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Abstract
In this study the wetting transition at the liquid–vapour interface of binary
organic liquid mixtures has been investigated by x-ray reflectivity. Mixtures of
various isomeric alcohols with perfluoromethylcyclohexane (PFMC) served
as model systems, with alcohol carbon numbers ranging from 1 to 4.
Remarkably different pretransitional behaviour of the thin films below the
wetting temperature was observed, which could be classified according to the
carbon number. At two-phase coexistence, no pretransitional thin films could
be detected for methanol and ethanol, whereas thin-to-thick-film transitions
were found for propanol and butanol and their isomers. For 1-propanol and 2-
propanol, the surface of the upper, alcohol-rich phase of the gravity-separated
mixture displays a wetting transition at Tw = 31.5 ◦C and 38.3 ◦C, respectively,
where the thickness of a PFMC-rich film jumps from less than 25 Å to values
exceeding the experimental resolution of about 1200 Å. For 1-butanol, 2-butanol
and i-butanol, we found pretransitional film thicknesses increasing up to 100 Å,
with wetting transitions at Tw = 45.0 ◦C, 34.2 ◦C and 40.1 ◦C, respectively. In
the single-phase region, the study of adsorption isotherms above Tw revealed
novel behaviour of the adsorbed PFMC-rich film. We observed both a growing
film thickness and a significantly changing composition as the coexistence line
was approached. Nevertheless, the variation of the excess adsorption with
distance from coexistence could still be described by a power law.

1. Introduction

Binary liquid mixtures represent valuable model systems for the study of wetting behaviour
and phase transitions at the liquid–vapour interface. The phase diagrams of a large variety of
systems are experimentally well accessible, and liquids offer also the advantage that defects
and other difficulties known from the preparation of solid surfaces are largely absent. Extensive
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theoretical predictions have sketched a detailed picture of wetting transitions with respect to
the order of the transition, its kinetics, the microscopic structure of the interfaces as well as
their energetics [1]. Seminal experimental investigations have elucidated essential properties
of wetting transitions, especially the first-order character of almost all wetting transitions in
binary liquids studied so far, hysteresis and the nucleation of the surface phase [4] and wetting
behaviour apart from two-phase coexistence, e.g. the prewetting transition line [5] (however,
it should be noted that also an immiscible liquid system with a continuous wetting transition
has been observed [3]). Open questions concern particularly the microscopic structure of the
prewetting films and the appearance of precursor effects for the first-order wetting transition.
Since more traditional methods in this field lack sensitivity on a molecular scale, we have
addressed these questions by employing x-ray reflectivity at grazing angles, which is an
excellent tool for the characterization of thin films and interfaces [6]. We chose binary
mixtures of alcohols and perfluoromethylcyclohexane (PFMC, C7F14) for our study since the
density contrast of the components is sufficiently large for x-ray reflectivity experiments. The
mixture with 2-propanol represents a classical system with a much lower surface tension of the
gravity-separated lower PFMC-rich phase that promotes a non-universal discontinuous wetting
transition at the upper phase–gas interface. For these systems, a discontinuous character of the
wetting transitions was established very early, in addition to an interesting systematic variation
of the wetting temperature Tw with the alcohol chain length [2, 18].

2. Experimental procedure

2.1. X-ray reflectivity

X-ray reflectivity at grazing angles can be described in terms of classical optics if the appropriate
refractive index n is used in Fresnel’s equations [7]. For x-rays, n is very close to one and is
customarily written as n = 1 − δ− iβ. The dispersion and absorption corrections are given by

δ = r0

2π
λ2ρ (1)

β = λµ

4π
(2)

where r0 = 2.818×10−15 m denotes the classical electron radius, λ the x-ray wavelength, ρ the
electron density of the material and µ the linear absorption coefficient (for details see [7, 8]).
With n less than unity, total external reflection occurs for x-rays incident from vacuum below
a critical angle αc = √

2δ (typically a few tenths of a degree). As can be seen from equation
(1), the critical angle is proportional to the x-ray wavelength and scales with the square root of
the density. For α � αc the ideal Fresnel reflectivity drops quickly with RF ∼ δα−4. Except
for the vicinity of absorption edges, the reflectivity can be expressed as a function of just the
modulus of the scattering vector:

Q = 4π

λ
sin α

which demonstrates formally the equivalence of energy-dispersive (ED) and angle-dispersive
(AD) measurements if they are performed under experimental conditions where anomalous
dispersion effects can be neglected. This is particularly the case for the present study, where
organic materials with low-Z components have been investigated using relatively hard x-rays.

