present the first observation of asured far from the droplet. In the following, the water
continuous transition between a thin and a thick wettingphase may be considered as an inert “spectator phase”
film of liquid pentane (in contact with its vapor) on since hardly any pentane dissolves in water (typically
water. Besides the importance of critical wetting, the4 X 1073 g pentangg H,0) at the temperatures under
system is itself of interest. The question at whichconsideration.
chain length of alkane a transition between partial and The film thickness measurements were performed us-
complete wetting on water takes place has been mucimg an ellipsometry technique based on phase modulation
debated [8], as has important practical consequences falescribed elsewhere [11]. The measured ellipticity can
e.g., oil recovery [9]. The current consensus is thabe related, through the Drude formula [12], to the in-
alkanes lighter than pentane completely wet water ategral over the dielectric constant profile. As both the
ambient conditions, whereas longer alkanes wet watewater/pentane and the pentane ligngpor interfaces are
only partially. Pentane is a borderline case, and botlsharp (we are far from any critical point), one may model
experimental and theoretical attempts at clarifying thethe intruding layer as a slab with sharp boundaries. The
situation have been inconclusive [8,10]. ellipticity is then proportional to the layer thickness and

One of the most striking observations is that whenthe refractive index difference between the two liquid
droplets of pentane are deposited on water, the fingdhases. As the index difference is very small, we mea-
equilibrium state appears to be the coexistence of lensesured it for our system using a differential refractometric
(droplets) with a thick film [10], in disagreement with technique. A linear dependence on temperature is found:
the idea that either a molecularly thin or a macroscopicdAn = 0.03410 — 0.000476T(°C).
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The primary data of film thickness versus temperaturehe wetting layer, whereas the other term tends to thin it.
T are depicted in Fig. 1, and appear surprising. AtMoreover, as the dispersion contribution decreases with
low T a thin (approximately 50 A) but not molecularly T, the overall Hamaker constant changes s&mn52°C.
thin film is observed. Upon increasin@, the film Thus, the leading term in the interaction between the
thickness increases continuously and appears to divergeo interfaces vanishes, which implies that the next-to-
around 53C. Moreover, the evolution of the thickness leading term becomes important. Usually, this term is
with temperature is completely reversible. No differencetaken to be positive due to the enhanced density of the
between heating or cooling cycles was observed. In orddtuid (pentane) near the substrate (water) [7]. Then, in
to ensure that these values are equilibrium values, wthe standard expansion of these forces around the critical
monitored the ellipticity (thickness) in time. Typically, wetting temperature [14], the leading term tends to thin
after a change inT of 0.1°C, the ellipticity would the film, and the next-to-leading term tends to thicken
fluctuate over periods of hours, after which a value wouldt. This leads to the approximate interface potential (i.e.,
be found that remains stable over several days. interaction energy per unit aredj(/) = A/I> + B/I?,

The observed continuous growth of the wetting layerwith A < 0, B > 0. Approaching the critical wetting
over more than an order of magnitude in thickness, topoint T,,, the leading termA varies asA « T — T,
gether with the absence of hysteresis, makes a strorgp that the layer thickness diverges as a power law,
point that the transition is a continuous or critical wet-1 « B/|A| « |T — T,,|~!. In Fig. 1 we show the fit
ting transition. A necessary condition for this to occurto the data, with the exponent ari], as adjustable
is that the van der Waals forces change sign. The ngiarameters. This yieldd,, = 53.1 = 0.1°C and the
interaction between the two interfaces bounding the wetexponent-0.99 * 0.03, which compares favorably to the
ting layer is given by the Hamaker constdiit. There theoretical prediction of—1. The wetting temperature
are two contributions [13]. The first is the usual disper-is thus found to be very close to the point where the
sion interactionW,~(, which contains contributions from Hamaker constant changes sign, as is indicated by the
all frequencies. The second is the zero-frequency terrarrow in Fig. 2. Using the approximate Hamaker constant
W,—o, Which contains contributions from the dipoles of shown in Fig. 2, the magnitude of the next-to-leading
the water molecules. The latter is usually negligible, butterm is found to bel.3 X 1073 IJm. This contribution
since the dispersion term is small, it cannot be neglectedias discussed by Dietrich and Napiorkowski [15], but not
here. A detailed calculation is difficult due to the com- evaluated for a specific system.
plicated dielectric constant of water [10,13]. A rough For the real experimental system under consideration,
calculation (neglecting retardation and contributions fromsome reservations should, however, be made. An impor-
the infrared) can be found in Israelachvili's book [13]. tant point is that for the distances larger than a character-
To first order,W,~¢ is proportional to the refractive in- istic absorption wavelength in the ultraviolet, thé,~,
dex differenceAn, which changes sign at 71°6. Com-  contribution becomes retarded, i.e., its distance depen-
bining our refractive index measurements with the datalence crosses over t63. The conclusion should then be
of Ref. [13], the calculated Hamaker constant is showrthat the zero-frequency term is the dominant one at large
in Fig. 2. It turns out that the two contributions are of [ and, as it tends to thicken the wetting layer, complete
opposite sign. The zero-frequency term tends to thickemetting of pentane on water is predicted [13]. This fea-

