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Capillary condensation from vapor has been studied at temperatures below the bulk melting pointTm of the
condensing substance using a surface force apparatus. Both mica and mica modified by self-assembly of a
fluorinated surfactant (perfluoro-1H,1H,2H,2H-decylpyridinium chloride) have been used as substrate surfaces.
The condensing liquids, cyclooctane and menthol, nearly wet (contact angle<15°) mica but show a high
(∼60°) contact angle on the fluorinated surface. As in previous studies with unmodified mica, we find that
both cyclooctane and menthol condense as liquids belowTm, and that the size of the condensates at solid-
vapor coexistence is limited and inversely proportional to the temperature depression belowTm, or ∆T. A
comparison of the size of the condensates between the fluorocarbon surfaces and the mica surfaces and the
quantitative dependence of the size of the condensate on∆T for cyclooctane lead us to conclude that the
maximum condensate size is determined by the equilibrium between condensed, “supercooled” liquid and
vapor, and is hence proportional to the surface tension of the liquid-vapor interface. From a consideration
of the equilibrium between a liquid and a hypothetical solid condensate, it is concluded that a solid condensate
does not usually form for kinetic reasons although two exceptions were found in earlier work.

Introduction

Highly subdivided matter, such as substances confined to
porous media, or finely dispersed particles shows phase transi-
tions that are shifted from their bulk values.1,2 The large surface-
area-to-volume ratio causes the relative magnitudes of the
surface free-energy terms to compete with bulk free-energy
terms and the phase with the smaller surface or interfacial free
energy will be favored. This general statement covers well-
known phenomena such as capillary condensation and melting-
point depression of small particles and substances in pores.
Porous materials and dispersions are ubiquitous in nature and
in technological applications, and both capillary condensation
and melting-point (or freezing-point) depression have important
practical consequences. Frost heave, weathering of rocks and
man-made building materials, industrial processing of powders,
metals and ceramics, and recovery of oil from reservoir rocks
are some of the relevant practical areas.

Capillary condensation of liquid from undersaturated vapor
occurs because the free energy of a solid-vapor interface is
larger than that of a solid-liquid interface if the liquid has a
contact angle of less than 90° on the solid substrate. Kinetic
factors may lead to the existence of a metastable vapor phase3,4

(e.g., in narrow slits), but in a wedge-shaped pore capillary
condensation will readily take place as there is no energy barrier
toward nucleation of the liquid phase. Capillary condensation
in porous media is an important area of research and has been
widely used to characterize porous materials5,6 but fundamental
investigations are more conveniently carried out with single
pores. The surface force apparatus7,8 (SFA) and similar devices9

with a surface configuration of crossed cylinders or a sphere

and a flat allow the study of capillary condensation in a single
pore. Effects due to pore-size polydispersity, interconnectivity,
and the metastable states that may result in porous networks
are thus avoided.10 Furthermore, the pore size may be varied
continuously and reversibly in a single experiment. The first
accurate verification of the Kelvin equation for liquids in pores
was carried out with the SFA over 25 years ago,11 and since
then a considerable amount of knowledge about capillary
condensation has accumulated. Although the SFA has the
advantage of multiple-beam interferometry,12 which allows the
unambiguous detection of capillary condensates via refractive
index differences between the condensate and the surrounding
phase, a number of experiments13,14have been carried out with
a force-measuring device that only allows the presence of a
condensate to be indirectly inferred. This instrument has the
advantage of greater rigidity,9 which increases the range over
which forces can be accurately measured. Both static and
dynamic aspects of capillary condensation from vapor have been
studied. Dynamic experiments have included studies of the
mechanism of the condensation process itself,14,15 the evapora-
tion of liquid bridges,16,17 the growth rates of capillary
condensates,18-20 and the effects of wetting hysteresis at the
three-phase line.21 Equilibrium experiments have extended the
scope of capillary condensation studies to cover phenomena such
as condensation of solute from solution,22 condensation from
vapor at temperatures below the bulk melting pointTm,23,24and
freezing of liquid capillary condensates.25 The atomic force
microscope also has been used for capillary condensation
experiments, mostly to study the effects of condensates on
friction and adhesion.26-30