The presence of thin films on a substrate as well as interfacial density gradients caused
by roughness can be detected by reflectivity experiments with atomic-scale sensitivity. The
structural information accessible with (specular) reflectivity measurements is the laterally
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averaged electron-density profile along the surface normal (denoted here as the z-direction).
This is expressed explicitly by equation (3), which demonstrates that the measured reflectivity
R, if properly normalized to the ideal Fresnel reflectivityRF , is related to the Fourier transform
of the derivative of the actual density profile [9, 10]:

R

RF

=
∣∣∣∣ 1

ρBulk

∫
d〈ρ(z)〉

dz
eiQz dz

∣∣∣∣
2

(3)

where 〈ρ(z)〉 denotes the electron density averaged parallel to the surface. However, equation
(3) is only valid within a kinematical approach. We used a generalized Parratt algorithm
[11] for simulations, which takes into account properly multiple reflections, dispersion and
absorption corrections by calculating the appropriate reflection coefficients at all interfaces and
multiplying them within a matrix formalism. The experimental data were modelled by wetting
layers of constant density, resulting in a piecewise-constant electron-density profile. To obtain
a better description of the actual profile, ρ(z) was additionally smoothed by the inclusion of a
(root mean square) interfacial roughness σ according to Névot and Croce [16], which replaces
the finite-density jumps by a more realistic error function profile.

Interfaces of fluid phases are always corrugated by thermal fluctuations, the so-called
capillary waves. These fluctuations have been shown to result in a broadening of the interfacial
width σ [12]. The apparent (measured) width σeff is connected with the intrinsic interfacial
width σint , temperature T , the interfacial tension γ and the experimental resolution by

σ 2
eff = σ 2

int +
kBT

2πγ
ln

[
Qmax

Qmin

]
(4)

whereQmax/Qmin is the ratio of two cut-off lengths. These correspond to the range of capillary
wavelengths that actually contribute to σeff under the given experimental conditions. If the
fluctuating liquid interface is located near to a rigid wall, a special behaviour is observed. In
this case long-wavelength fluctuations are damped out as a function of the distance between the
two interfaces, which leads to a sharper liquid interface and to a correlation of the corrugations
of the two interfaces [13, 14].

2.2. Materials

We focused on mixtures of PFMC with alcohols of short and moderate chain lengths, including
both isomers of propanol and three of the four isomers of butanol (see table 1). All liquids were
used as received from the suppliers. The quoted purity was 99.8% for methanol and ethanol
(Sigma-Aldrich). A value of 99.5% was quoted for the propanol liquids (Sigma-Aldrich)
as well as for the butanol liquids (Fluka), with residual water or other isomers remaining
below 0.05% each. Since PFMC is difficult to purify, it is usually available in technical-grade
quality only (90–95%). The PFMC used here was 97% fully fluorinated (Alfa), the remainder
essentially consisting of partly fluorinated molecules.

The miscibility phase diagram of several mixtures (systems 4 to 7) was determined by
optical turbidity measurements to check the consistency with literature values, and also to
improve the accuracy of experiments in the single-phase region close to the boundary. Figure 1
shows the results for two representative systems. The measured data points could be fitted
with the same critical exponent for all systems and a mixture-dependent asymmetry parameter.
The consolute temperatures derived from the fits are listed in table 1.

2.3. Experimental set-up and procedures

A major problem for scattering experiments at grazing angles is the preparation of a flat
liquid surface, since the experimental resolution depends strongly on the radius of curvature
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Table 1. Mixtures of alcohols CnH2n+1OH with C7F14 investigated in this work. The accuracy of
our temperature determinations is estimated to be 0.2 ◦C of relative error and 0.4 ◦C of absolute
calibration error.

