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Sequence of Two Wetting Transitions Induced by Tuning the Hamaker Constant
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We report an ellipsometry study of the wetting of hexane on water. By adding salt to the water, we
are able to tune the Hamaker constant of this system. This allows us to demonstrate, for the first time,
that two rather than one wetting transitions can exist in a single system. Upon increasing the tempera-
ture, a discontinuous (first-order) transition from a microscopic film to a mesoscopic film occurs, fol-
lowed by a continuous (critical) wetting transition that leads to a thick adsorbed film. The latter is due
to the Hamaker constant which changes sign with temperature. The first-order transition temperature
changes by the same amount as the critical wetting temperature upon changing the Hamaker constan
[S0031-9007(98)06032-3]

PACS numbers: 64.70.–p, 68.10.–m, 68.45.Gd
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If one considers a liquid droplet on a substrate, in ge
eral one distinguishes two possible situations. If the su
of the liquid-substrate and the liquid-vapor interfacial ten
sion is larger than the substrate-vapor interfacial tensio
the droplet will have a contact angle between0± and180±,
a situation called partial wetting. On the other hand, th
situation may arise that the sum of the liquid-substra
and the liquid-vapor surface tension equals the substra
vapor surface tension. The contact angle will then b
zero, and the droplet will form a uniform film that covers
the whole substrate surface: The liquid completely we
the substrate. The transition between these states, sa
a function of temperature, is believed to be a first-ord
(discontinuous) surface phase transition, as there is a d
continuity in the first derivative of the surface free energ
with respect to the temperature [1].

The last few years have seen tremendous progress in
study of these phenomena. For the first time, eviden
for the existence of the prewetting line has been obtain
in a few systems [2]. Several observations of metastab
surface states, such as the discovery of hysteresis in w
ting transitions, also underline the generic first-order (di
continuous) character of the wetting transition [2]. O
the other hand, Ragilet al. recently demonstrated the ex-
istence of a counterexample [3]. Studying the wetting b
havior of pentane on water, a transition from a mesoscop
sø50 Åd to a very thick film was found that was com-
pletely continuous. The possible existence of such a co
tinuous (orcritical) wetting transition had been disputed
for a long time [4]. The conclusion was that it might occu
in real systems with long-range interactions, but that the
interactions, quantified by the Hamaker constant, shou
change sign at the critical wetting temperature [4]. It wa
demonstrated that this was indeed the case for the penta
water system, and, moreover, it was shown that this is
necessary but not a sufficient condition for critical wettin
to occur. Additionally, the system has to be in a state th
would show complete wetting in the absence of long-ran
forces [3].
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Ragil et al. thus proposed a new scenario for wettin
transitions: Instead of two possible surface states (m
croscopic or macroscopic film) there could be three: A
intermediate stage between the two can exist, in wh
the film is mesoscopic, of the order of several tens
angstroms. This is due to short-range forces that favor w
ting, and weak long-range forces (given by the Hamak
constant) that inhibit the formation of a macroscopical
thick film. The phase transition picture is then a sequen
thin film-intermediate film-thick film, where the first transi
tion is discontinuous and the second is continuous. For
pentane-water system, this suggests that the critical w
ting transition should be preceded (at lower temperatur
by a discontinuous transition from a thin to a mesoscop
film. In the experiments, however, no evidence for th
transition was found for the lowest temperatures acc
sible (T ­ 0 ±C, below which the water freezes) [3].

For this reason, we report here a study on a sligh
different system: the wetting of hexane on (salt) wate
We choose hexane since longer alkanes have, in gene
higher wetting temperatures [5]. By changing the alka
chain length by one carbon atom, we thus hope to shift
first-order transition to within our experimental window
However, the sad consequence of this is that we also s
the critical wetting transition outside our experiment
window. The calculation of the temperature for whic
the Hamaker constant changes sign (see below), wh
should be the temperature for which critical wetting tak
place, yieldsTw,c ø 100 ±C; the water would be boiling.
We thus have to intervene in the Hamaker consta
without changing the first-order transition temperature
too much. This can in fact be achieved by dissolvin
salt in the water [6]. It is well known that addition o
salt changes the polarizability density of the water:
increases the refractive index in the visible light regio
and thus brings it closer to the refractive index of hexan
As the Hamaker constant varies practically linearly wi
the refractive index difference, this allows us to tune th
Hamaker constant of the system. As for the first-ord
© 1998 The American Physical Society
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FIG. 1. Measured thickness of the wetting layer as a functi
of temperature for the three different salinities: (a) 0.5 M
(b) 1.5 M, and (c) 2.5 M NaCl. The drawn lines in (b) an
(c) are fits to a power-law divergence of the layer thickness.

transition temperature, measurements of the brine-va
surface tension and the brine-alkane interfacial tens
show that these change with salinity by about the sa
amount [7]. One may thus—naively—guess that th
first-order transition is not shifted too much by th
addition of salt.