Historically, melting- and freezing-point depression in porous
media was first studied by investigating capillary condensation
at temperatures below the bulk melting point of the condensing
substance.1,31-34 The porous systems were usually rather ill-
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defined with a considerable polydispersity of the pore size. The
freezing and melting points of capillary condensates could be
identified by breaks in the vapor pressure versus temperature
curves. Later, with the advent of more well-defined media (e.g.,
Vycor glass and related materials) most studies were carried
out by allowing the porous matrix to absorb liquid aboveTm

and then lower the temperature.1,2 Because of the transparency
and amorphous nature of these porous media, a variety of
techniques may be used (e.g., NMR, diffraction, calorimetry,
light scattering, etc.). In these studies, the melting- and freezing-
point depression has usually been found to be inversely
proportional to the pore diameter with freezing occurring at a
lower temperature than melting. A number of kinetic and
thermodynamic models35 have been advanced to explain the
details of the pore-size dependence, mostly based on the Gibbs-
Thomson equation. Given that a liquid phase in general wets a
solid substrate in the presence of its own solid, it is favorable
to keep the pore substance liquid belowTm.

In general, there is no true equilibrium with the vapor phase
during these porous-media studies. Filled pores prevent free
exchange of matter between vapor and condensed phases. Some
exceptions have been noted, particularly with hydrogen and
helium, which are in some cases able to diffuse effectively
through the solid matrix.36-38 By contrast, capillary condensation
in the SFA is studied under conditions of true equilibrium with
the vapor phase. In experiments carried out belowTm, it has
been shown that liquid condensates form between mica surfaces
for moderate temperature depressions∆T ) Tm - T,23,24 but
that these are limited in size at coexistence, when the vapor is
in equilibrium with bulk solid. Just as in the porous media
studies, the “pore diameter”, defined as the surface separation,
h, at the condensate-vapor interface (see Figure 1), is inversely
proportional to∆T. Unlike in porous media studies, however,
if the temperature is reduced without separating the surfaces
the condensates evaporate rather than freeze1,20 for all liquids
so far studied.

In experiments with long-chainn-alkanes (mainlyn-octade-
cane),25 it was found that liquid condensates that formed as
annuli around the contact region of the mica surfaces would
freeze when these were separated. A semiquantitative correlation
could be made between the relative sizes of the vapor-
condensate interface and the mica-condensate interface and the
∆T at which freezing would occur on separation. An increase
in the condensate-vapor interfacial area, such as occurs on
separation of the surfaces, would promote freezing. A frozen
condensate would remelt if the surfaces were forced into contact

around the solid, thereby decreasing the condensate-vapor
interfacial area and increasing the area of contact between
condensate and mica. The relative ease with which freezing of
bridges ofn-octadecane occurs may be related to the phenom-
enon of surface freezing that is known to occur at the liquid-
vapor interface of long-chainn-alkanes of carbon number 15
or higher.39,40 This ordered layer promotes nucleation of solid
alkane from bulk liquid and would be expected to do the same
in the liquid bridges in the SFA. Freezing of liquid bridges on
separation was not found withtert-butanol, menthol, or cyclo-
hexanol with which surface freezing does not take place.

With neo-pentanol41 and tetrabromomethane,42 condensation
of solid directly from vapor was observed, although this
appeared to occur outside and around an initially condensed
liquid condensate in the case ofneo-pentanol. With neo-
pentanol, the solid condensates grew very large close to solid-
vapor coexistence, as expected because the chemical potential
of the vapor is close to that of bulk solid. These results were
the first direct observations of capillary condensation of solid
from vapor and show that both solidneo-pentanol and solid
tetrabromomethane must have contact angles of less than 90°
on mica.