Carbon Tc Tw

Alcohol number n Chemical formula (◦C) (◦C) Reference

Methanol 1 CH3–OH 157 82 [18]

Ethanol 2 CH3–CH2–OH 126 62 [18]

1-propanol 3 CH3–CH2–CH2OH 131 22.7 [18]
31.5 This work

2-propanol 3 CH3–CHOH–CH3 90.1 38.3 This work
90.5 38.0 [2]

1-butanol 4 CH3–(CH2)2–CH2OH 131.5 45.0 This work
131 7.5 [18]

2-butanol 4 CH3–CH2–CHOH–CH3 99.5 34.2 This work

i-butanol 4 (CH3)2CH–CH2OH 107.0 40.1 This work

Figure 1. Miscibility phase diagrams of PFMC with (a) 2-propanol and (b) 2-butanol. The
solid lines represent fits to experimentally determined coexistence points with a critical exponent
β = 0.29 [24]. The arrows indicate the region of interest investigated in this work.

encountered by the x-ray beam. The effective radius of curvature is not only determined by
the geometry and material of the confining walls, but also by the depth of the liquid, since
low-frequency surface waves can contribute significantly to a higher effective curvature. We
found the best results by employing a specially designed vessel depicted in figure 2. It consists
of a Teflon cylinder of 60 mm diameter with x-ray windows that were only thinned from the
outside, so that a uniform contact line with only a slight upward meniscus developed at the
entire boundary. As shallow liquids have been shown to attenuate effectively mechanically
excited surface waves, the liquid in the centre of the cell was spread upon a glass wafer to
form a film of about 0.6 mm thickness. In this way, we were able to obtain curvatures of
more than 40 metres. A total liquid volume of about 6 cm3 was used in the experiments, with
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glass support

Teflon bodyO-ring

IP
PFMC

Figure 2. A cross-section of the experimental cell, sketched for a phase-separated liquid. The
upper phase is spread over a glass wafer to maintain a shallow liquid.

most of the liquid being situated in a circular groove next to the wall. In the experiments
involving phase separation, the glass support was solely covered by the upper phase, which,
however, remained always in direct contact with the lower phase via the groove (cf. figure 2).
The vessel was sealed with Viton rings and thermostatted by resistive heaters positioned in
a highly symmetrically manner to minimize temperature gradients. The set-up was shielded
from air convection etc by a nested arrangement of (x-ray-transparent) polymer foils. A
LakeShore temperature controller (model 420) allowed us to achieve a long-term (24 h)
thermal stability of better than 5 mK, which was the value measured at the outer surface
of the vessel.

The entire cell was cleaned prior to the experiments with sulphuric acid; this was followed
by a Millipore water rinse. All liquids were filled into the cell from the side through a sealable
hole using syringes. Binary mixtures at two-phase coexistence were prepared by filling in
PFMC first, followed by an appropriate amount of alcohol. This procedure was reversed for
the preparation of mixtures located in the single-phase region, since only about 1 vol% PFMC
needed to be added at the temperatures of interest (cf. figure 1). The preparation of a new
mixture was always followed by a 24 h equilibration period. The equilibration time after
changing temperature was at least 24 h for x-ray tube measurements and 12 h for synchrotron
radiation experiments.

A significant part of the measurements were performed with a sealed-tube reflectometer
designed for x-ray scattering from liquids [15,17], which was operated in an angle-dispersive
mode with Mo Kα radiation (17.46 keV) or in an energy-dispersive mode using the continuous
spectrum up to 50 keV. Owing to the long equilibration times, extensive concentration series
and temperature dependencies could only be studied with this instrument. However, its
disadvantage is a relatively divergent beam that hinders the discrimination between diffuse
scattering and specular reflectivity at high momentum transfer, thus inducing a large scatter of
the data. Therefore, synchrotron radiation from HASYLAB (DESY) was used to cross-check
the observations at selected points of the thermodynamic parameter space. This part of the
measurements were carried out at the bending-magnet beamline D4, which is particularly suited
for grazing-incidence experiments on liquids. The angle of incidence was varied by tilting the
monochromator at a fixed Bragg angle with respect to the incident polychromatic beam, thus
deflecting the monochromatic beam downwards onto the horizontal sample surface, which
requires the automatic alignment of all beam elements along the trajectory of the incident and
the exit beam. An x-ray energy of 14 keV was found a suitable compromise between resolution
and momentum transfer on the surface. The specular and diffuse scattering was collected by
a one-dimensional wire detector (Braun).
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3. Results and discussion

