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Dynamics of Wetting Layer Formation
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We study the formation and growth of wetting layers in the binary liquid mixture cyclohexane-
methanol. By progressively deuterating the methanol we can tune the equilibrium wetting layer thick-
ness. Hysteresis of the transition is observed for large thicknesses and is absent for thinner ones. This
can be understood by calculating the activation energy for wetting layer nucleation as a function of
the film thickness. We also show that the late-stage growth of the wetting layer after the nucleation
process follows a power law in time, in agreement with a diffusion-limited growth mechanism proposed
theoretically.

PACS numbers: 68.45.Gd, 68.10.–m
When a liquid droplet is put onto a surface, two situa-
tions (distinguishable by the contact angle) may result [1].
If the contact angle is zero, the droplet spreads across the
surface, a situation referred to as complete wetting. Sec-
ond, if the contact angle is between zero and 180±, the
droplet does not spread, a situation called partial wetting.
A wetting transition is a surface phase transition from par-
tial wetting to complete wetting.

The wetting transition is generally first order (discon-
tinuous), implying a discontinuity in the first derivative of
the surface free energy [1]. Two key observations demon-
strate this: the observation of metastable states and of pre-
wetting transitions away from bulk two-phase coexistence
[2]. Although the latter has been confirmed for a number
of systems, the situation for the metastable states is less
clear. In some systems, a clear hysteresis is observed [2],
whereas in others no such observation is made [3]. This
obviously results from a difference in the dynamics of these
wetting phase transitions, i.e., the nucleation and growth
of the stable phase. Although detailed theories of wet-
ting dynamics exist [4,5], few experiments have been per-
formed. The formation of wetting films after a quench [6]
was shown to agree quantitatively with a theory of droplet
nucleation [7]. However, since for this system the equilib-
rium wetting behavior is not known, the dynamics cannot
be related to the phase behavior.

It is the purpose of the present Letter to study the dy-
namics of wetting in a system whose equilibrium wetting
properties are well known. We show, by studying differ-
ent binary liquid systems, that there is a simple explana-
tion for the observation or not of hysteresis in experiment,
which is due to the presence of gravity. Although in theory
the equilibrium wetting layer thickness is infinite, due to
the repulsive van der Waals forces, in practice it is large
but finite, due to the attractive gravitational potential [8].
Studying systems with varying density differences, we ob-
serve a hysteresis for large wetting film thickness (small
density difference), but not for small thicknesses. Calcu-
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lating the nucleation probability for the thick film, it turns
out that the nucleation probability decreases rapidly with
increasing film thickness so that in some cases long-lived
metastable states can indeed be observed, whereas in other
cases they cannot. We also show that the growth of the
wetting layer towards its final equilibrium state is driven
by the long-range van der Waals forces and limited by dif-
fusion. Thus we arrive at a complete characterization of
the dynamics of this first-order surface phase transition.

We study the demixed binary liquid system of cyclo-
hexane and methanol at the critical composition. Previous
studies [2,9] demonstrated that upon approaching the up-
per consolute temperature Tc from below, a wetting layer
of the heavier methanol-rich phase intrudes between the
cyclohexane-rich phase and the vapor. Three different
kinds of methanol are used, which differ in their degree
of deuteration: one is normal methanol �CH3OH�, one is
partly deuterated �CH3OD�, and one is completely deuter-
ated �CD3OD�. This specific system is used because for
normal methanol, the two liquid phases are almost den-
sity matched. By progressive deuteration, we can subse-
quently reach density differences characteristic of those
for other binary liquid systems [3]. The main effect of
the deuteration is a change in the density difference. The
other parameters, notably the Hamaker constant A, re-
main virtually unchanged. Explicit calculation, follow-
ing the method outlined by Israelachvili [10], yields A �
8.5 6 0.5 3 10223 J for the three systems �T � 25 ±C�.

Ellipsometry [11] is used to study the thickness of the
wetting layer. The measured quantity is the ellipticity at
the Brewster angle; using the Drude equation [12], the
ellipticity can be related to the integral of the dielectric
constant profile in the interfacial region. Considering the
intruding wetting layer as a slab, the ellipticity is directly
proportional to the thickness of the wetting layer.

Here, we are interested only in the formation of the
equilibrium wetting layer, starting out from a thin film.
We consequently discuss the dynamics of wetting and do
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not consider the inverse dewetting problem, which may
be very different [13]. In a typical experiment we start
at a low temperature, and increase T in small steps. The
results for the different systems (Fig. 1) show that below
the wetting temperature Tw , the ellipticity corresponds to
that of a cyclohexane�vapor interface with a small amount
of methanol adsorbed: A microscopic film is present, and
we are consequently in the partial wetting state. Above
Tw , either values for the layer thickness are found that
are almost 2 orders of magnitude larger, or we find values
that are indistinguishable from those below Tw . The large
values persist over the entire interval Tw , T , Tc. For
the cyclohexane-methanol system, the small values are
observed only in an interval Tw , T , TML with TML

FIG. 1. Measured thickness of the wetting layer as a function
of temperature for the three different degrees of deuteration:
(a) CH3OH, (b) CH3OD, and (c) CD3OD. The hysteresis disap-
pears completely for the last system. The difference in critical
temperature is due to the presence of trace amounts of water;
see Ref. [9].
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�the metastability limit of the thin film� � 35 ±C. For
cyclohexane-CH3OD [Fig. 1(b)], the interesting obser-
vation is that the hysteresis is limited to a much smaller
temperature interval: Tw is approximately equal for
both systems, but TML � 26 ±C is much smaller. For
cyclohexane-CD3OD [Fig. 1(c)] the hysteresis tempera-
ture range disappears completely: Tw and TML coincide.