H.K.C. has previously attributed the quantitative relationship
between the condensate sizeh (Figure 1) and∆T for the liquid
capillary condensates at coexistence to the thermodynamic
instability of a solid condensate in a small mica wedge. The
liquid condensate would grow until its maximum size was
governed by the equilibrium between a liquid condensate and
a hypothetical solid condensate. On the assumption that the
liquid in the condensate would wet the mica substrate in the
presence of its solid, the relationship between the condensate
sizeh at coexistence and∆T would be23

where∆Hfus is the enthalpy of fusion,VML is the molar volume
of the liquid, andγSL is the interfacial tension between liquid
and solid of the condensing substance. This equation is identical
to the Gibbs-Thomson equation for a cylindrical pore of
diameterh. In this model, it was assumed that further growth
could only occur by direct condensation of solid outside the
liquid annulus, as was found withneo-pentanol.41

The previous studies of capillary condensation belowTm have
all been carried out with mica surfaces and the condensing
liquids have had small (<10°) contact angles on the mica. To
investigate the effect of the nature of the surface on capillary
condensation belowTm, we set out to study a system in which
the condensing liquid has a significant contact angle on the
surface. We modified the mica surface by adsorbing a fluoro-
carbon surfactant to it and by choosing a hydrocarbon as the
condensing liquid we were able to maximize the contact angle
on the surface without compromising the stability of the
monolayer. Cyclooctane was used as the condensing liquid
because its melting point, which is close to room temperature,
and its reasonably high vapor pressure are experimentally
convenient. We carried out experiments both with bare mica
surfaces and with mica surfaces modified by adsorption from
solution of the fluorocarbon surfactant.

In the course of these experiments it became apparent that
relating the condensate size to a solid-liquid equilibrium only
could not be correct, and that the liquid-vapor equilibrium must
also be considered. We therefore carried out some additional
experiments with previously studied substances using menthol

Figure 1. Schematic cross-section of the surfaces in the equivalent
sphere-on-a-flat configuration in the presence of a capillary-condensed
annulus. The radius of curvature of the surfacesR ≈ 2 cm. t is the
thickness of the adsorbed layer on the surfaces far from the condensate,
θ is the contact angle of the liquid in the condensate on the surface,
and r1, r2 are the principal radii of curvature of the condensate-vapor
interface. Typically,r2 ≈ 25-50 µm andr1 ≈ -(10-500) nm, so that
1/r ) 1/r1 + 1/r2 ≈ 1/ r1. The condensate sizeh is related tor andt by
h ) 2r cosθ + 3t.

1
h

)
∆Hfus∆T

4VMLγSLTm
(1)
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as the condensing liquid both with bare mica surfaces and with
fluorocarbon-coated surfaces, andtert-butanol with mica only.
The results have led us to conclude that the maximum size of
the liquid condensates is governed by the equilibrium between
vapor and what may be regarded as supercooled liquid with an
additional reduction in chemical potential due to the curved
liquid-vapor interface.

Materials and Methods

Synthesis of Fluorinated Surfactant.The fluorinated sur-
factant was prepared as described previously43 by refluxing
anhydrous pyridine with perfluoro-1H,1H,2H,2H-decyl iodide
(Aldrich). The precipitated perfluoro-1H,1H,2H,2H-decylpyri-
dinium iodide was washed with diethyl ether and recrystallised
from acetone. The corresponding chloride was obtained by ion
exchange using Amberlite IRA-410 and recrystallised from
acetone.

Liquids. The cyclooctane (99+%) was from Lancaster
Chemicals while the menthol (2-isopropyl-5-methyl-1-cyclo-
hexanol, 99%) and thetert-butanol (2-methyl-2-propanol,
99.5%) were purchased from Sigma Aldrich. The menthol and
tert-butanol were used as received, but in some experiments
the cyclooctane was distilled under vacuum before use. No
difference in the experimental results was found between
distilled and undistilled cyclooctane. Some relevant physical
properties of the liquids are given in Table 1.