3.1. Two-phase coexistence

As an example for a thin-to-thick-wetting-film transition at two-phase coexistence, the reflect-
ivity of a phase-separated 2-propanol/PFMC mixture is displayed in figure 3 together with fits
according to Fresnel theory for two temperatures above and below the wetting temperature Tw.
Below Tw, the reflectivity cannot be explained by a homogeneous 2-propanol-rich phase alone
(which should not differ considerably from the reflectivity of pure 2-propanol), as indicated
by the dashed line in figure 3. Instead, a very broad scaled thickness oscillation is discernible,
which is the signature of a very thin, dense layer on top of the alcohol surface. This layer
appears in equilibrium and is identified with the PFMC-rich prewetting film. Above Tw the
structure of the reflectivity curve changes drastically with a new critical angle appearing. This
is interpreted as indicating the presence of a wetting phase in the form of a very thick film, since
no thickness oscillations are discernible. All wetting films exceed the instrumental resolution
of about 1200 Å for synchrotron radiation experiments (600 Å for sealed-tube experiments).
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Figure 3. Specular reflectivities of the binary mixture 2-propanol/PFMC below and above the
wetting transition temperature Tw (bars and circles, respectively). Fits to the experimental data
are shown as full lines. A shift of the critical angle is clearly discernible. The simulation of the
reflectivity of pure 2-propanol (broken line) indicates that below Tw a very thin layer is adsorbed
on the 2-propanol surface.

It should be mentioned that the experimental data, despite illumination correction, do not
exhibit the usual total-reflection regime. The reason for the discrepancy between simulation
and experiment below the critical angle is depicted in figure 2: at extremely grazing angles,
the reflected beam has to pass the meniscus, which affects the measured reflectivity by causing
additional absorption. This angle-dependent effect causes intensity losses in the total-reflection
regime that are difficult to correct for. It was therefore not possible to use the critical angle for
data evaluation, e.g. to determine the density of the wetting phase. However, it was possible to
circumvent this problem by normalizing the experimental data to absolute reflectivities, which
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requires a careful measurement of the primary intensity. Since the density enters not only the
critical angle but also the absolute reflectivity via δ (cf. section 2.1), all relevant structural
parameters could be derived from fits that exclude the total-reflection regime. The dynamic
range of the reflectivity was invariably limited to seven orders of magnitude due to the diffuse
scattering arising from capillary waves at the interfaces, and also to some extent due to diffuse
bulk scattering arising from transmission through the meniscus.

Other alcohol/PFMC mixtures exhibit a qualitatively similar behaviour. Figure 4 shows
data that indicate the temperature-dependent growth of the prewetting film in a 2-butanol/PFMC
mixture. The measured reflectivities have been divided by the ideal Fresnel reflectivity of the
alcohol. This procedure, inspired by e.g. formula (3), amplifies deviations from the theoretical
reflectivity of a macroscopically thick (semi-infinite) phase, for example due to thickness
oscillations from an adsorbed prewetting film. As can be seen from the frequency of the
emerging undulations (see figure 4(a)), the thickness of the prewetting layer increases steadily
with increasing temperature, until at a certain temperature suddenly no more oscillations are
discernible and a new critical angle appears, which matches the density of a PFMC-rich wetting
layer. This temperature was identified as the wetting temperature of the system.
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Figure 4. (a) Specular reflectivities of the binary mixture 2-butanol and PFMC for different
temperatures below Tw . The experimental data have been divided by the ideal Fresnel reflectivity
of the alcohol-rich phase (due to phase separation at T < Tc). The curves are displaced by a factor
of 5 for clarity; solid lines represent numerical fits to the data including interface roughness. (b) A
sketch of the density profile perpendicular to the surface as derived from the fits. z = 0 denotes
the centre of the liquid–liquid interface.