The measurements were performed on purified wa
from a Milli-Q-Plus system to which different amount
of reagent grade NaCl were added. Very puren-hexane
s.99.7%d was obtained from Merck and used as receive
Thermostating of the cell was performed by inserting it
a copper block through which water from a thermostat
water bath was flowing. In order to collect possible lens
of hexane floating around at the surface, a Teflon d
was inserted at one end of the cell. After injection o
typically 50 ml of hexane, the cell was flame sealed
The measurements of the wetting film thickness we
performed using an ellipsometry technique based
phase modulation described elsewhere [8]. The measu
ellipticity can be related, through the Drude formul
[9], to the integral over the dielectric constant profile
on
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As both the bine/hexane and the hexane liquid/vap
interfaces are sharp, we model the hexane layer as a s
with sharp boundaries. This can be done since we a
far from any bulk critical point, implying also that the
wetting transitions we discuss below are not related
bulk criticality. Finally, to calculate the layer thickness
a background ellipticity of8 3 1024, corresponding to
the ellipticity of the bare air-brine interface, is subtracte
from the data.

Before discussing the results, it is worthwhile noting
that these experiments took a very long time and we
very difficult to perform. One reason for this is tha
the equilibration times are very long. The typical time
after which stable values for the ellipticity are obtained
is on the order of one or two days. A second problem
that the system is very sensitive to external perturbation
This is especially cumbersome since we have to transla
the ellipsometry cell in order to verify that the film has
a homogeneous thickness over the surface of the wat
In addition to this, we also found the system to be ver
sensitive to temperature gradients. By carefully insulatin
the whole thermostating system, we arrived at a lon
term temperature stability better than 3 mK, which wa
sufficient to get a stable ellipticity signal.

The results for the thickness of the hexane layer as
function of temperature are shown in Figs. 1(a)–1(c). F
the lowest salinity (0.5 M), we observe a clear first-orde
transition, with a hysteresis, between a microscopic fil
and a relatively thick—but certainly not infinitely thick—
film. Upon increasing the temperature even further, w
do not observe an increase in thickness up to the high
temperature that we can reachsø80 ±Cd with our thermo-
stating system. Increasing the salinity somewhat mor
to 1.5 M, the surprise is that we observetwo transitions,
rather than one. At low T , we start with a microscopic
film, typically a few angstroms. Then, around42 ±C, we
again observe a discontinuous transition to a film that
about100 Å thick. Increasing the temperature even fur
ther, we observe a layer thickness that diverges contin
ously, very similar to the critical wetting transition that
was reported for the system pentane-water [3]. The sam

FIG. 2. Wetting temperatures as a function of brine solinity
The drawn line is the result of the calculation of the Hamake
constant: the temperature for whichW changes sign. This line
coincides with the measuredTw,c. The dashed line is a linear
fit to Tw,1.
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observation is made for the experiment conducted at t
highest salinity (2.5 M), only the two transitions appear t
be shifted to lower temperatures. In all three cases, t
first-order jump is of the order of100 Å.

As was suggested in Ref. [3], the observed phas
transition sequence can be interpreted as a competit
between the short-range interactions and the long-ran
van der Waals interactions. If, at some temperatur
the hexane is favored at the air-water interface by th
short-range interactions, the system will tend to form
wetting layer and will do so in a discontinuous way
However, if the Hamaker constant is positive, this wi
inhibit the film to grow to a large thickness. Thus
this is the usual first-order wetting transition; only th
long-range forces inhibit the formation of a thick film
This leads to an intermediate wetting state, sometim
referred to as pseudopartial wetting [10]. If, upon in
creasing the temperature further, the Hamaker const
will change sign (and thus also favors wetting), the we
ting layer thickness will diverge in a continuous way
All of these features are consistent with the experimen
results.

For the first-order transition, a hysteresis is observe
Two values of the layer thickness can be found ov
a certain temperature range. These measurements w
performed by starting out from a microscopic film an
increasingT until a transition to a mesoscopic film had
taken place. The hysteresis was obtained by subsequ
cooling; the mesoscopic film persists. Once this mes
scopic film is formed, it is very stable; no transitions t
the microscopic film were observed. This agrees wi
previous observations that it is very difficult to nucleat
holes in such a film, which would be necessary to for
the microscopic film again [11]. From these argument
one can infer that the real first-order transition temper
ture Tw,1 should be close to the highest temperature f
which the microscopic film is still observed.

In order to establish the critical wetting temperatur
Tw,c, we have fitted the data to a power-law divergenc
The critical wetting transition is due to the vanishing o
the Hamaker constant atTw,c. If this leading term in the
interaction between the two interfaces vanishes, the ne
to leading term becomes important [3,12]. Usually, th
term is taken to be positive due to the enhanced dens
of the wetting fluid near the substrate; in the standa
expansion of these forces around the critical wettin
temperature, this leads to a divergencel , fTw,c 2 T g21