Surface Preparation.The mica (Paramount, New York) was
cleaved, cut with a hot platinum wire and was coated with 52
nm of silver by vacuum evaporation. The mica surfaces were
glued to cylindrically polished silica discs of 2 cm radius of
curvature with a thermosetting epoxy resin (Epikote 1004).
For experiments with fluorocarbon-coated surfaces, perfluoro-
1H,1H,2H,2H-decylpyridinium chloride then was adsorbed to
the mica by immersing the silica discs with attached mica
surfaces in a 1.0× 10-4 M (approximately 1/10 of the cmc)
aqueous solution in Millipore water for 24 h. The discs were
then withdrawn, rinsed with water and cyclohexane, and blown
dry with a nitrogen stream. Surfactant-coated surfaces for
characterization studies were prepared from thicker, freshly
cleaved mica pieces in an identical fashion.

Surface Characterization.The fluorocarbon surfaces were
characterized by contact angle measurements before and after
exposure to various liquids and by atomic force microscopy
(AFM) scans. The AFM scans showed a flat, completely
featureless surface. If part of the mica surface was masked by
a second piece of mica during adsorption, the step height at the
edge of the surfactant layer after the masking mica piece was
removed was found to be 1.2-1.3 nm. The length of the
molecule was estimated from atomic dimensions to be 1.4 nm,
suggesting a reasonably well-packed monolayer surface.

The contact angle measurements were carried out with a
FTÅ2000 instrument from First Ten Ångstroms. The advancing
contact angle of water on the fluorocarbon surfaceθa was 93
( 2° and the receding angleθr was 18( 2°. θa for cyclooctane

was 62( 1° andθr was 50( 2° on the fluorocarbon surface.
The contact angle of a cyclooctane droplet placed on the surface
was unchanged (to within(2°) for periods of up to 5 h,
suggesting little effect of cyclooctane on the integrity of the
monolayer. For menthol, the contact angles wereθa ) 57 ( 2°
andθr ) 45( 2°. With tert-butanol, however, the contact angle
on the fluorocarbon surface decreased significantly on exposure
to the liquid and these surfaces were not used for condensation
experiments withtert-butanol. The contact angles of cyclooctane
on mica wereθa ) 15 ( 2° andθr ) 8 ( 2°.

The FTÅ2000 also was used to measure the surface tension
of cyclooctane and a value of 31 mNm-1 at 22°C was obtained.

SFA Experiments. A surface force apparatus based on the
Mark IV version8 was used to study capillary condensation
between mica surfaces and between fluorocarbon-coated mica
surfaces. The surfaces are mounted as crossed cylinders and
their separation controlled with a micrometer/translation stage
and a piezoelectric cylinder. One of the surfaces is rigidly
mounted on the piezoelectric cylinder and the second surface
is mounted at the end of a very rigid cantilever of approximate
spring constant 105 Nm-1. The surface separation and refractive
index of the medium between the surfaces is determined by
multiple-beam interferometry.12 Discrete wavelengths transmit-
ted by the opposing, back-silvered mica surfaces are resolved
in a grating monochromator, recorded with a charge-coupled
device (CCD) camera at the exit slit, and are analyzed with the
standard three-layer interferometry equations.

The temperature was controlled using a system based on a
design by Heuberger et al.44 The apparatus was housed in a
Styrofoam-insulated wooden box whose temperature could be
controlled and varied by means of Peltier elements. The lowest
achievable temperature with the system was 7°C for short
periods of less than 1 h and 8°C for longer periods.

The typical experimental procedure was to determine first
contact between the surfaces in dry nitrogen with molecular
sieve 3A as the drying agent in the chamber. In the case of
cyclooctane, liquid was injected onto the molecular sieve in the
apparatus aboveTm and the chamber was allowed to equilibrate
overnight at 30°C to increase the evaporation rate. The
apparatus was then kept overnight in a refrigerator/freezer at
-5 °C to ensure that the reservoir would freeze (substantial
undercooling may occur with cyclooctane), which was checked
by visual inspection. In some experiments, a few measurements
were made with unfrozen liquid in the chamber at various
temperatures to note the effect of an undercooled liquid reservoir
on the condensate size.