Density profiles derived from fits to the reflectivity curves are shown in figure 4(b). All
experimental data could be modelled by a single layer of the PFMC-rich phase adsorbed on the
alcohol-rich phase. The density of the film is in agreement with the density of the PFMC-rich
phase calculated from the experimentally determined phase diagram (figure 1). Mixing effects
like excess volume were not accounted for in the calculation since the effect is smaller than
our density resolution. The liquid–gas interface was characterized by an essentially constant
root mean square roughness of about 6 ± 1 Å. This result correlates with a computation of
equation (4) for the given set-up, which yields 6.8 Å if the radii of the molecules are identified
with σint . By contrast, the width of the liquid–liquid interface increased from 6 Å to 11 Å with
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increasing film thickness (cf. figure 4(b)). This can be understood as a continuous decoupling
of the interfacial capillary-wave fluctuations from the surface (see [6, 13]). Taking a value of
Qmax/Qmin = 5 × 104 and an interfacial tension of 13 mN m−1 [18], the calculation is in
agreement with the observed broadening of the liquid–liquid interface. There is no need to
assume an increased intrinsic interface broadening σint above the natural molecular dimension,
which is not surprising here, since the temperature is far below Tc and no critical divergence of a
correlation length can be expected. Therefore it is justified to consider the surface enrichment
as a sharp prewetting film which displays capillary-wave fluctuations, with fluctuations of
the liquid–liquid interface being damped by the stiffer liquid–gas interface for thicknesses
below 40 Å.

Figure 5 summarizes the increase of the prewetting film thickness as a function of
temperature for 2-propanol and 2-butanol mixtures. The vertical line denotes the wetting
temperature determined as described above. For 2-propanol, within a temperature interval of
less than 0.05 K a jump in thickness occurs from less than 25 Å to macroscopic values (assessed
to lie in the range of 1500 to 2000 Å). For 2-butanol, the jump in thickness is preceded by a much
more pronounced (yet smooth) thickness increase towards the wetting transition, resulting in
maximal prewetting film thicknesses of about 100 Å. This type of behaviour is also observed if
other alcohol isomers are investigated. Whereas discontinuous wetting transitions are found for
all alcohols under investigation (see table 1), the growth behaviour of the pretransitional films
falls into several distinct classes which depend strongly on the carbon number of the alcohol.
For methanol and ethanol we did not find any indication for the existence of pretransitional
wetting films. For 1-propanol and 2-propanol the thin films remain below 25 Å even close to
the transition. The C4-alcohols are characterized by the growth of the pretransitional film up
to 100 Å as can be seen in figure 6(a). Figure 6(b) displays the behaviour of the pretransitional
films as functions of the reduced temperature with respect to Tw, where the common behaviour
is easiest to see.
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Figure 5. The thickness of the thin PFMC-rich wetting film on the surface of the alcohol-rich
phase as a function of temperature for (a) 2-propanol and (b) 2-butanol. The vertical lines denote
the wetting transition temperature Tw as indicated by a jump in thickness of more than a decade,
exceeding the experimental resolution.

Where a comparison is possible, table 1 indicates that our results for Tc agree well with
previous work, whereas the data for Tw differ significantly (except for 2-propanol). The reason
for these discrepancies is currently not clear. It could be argued that the purity of the PFMC
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Figure 6. The thickness of the PFMC wetting film for different butanol and propanol isomers
as functions of temperature ( : 2-butanol; •: iso-butanol; $: 1-butanol; ◦: 2-propanol; �: 1-
propanol). The vertical lines mark a strong increase in thickness beyond the experimental resolution.
In (b) the values are plotted versus a reduced temperature based on Tw .

might play a role. Whereas this cannot be excluded with certainty, we find it highly unlikely
that PFMC from the same batch should result in very unsystematic shifts of Tw ranging from
0 to 38 ◦C. It should also be mentioned that there is no indication that the liquids used in the
previous work were significantly purer than those used here, since neither the purity of the
PFMC nor the isomeric purity of the alcohols is addressed at all in reference [2, 18]. Instead
reference [18] determines the wetting temperature by a macroscopic method, namely that
of three phase contact angles. This is not directly comparable to molecularly resolved film
thickness measurements, and it is possible that our reported pretransitional film growth can
affect the apparent contact angle.