These experiments are all performed in different experi-
mental runs. At the beginning of each run, we start out
with a thin film; we found it necessary each time to create
large temperature gradients in the sample to recover the
thin film once a thick film had formed. The data of Fig. 1
result from the superposition of a number of experimental
runs; in each run, for the systems for which a hysteresis
was observed, the transition to a thick film occurred at a
different temperature.

The thickness of the thick film also depends on the
deuteration. The average layer thicknesses obtained are
307 6 50, 154 6 40, and 129 6 30 Å for CH3OH,
CH3OD, and CD3OD, respectively. This can be explained
by noting that the thickness of the wetting layer results
from a competition between the long-range van der Waals
forces embodied in the Hamaker constant A that favor
the formation of an infinitely thick wetting layer, and
the gravitational energy cost of maintaining the wetting
layer above its bulk phase. This leads to a layer thickness
[8] leq � �2A�DrgH�1�3, with H the height of the layer
above its bulk. As both A and Dr have the same critical
exponent, the layer thickness should be independent of
temperature, which is indeed found in the experiment. For
the pure components, the ratio of the density differences is
approximately 9:3:1 �CD3OD:CH3OD:CH3OH�, leading
to a theoretical ratio of layer thicknesses 1:1.4:2.0, in fair
agreements with the experimental result of 1:1.2:2.4.

Since the deuteration does not affect the interaction po-
tentials, the observed change in the hysteretic behavior
must be due to the kinetics of nucleation of the thick film.
Upon overheating the thin film to temperatures T . Tw ,
the buildup of the thick film will be initiated by the for-
mation of droplets of the wetting phase at the liquid-vapor
interface. The energy barrier for droplet nucleation is the
excess free energy Ec of the critical droplet. The droplet
nucleation rate is given by G � G0 exp�2Ec�kBT �, where
G0 is an attempt frequency [5]. We will show that the
equilibrium wetting film thickness intervenes in both the
activation energy and in the prefactor in such a way that it
provides an explanation for the observed differences.

The excess free energy of a droplet of radius R to form
by thermal fluctuations is approximately given by [4]

E � 2pRt 1 pR2S̃ , (1)

where t is the line (boundary) tension of a droplet, and S̃
the (nonequilibrium) spreading coefficient [4]:

S̃ � S 2
A
l2 2 DrgHl . (2)
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S̃ differs slightly from the spreading coefficient S at two-
phase coexistence, because the transition is formally a
prewetting transition (i.e., a wetting transition off coex-
istence) due to the presence of gravity. Minimization of
E with respect to R yields the excess free energy of the
critical droplet as

Ec � pt2�S̃ . (3)

For T � Tw , S � 0 and it follows that the off-coexistence
spreading coefficient S̃ ~ l22

eq . The line tension t con-
tributes an additional dependence on the film thickness
which grows logarithmically with the layer thickness leq.
Within an interface displacement model, the line tension
can be calculated from [4,14]

t �
p

s
Z leq

l1

q
V �l0� dl0 , (4)

where l1 is the equilibrium thickness of the thin film, and
s is the liquid-vapor interfacial tension; V �l� � A�l2 is
the effective interface potential. Extrapolating V �l� down
to film thicknesses on the order of the thin film, we obtain

t �
p

2sA ln�leq�l1� (5)

which depends only logarithmically on the thickness of
the thin film. That the extrapolation indeed yields a good
estimate for the order of magnitude of the line tension was
verified by numerical calculation.

In total, the excess free energy of the droplet thus de-
pends on film thickness via [4,5]

Ec ~ l2
eq ln2�leq�l0� , (6)

where l0 is some microscopic distance. Although loga-
rithmic, the divergence of the line tension for large film
thicknesses does contribute significantly to the activation
energy; see Fig. 2.

In addition, the nucleation probability is proportional to
the prefactor of the nucleation rate, a measure of the at-
tempt frequency for the system to overcome the nucleation

FIG. 2. Difference in energy of the critical nucleus due to the
line tension. Solid line: without line tension effects. Dashed
line: with inclusion of the logarithmic corrections. The equilib-
rium film thickness for the three systems is indicated.
barrier. This further reduces the nucleation probability of
thick films; it consists of a dynamical and a static contri-
bution, G0 � Gd ? Gs. The static part is determined by the
fluctuation modes of the critical droplet which depend on
its size; it is dominated by the unstable radial growth mode
which scales with the film thickness as Gs ~ l22

eq [15]. Un-
der the reasonable assumption that the differences in the
dynamical prefactors in the three different systems can be
neglected, we find for the ratios of the attempt frequen-
cies: Gs,CH3OH�Gs,CH3OD � 0.2, Gs,CH3OD�Gs,CD3OD �
0.4, and Gs,CH3OH�Gs,CD3OD � 0.1. Thus, in the sys-
tem with the thickest film, the attempt frequency is re-
duced by about 1 order of magnitude as compared to the
thinnest film.