[3,12]. The fits to the data for the thick film, leaving
both Tw,c and the power-law exponent as adjustab
parameters, are shown in Figs. 1(b) and 1(c). We th
find Tw,c and the exponents, which are20.73 6 0.11
for 1.5 M NaCl and 20.57 6 0.19 for 2.5 M NaCl.
Thus, contrary to the previous finding for pentane o
water [3], we cannot confirm the power-law exponen
21 in this experiment. For the moment, we have n
explanation for the discrepancy between these two ve
similar experimental systems.
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The critical wetting temperatures found in this wa
Tw,c ­ 67.9 ±C (1.5 M) and Tw,c ­ 48.0 ±C (2.5 M),
should correspond to the temperature for which t
Hamaker constantW changes sign. There are tw
contributions toW that have to be summed [13]. Th
first is the usual dispersion interactionWn.0, which
contains contributions from all frequencies. The seco
is the zero-frequency termWn­0, which depends on
the static dielectric constantś0. The latter is usually
negligible, but, since the dispersion term is small here
must be retained in the calculation. An exact calculat
is difficult due to the complicated dielectric constant
water [5,6,13]. However, an approximate calculati
which was shown to work very well for the pentane-wat
system can be performed [3,13]. In this calculation, o
neglects contributions from the infrared and retardat
effects and uses the same UV-absorption frequency fo
compounds,ne ­ 3 3 1015 s21 [13]. Then, one needs
only the static dielectric constant́0 and the indices of
refraction n for visible light. The effect of salt in the
water is twofold: It decreaseś0 and increasesn of the
(salt) water [6,14,15]. It follows from the calculatio
that both effects lead to a decrease of the total Hama
constant. The effect of increasingT is similar in the
sense that it also leads to a smaller Hamaker const
This means that, for a given salinity, the overall Hamak
constant changes sign at a certain temperature.

The temperature for whichW crosses zero in the calcu
lation is shown, as a function of the salinity, as the dra
line in Fig. 2, together with the critical wetting tempera
ture determined from the experiments. It is observed t
the measuredTw,c fall practically on the line: The criti-
cal wetting transition thus coincides with the temper
ture for which the Hamaker constant changes sign. T
more surprising observation is made when we also c
sider the results forTw,1. With increasing salinity, it is
not only Tw,c that shifts to lower temperatures, but th
first-order transition is shifted by the same amount:The
two transition lines are parallel.This result is unexpected
since, as was already mentioned above, the addition of
changes the oil-water interfacial tension by about as m
as the surface tension of water. As the surface tens
of the hexane is unchanged, one would anticipate that
spreading coefficient, and thus the wetting temperatu
does not change either. The results thus suggest a d
connection between the observed wetting transitions
the Hamaker constant of the system [13]. This is an i
portant issue, since the prediction of wetting transitio
or even surface tensions from intermolecular interact
potentials is notoriously difficult [1,11,16], especially fo
such complicated molecules as water.

The conclusion that the transition lines are paral
is also in line with the observation that the jump
thickness at the first-order transition is similar for the thr
different salinities. This jump is expected to diverge
one approaches the critical end point (CEP) where
two transition lines meet [12]; as the lines are parall
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one would not expect the jump height to change. Th
measurements on pentane-water show no evidence fo
first-order transition for temperatures up to50 ±C below
the critical wetting transition: The distance from the
critical end point should be larger. For this system
a smaller thickness of the mesoscopic film was foun
sø50 Åd, in accordance with a larger distance from th
CEP. From these considerations, one may also anticip
that the critical end point may be obtained by going t
larger alkane chain lengths.

For the first-order transition, extrapolation of the dat
to zero salinity yieldsTw,1 ­ 73 ±C for hexane on pure
water. This can be compared to our Landau-theo
calculation for this system [17], which predictedTw ­
20 ±C. In this calculation, the long-range forces were no
taken into account, and only the first-order transition wa
found. It thus follows that the theory underestimates th
first-order transition temperature by more than 50 degre
This large discrepancy appears, in fact, to be in line wi
our experimental observations. As the long-range forc
are not included in the theory, and oppose wetting, th
should shift the transition to higher temperatures. Th
observation that the shift is rather large could thus poi
again to the necessity of taking the long-range forc
into account. Independently of the theoretical result,
Tw,1 ­ 73 ±C is consistent with the observations of Mor
and co-workers and Pfohlet al., who conclude that the
wetting temperature for hexane should be significant
above room temperature [5].

There are two conclusions. First, the wetting behavi
of alkanes on water has received much attention, bo
from the experimental and the theoretical side, because
has important practical applications, e.g., in oil recover
However, a number of problems remained unresolved
far. Previous work concluded that, at room temperatur
short alkanessn , 5d wet water completely, whereas
longer alkanessn . 6d exhibit partial wetting. However,
for pentane and hexane, the situation was not very cle
The measurements on hexane presented here, when ta
together with our previous measurements on penta
resolve this problem—it follows that at room temperatur
hexane only partially wets water, whereas pentane is in
intermediate state between partial and complete wettin
pseudopartial wetting.

The second conclusion is that we have demonstrat
for the first time, the existence of two distinctly differen
wetting transitions rather than one. We can obser
the sequence of two transitions by tuning the Hamak
constant of the system. Probably the most importa
result is that the temperature at which the discontinuo
transition takes place changes by the same amount as
critical wetting temperature upon a change in the Hamak
constantW , thus pointing to a direct connection betwee
W andbothwetting transition temperatures.
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