As for first-order characteristics of the wetting transitions observed here, we noticed that
the wall of the sample cell acted as a nucleation centre. No hysteresis was observed, since
wetting (as well as dewetting) occurred instantly (e.g., within the experimental time resolution)
as the transition temperature was crossed2. By comparison, wetting phenomena of the same
systems at a solid boundary involve time constants of hours owing to bulk diffusion [20].

It is an interesting question whether the observed discontinuous transitions precede a
‘hidden’ continuous transition. Such a behaviour is known from experiments with alkanes on
water, where in general a continuous transition is found due to a change of sign of the effective
Hamaker constant of the layered system. However, in the case of heptane this behaviour is
perturbed by a discontinuity [5,21], which results in a smooth rise of the film thickness followed
by a jump. While this behaviour appears to be very similar to the behaviour of the butanol
mixtures, the physics is indeed different. We have calculated the Hamaker constant of the
present systems from the optical index of refraction according to reference [22]. No indications
for a hidden continuous transition preceded by a discontinuous transition were found, since the
Hamaker constant does not change sign in the relevant temperature range (numerical values
range between 9.7 × 10−21 J at room temperature and 6.8 × 10−21 J at 70 ◦C).

Therefore we conclude that the observed pretransitional film growth is intrinsically
connected to the discontinuous wetting transitions, and is in particular related to the increasing

2 A time resolution of ten minutes was achieved in the energy-dispersive mode, where the sample is illuminated by
the x-ray ‘bremsspektrum’ and the reflected intensity is collected with an energy-dispersive detector [19]. This gives
the reflectivity of a large Q-range without moving the sample.
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alkane content of the rest of the alcohol molecules. Since only van der Waals interactions
are described by the Hamaker constant, the above numerical values would imply complete
wetting over the entire temperature range unless a destabilization of the wetting film occurs
by an additional interaction, for example arising from short-range interactions (H bonds of the
alcohols, structural forces) [19]. This competition of several interactions is found to be present
in a surprisingly large quantity of known first-order transitions in binary liquids [3, 18, 23].
The discontinuous nature of the transition is then a result of the competing van der Waals and
short-range interactions, which is the signature of a non-universal wetting transition.

3.2. Adsorption in the single-phase region

So far all experiments were located at the two-phase coexistence line, implying a phase-
separated mixture in the sample container. It is well known that the discontinuity observed at the
wetting transition extends into the single-phase region, giving rise to the so-called prewetting
line. In the following we describe experiments in the single-phase region of the alcohol-
rich side of the phase diagram (cf. figure 1). This region was further explored by keeping
the sample at a constant temperature and increasing the concentration of PFMC successively
towards two-phase coexistence. Of particular interest is the wetting film behaviour above Tw,
where at coexistence a thick wetting film is present. From theory a continuous growth of the
wetting film is expected, which is followed by a discontinuous increase as the prewetting line
is crossed. Subsequently, the film thickness can diverge continuously as the coexistence is
approached.

Measurements of the reflectivity at different concentrations of PFMC in a homogeneous
alcohol-rich phase are displayed in figures 7 and 8 for 2-propanol and 2-butanol. The majority
of the data have been taken at the sealed-tube reflectometer for reasons of time. As before,
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Figure 7. Normalized reflectivities of the 2-propanol/PFMC mixture in the single-phase region
at 42.36 ◦C. The curves are displaced by 2 upwards with increasing 2-propanol concentration.
Part (b) shows the corresponding density profiles as functions of concentration, given as fractions
of the concentration csat at the coexistence line. Note that the density of pure PFMC is 1.78 g cm−3

and the density of the saturated PFMC-rich phase would be 1.70 g cm−3.
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Figure 8. As figure 7, but for the 2-butanol/PFMC mixture at 39.05 ◦C. The uppermost curve is
displaced relatively by 3. Note that the density of pure PFMC is 1.78 g cm−3 and the density of
the saturated PFMC-rich phase would be about 1.73 g cm−3.