In combination with the result for the droplet energy:
Ec,CH3OH�Ec,CH3OD � 8, Ec,CH3OD�Ec,CD3OD � 4, and
Ec,CH3OH�Ec,CD3OD � 28; this leads naturally to the
conclusion that for thin films, the nucleation barrier be-
tween the thin and thick film states should be much easier
to overcome by the thermal fluctuations than for thick
films. Experimentally, the metastability limit temperature
TML can be defined as the point at which the formation
of the thick film takes less than 1 h, the time for the
system to come to thermal equilibrium. Supposing that
the energy barrier at TML is on the order of 0.1kBT , at
the metastability limit temperature of the thinnest film
�CD3OD�, the above calculation teaches us that, supposing
that the waiting time is 1 h for CD3OD, one has to wait
half a day in order for the CD3OD and six days for the
CD3OH films to nucleate. Even more dramatically, for
Ec � 0.25kBT , these times become one day and a whole
year, respectively. We therefore conclude that due to the
difference in equilibrium layer thickness in some wetting
experiments hysteresis is observed and in other cases not.

In addition, these considerations allow us to obtain
values for the line tension. From Eq. (5), we find
tCH3OH � 7.2 3 10212 N, tCH3OD � 5.7 3 10212 N,
and tCD3OD � 4.8 3 10212 N. These values differ from
that reported by Wang et al. [16], which is 3 orders of
magnitude larger. They are, however, close to recently
calculated values: t � 4 3 10212 N [17]. The liquid
“substrates” we employ here prevent problems due to the
anchoring of the contact line that might be the cause for
this discrepancy.

The final question is in what way the wetting layer goes
to its equilibrium thickness. We have measured the growth
of the wetting layer after the nucleation and find that it ap-
proaches its equilibrium value very slowly in time (Fig. 3).
Lipowsky and Huse (LH) [18] studied the growth prob-
lem and found three different regimes. After a transient
period, the growth of the wetting layer should follow a
scaling: l�t� � ct1�8. The constant c � �D1�2ALc�s�1�4,
with D the diffusion coefficient, Lc the capillary length,
and s the interfacial tension. In this regime the wetting
layer thickness grows by a diffusion-limited process, in
which its thickness increase is determined by the supply
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FIG. 3. Growth of the wetting layer as a function of time for
the CD3OH system at 43.5 ±C. Drawn line is a fit to a power-law
growth. Inset: the late time behavior. The fit is to an inverse
diffusion behavior discussed in the text.

of molecules from the bottom reservoir. The diffusion pro-
cess is driven by the van der Waals forces, leading to the
unusually slow growth exponent 1

8 , instead of the more
usual l�t� �

p
Dt. This growth regime is followed by

a regime in which the equilibrium value leq is attained
with an inverse diffusive behavior, leq 2 l�t� � �leq 2

l�0���
p

vt. We find that our system closely follows this
scenario.

If we fit the data at early times to a power law (Fig. 3),
we find a value for the power of 0.165 6 0.05, which
not only compares favorably to the theoretical prediction
of 1

8 , but is also very different from that of a normal
diffusion-limited process. Comparing measurements for
the CD3OD system at different temperatures in the range
Tw , T , Tc, it is found that the exponent does not de-
pend on temperature within the experimental error. From
data at 20±, 30±, and 50±, combined with the data shown
in Fig. 3(a) we obtain an average power of 0.17 6 0.07,
in agreement with the prediction that this power does not
depend on the specific details of the system under study.
The data on CH3OH and CH3OD show similar behavior,
although the noise in the data is significantly larger be-
cause the forces maintaining the wetting layer are smaller.

Moreover, the prefactor c is also found to agree with
the predictions: imposing the 1

8 power law, we find c �
30 Å�s1�8, whereas LH, taking typical values, estimate
100 Å�s1�8. Again, comparing data at different tempera-
tures, this value is not found to depend sensitively on T .
The saturation of the wetting layer thickness towards its
equilibrium value is also well described by an inverse dif-
fusion behavior (Fig. 3, inset). We therefore conclude that
the growth of the wetting layer is in excellent agreement
with the theoretical expectations.

In conclusion, we studied the dynamics of nucleation
and growth of wetting layers in binary liquid mixtures
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of cyclohexane and methanol. We show that the larger
the equilibrium film thickness is, the larger the barrier to
nucleation becomes. This leads to pronounced hysteresis
effects when the equilibrium film thickness is large. In ad-
dition, the growth of the wetting layer following the nucle-
ation regime is diffusion limited and agrees quantitatively
with theoretical predictions.
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