ture indeed shows up in model calculations but turns out
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FIG. 1. Measured thickness of the wetting layer as a funcFIG. 2. Calculated Hamaker constants: the zero-frequency
tion of temperature. The drawn line is a fit using the ap-contribution (dashed line) tends to thicken the film, whereas
proximate interface potential. Inset: log-log plot of the layerthe dispersion forces (dotted line) tend to thin it. The overall
thickness versus the reduced distance from the critical wettingdamaker constant (full line) changes sign at’62 very close
temperature, takind’,, = 53.1°C. The slope of the line is to the experimentally determined wetting temperat@ite =
-0.99 * 0.03. 53.1°C.
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to be extremely weak; it corresponds to a contribution to 150
the disjoining pressure [13] of about 0.2 Pa [10] which 0 ¢
would be very hard to observe experimentally. A de- [ &)

tailed calculation using Dzyaloshinskii-Lifshitz-Pitaevskii i
theory [16] is in progress. Second, in our experimental 100 -
system there is a curved interface, as we collected all the
pentane near the teflon disk. This leads to a capillary o
pressure][. = o/R, whereo is the tension andk the 50 °
radius of curvature of the watgsentane interface; it fol- P

lows from the form of the interface (and the fact that we R o 00 ©
see a finite layer at low temperatures) thdt tends to . 0 0 . ° :
thin the film. However, as we see no (Or at most a very ‘?.995 0.996  0.997 0.998 0.999 1
small) saturation effect in the layer thickness versus tem-

perature curve for large thicknesses (Fig. 1), this effect is

presumably small. In a complete description of the probFI!G. 3. Film thickness as a function of distance from bulk

lem, however, it should be taken into account. quuid-vapor_c%xistoence just below and iboveg\ the wetting
. temperatureT = 45 °C (open symbols) an@l = 55 °C (closed
To demonstrate experimentally that the observed Varisymhols). No “background” contribution for the wateapor

ation of the layer thickness is indeed due to a variationnterface was subtracted, so that the baseline is given with an
of the Hamaker constant with temperature, we studiedincertainty of a few A.
the thickness of adsorbed films off liquid-vapor coexis-

tence of pentane. A new cell was prepared which has twgrobably very important are the temperature fluctuations
compartments (but no teflon disk), which could be therqn the cell. A small temperature fluctuation which moves
mostated independently. The first (&t= 7)) is filled  the system toward coexistence will lead to a large increase
with water, the second (af' = 7>) with pentane. BY in the layer thickness. A fluctuation in the other direction,
keepingT; just belowT), the vapor pressur@ of pen-  on the other hand, will not have a large effect. This has as
tane in the two parts is the saturated vapor presgure g consequence that the measured average layer thickness
at 7. By tuning the temperature differend® — 7>, s in fact somewhat higher than expected. Although only
we can thus varyP relative to Py, (7)) and measure qualitatively, for the reasons specified above, these results
the thickness of the pentane film adsorbed on the watefonfirm our earlier assessment. For< T, the overall
as a function ofP/Pg,,. The difference in temperature Hamaker constant (neglecting retardation) andtend to
translates into a chemical potential distance from coexisthin the film. Thus, a thin film should be present for all
tenceAu = RT In P/Pg,. ForT well aboveT, (com- A, ForT > T,, on the other handy tends to thicken
plete wetting), the wetting layer thickness should thenne film and the competition with x leads to a diverging
behave ag = (W/67TpLA,LL)1/3 (Wlth PL the denSity of |ayer thickness aAM — 0.
the liquid pentane) [14] for nonretarded van der Waals symmarizing, we have presented evidence for a critical
forces. wetting transition with a Hamaker constant that changes
In principle, the measurement ofversusP /P then  sign. This, however, turns out to be a necessary but not
provides a value for the overall Hamaker constdint  syfficient condition for critical wetting to occur; it is also
In practice, however, one has to go to extremely smalhecessary that the short-range forces favor wetting. In or-
temperature difference§ — T to get a reliable estimate er to demonstrate this, we consider the phenomenological
of W. Taking all possible precautions with regard to| andau-Cahn [2] mean-field surface free energy functional

thermal insulation, we arrived at the results depicted iny[;;], to which we add the effect of the long-range forces.
Fig. 3. Measurements af as a function ofP /Py, are e take [17]

shown below and abovE,. The data forl' < T,, show

0

sat

. . . %© 2
that a thin film is found for allAx. For T > T, on _ j {i <d_m> " _ }
the other hand] increases wheA . — 0~ and appears vim] dz 2 \dz flm) = hiz)m
to diverge very close to coexistence. For the thin film, + 0,(m(0)) (1)

the data are completely consistent with the interface

potential; using the constants determined above, the dateherez is the distance from the substraie(z) the den-

are described satisfactorily; also, a steeper increase vesjty profile, f (m) the Landau bulk free energy density,

close to saturation is predicted. This increase cannat local surface energy, ardz) the long-range substrate-
be resolved experimentally, but leads to an intersectioadsorbate field. The short-range substrate-adsorbate en-
with P/P,,, = 1 at a thickness of about 100 A, as was ergy ¢, has been determined previously for this system,
found in the first experiment. For the thick film, on using the standard Cahn theory and experimental surface
the other hand, the expected divergence occurs furtheéension data [18]. For that calculation, the long-range
from coexistence than anticipated. The reasons for thiforces can be neglected to a first approximation. Set-
apparent discrepancy may be manifold, but a factor that i8ng 4(z) = 0, one retrieves the standard Cahn argument
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'%9] We remark that the mechanism of critical wetting for

long-range forces is very different from that for short-
range forces. For long-range forces, the curvg’
becomes degenerate, in the limit— 0~, with the curve
Y™, which gives initial conditions for trajectories that
end inL. For short-range forces, the curge must pass
precisely through. for critical wetting to occur.
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