the data have been scaled by the ideal Fresnel reflectivity of the alcohol in order to emphasize
additional structure as a deviation from a horizontal line. On the right-hand side (figures 7(b)
and 8(b)) density profiles resulting from the simulations are sketched. The reflectivity of 2-
propanol shows a small increase relative to the Fresnel reflectivity, which can be interpreted
as slight surface enrichment by PFMC. The reflectivity data were fitted with the same model
as discussed in the previous section (single layers of a denser liquid on the alcohol surface).
The interface roughnesses were kept constant as long as the curves displayed no detailed
structure, with values derived from control experiments using synchrotron radiation. While
the determination of the bulk density is subject to an error of 0.08 g cm−3, the relative density
of the surface layer can be determined with a better resolution down to 0.03 g cm−3.

Whereas it is expected that the thickness of the film increases for concentrations which
approach the concentration csat at coexistence, it is a surprising finding that also the density
of the wetting film varies significantly with concentration. We find that the density reaches
only just below the saturation concentration csat a value that corresponds to the density of
the equilibrium binary mixture. The same holds for the mixture with 2-butanol, where the
thickness growth is larger in agreement with the pretransitional growth at coexistence. When
the concentration is further increased, the interface is readily wetted by the PFMC phase, and
no thickness oscillations are discernible. In no case could a pretransitional film thickness be
observed that exceeded the maximum pretransitional film thickness at coexistence. Therefore
it can be concluded that we could not resolve the presumed prewetting line in our experiments,
although it is obvious that the discontinuous nature of the transition is strongly imposed onto
the single-phase region. These findings are in agreement with recent studies of various wetting
phenomena, which show the tendency for there to be a prewetting line that is situated extremely
closely to the coexistence line [3]. However, the new result here is that the increasing adsorption
within the single-phase region is not only realized by an increasing film thickness, but also by
a variable density of the adsorbed species at the surface. Only x-ray scattering methods have
been able to investigate this problem so far, with the same behaviour being found for wetting
phenomena of these mixtures at a solid boundary [20].
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The thickness of the wetting film is not necessarily the relevant order parameter for wetting
transitions of binary liquids, as already established by theoretical calculations [25]. Particularly
for films with an inhomogeneous structure, the excess adsorption needs to be employed instead
as a well-defined order parameter. This quantity has been determined for our data as the
integral in the z-direction over the excess density (e.g., the density exceeding the density of the
alcohol-rich phase). Figure 9 displays the calculated excess density at the surface in a double-
logarithmic plot with respect to − ln(c/csat ). Under the approximation of an ideal mixture,
the logarithm of c/csat is proportional µ − µc, where µc denotes the chemical potential at
coexistence. If algebraically decaying interactions govern the wetting behaviour, a power
law is expected for the excess adsorption as a function of the chemical potential difference
in the case of complete wetting. An exponent of 1/3 is predicted for non-retarded van der
Waals interactions [26], whereas the inclusion of retardation effects results in even smaller
exponents. The plot in figure 9 implies that a power law is still present, but an exponent of
0.42 ± 0.03 is found for 2-propanol and 0.58 ± 0.15 for 2-butanol. It should be noted that the
power law is not expected to hold in the immediate vicinity of the wetting transition due to the
non-universal, first-order nature of the transition.
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Figure 9. A chart of the excess adsorption (see the text) versus the logarithm of c/csat in a
double-logarithmic plot. The solid lines represent straight-line fits to the data ( ; 2-butanol; ◦: 2-
propanol). The theory of complete wetting yields an exponent of 1/3 (dashed line).

4. Conclusions

The wetting behaviour of a series of binary mixtures of different alcohols with the per-
fluorinated alkane PFMC has been explored by means of x-ray reflectivity. The method is
capable of resolving the film thickness and density as well as additional interfacial properties
like interfacial broadening. The common behaviour of all mixtures is the appearance of a
discontinuous wetting transition at the surface of the alcohol-rich phase. Above the wetting
temperature Tw a macroscopic film of the PFMC-rich phase is formed. From the temporal
evolution of the system a nucleation of the transition from the contact line of the surface to
the Teflon chamber can be concluded. Therefore the intrinsic nucleation behaviour was not
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accessible. A striking new feature is found for pretransitional thin films of various mixtures.
If the alcohols are grouped according to their carbon number, the results can be summarized
as follows: the lowest alcohols did not show any thin films below Tw, whereas for propanol
mixtures the thickness remained always below 25 Å. Much higher thicknesses up to 100 Å were
observed for mixtures involving butanol isomers. Nevertheless, the jump in film thickness is
also for these mixtures more than an order of magnitude. This behaviour raises the question
of whether a further increase of the carbon number leads to even thicker pretransitional films
resulting ultimately in a continuous transition. A natural end point is given by the pure
alkanes, and indeed the continuous wetting of methylcyclohexane with PFMC [27] points to
that possibility. No indications were found for a second hidden continuous transition related
to a change of sign of the Hamaker constant. This observation leads to the question of the
importance of classifying wetting transitions with regard to the strength of the discontinuity,
which turned out to be relevant for displacive phase transitions in solids [28].

The interfacial structure of the wetting films was found to be in good agreement with
capillary-wave theory. The liquid–gas interface displayed a constant width of 6.8 Å, whereas
the width of the liquid–liquid interface increased up to 11 Å for thicker films. This is well
understood by assuming a stiffer gas–liquid interface, from which the undulations of the
liquid–liquid interface decouple with an increased spacing between the two interfaces. This
behaviour can be studied in more detail if the diffuse scattering from capillary-wave fluctuations
is systematically measured and compared to theory. This work is still in progress for the
present systems.

Resolving the structure of the wetting films reveals unique features in experiments, where
the mixture is situated in the single-phase region of the phase diagram. Upon changing the
concentration towards coexistence, the chemical potential difference is changed similarly to
that for gas–liquid wetting on a substrate. Here it is found that the thin adsorbed films
forming in the single-phase region do not display the density that one would expect from
the complementary phase. Instead, their density varies smoothly between the density of the
majority phase (alcohol rich) and the minority phase (PFMC rich). Approaching two-phase
coexistence, the growth of the wetting film is characterized by a density increase preceding
the growth of the film up to equilibrium thicknesses as observed in the two-phase regime. In
no experiment could a film thickness between the pretransitional state and the completely wet
state be observed, which implies that a presumed prewetting line is situated rather close to the
coexistence line, with cprewetting > 0.97csat .

The novel behaviour of the wetting film growth correlates well with that found in other
experiments, where 2-propanol/PFMC mixtures exhibit a wetting transition at a solid boundary
[20]. There, a complementary situation occurs where an alcohol layer intrudes between the
PFMC and a silicon surface. In the single-phase region wetting film structures were observed,
which also showed a changing film density upon approaching coexistence, followed by a
separate thickness growth regime. It seems quite possible that our findings point towards a
more general behaviour of the wetting film growth process which consequently may also be
found for other binary mixtures.
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Strukturbildung an Grenzflächen’) is gratefully acknowledged. We wish to thank R Nowak
and D Novikov for helpful advice at beamline D4. We appreciate fruitful discussions with
F Schmid, W Fenzl, M Tolan and E Bertrand.



5576 A Plech et al

References

[1] Dietrich S 1988 Wetting phenomena Phase Transitions and Critical Phenomena vol 12, ed C Domb and
J L Lebowitz (London: Academic) pp 1–218

[2] Schmidt J W and Moldover M R 1983 J. Chem. Phys. 79 379
[3] Ragil K, Meunier J, Broseta D, Indekeu J and Bonn D 1996 Phys. Rev. Lett. 77 1532
[4] Bonn D, Bertrand E, Meunier J and Blossey R 2000 Phys. Rev. Lett. 84 4661
[5] Bonn D, Kellay H and Wegdam G H 1994 J. Phys.: Condens. Matter 6 A389
[6] Tolan M 1999 X-Ray Scattering from Soft-Matter Thin Films (Springer Tracts in Modern Physics vol 148)

(Heidelberg: Springer)
[7] James R W 1962 The Optical Principles of the Diffraction of X-rays (Woodbridge, CT: Ox Bow)
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