The apparent vapor pressure, as determined with the Kelvin
equation aboveTm varies slightly with the total amount of
cyclooctane injected. The amount injected was 0.5 or 1.0 cm3.
Although the amount required to saturate the chamber is only
about 0.03 cm3, an unknown amount is absorbed by the
molecular sieve and on other surfaces. There are also small
(<0.1 °C) temperature gradients in the chamber, and the net
effect is that the apparent vapor pressure, although close to
saturation, increases slightly with the amount of injected
cyclooctane. Near coexistence the equilibration time became
very long (g3 h) and the smaller amount was therefore injected
in most experiments to avoid excessive equilibration times,
which may lead to irreversible deformation of the curved
surfaces after prolonged contact. The experiments were usually
carried out by increasing the temperature from run to run but
on a few occasions the temperature was decreased.

The experiments with menthol andtert-butanol were carried
out in a similar fashion. With the higher melting point and vapor

TABLE 1: a

condensing
substance

melting
point (°C)

boiling
point (°C)

∆Hfus
(kJ mol-1)

ps
(Torr atTm)

VM
(cm3)

γLV
(mN/m)

cyclooctane 14.3 149 2.41 3 134 31
tert-butanol 25.5 82 6.70 40 94 20.7
menthol 34 212 12.4 0.1 (est) 176 (34)b

a Data are from ref 44 except the heat of fusion and vapor pressure
of cyclooctane, which are from ref 52, and the heat of fusion of menthol,
which is from ref 25. The surface tension of cyclooctane was measured
in this study.b Value for cyclohexanol is from ref 53.
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pressure oftert-butanol, measurements could commence after
overnight equilibration at room temperature. As menthol is solid
at room temperature, a small amount (<1 g) was introduced
through an access port in the side of the chamber while in a
laminar flow cabinet.

After equilibration, the surfaces were brought together in the
vapor phase of the studied liquids until an inward jump occurred
at a separation of the order of 15-20 nm. The formation of the
capillary condensate pulled the surfaces together and the
condensate then continued to grow in the annular region
surrounding the contact between the flattened surfaces (see
Figure 1). The condensates were left until no further growth
was apparent and their equilibrium size measured by locating
the discontinuity in the fringes found at the position of the
condensate-vapor interface. This involves some extrapolation
of the fringes as there is usually a region in which the fringe
intensity is very low. The error bars in the figures are due to
differences in the results of the extrapolation from the vapor
phase and the extrapolation from the condensed phase. The
surfaces then were separated and the condensates snapped at
some large separation and then were left to evaporate. Correc-
tions for the thermal expansion of mica were obtained by
monitoring the shift in the contact position in nitrogen with
temperature. The flow of the condensates during separation
proves their liquid nature, and in some cases the refractive index
of the cyclooctane was measured after separation. The results
of four separate measurements were 1.453( 0.006, 1.458(
0.002, 1.466( 0.007, and 1.450( 0.006, close to the literature
value of 1.4584 for liquid cyclooctane.45 (The value for solid
cyclooctane would be expected to be several percent higher, as
found previously for solidn-octadecane compared to the
liquid.25) The temperature was then changed and the procedure
repeated when the apparatus and its surrounding had come to
thermal equilibrium, usually after leaving the system overnight.

Results

Previous studies of capillary condensation in the SFA have
mostly dealt with liquids that wet or nearly wet the substrate
(mica).11,15-20,23-25 The large (62°) contact angle of cyclooctane
on the fluorocarbon surface leads to some differences in behavior
compared to the condensates with small contact angles. When
the fluorocarbon surfaces are separated, the annular condensate
becomes a bridge that then ruptures at a large separation to form
a droplet on each of the two surfaces, as usual. Because of the
high contact angle, however, these droplets do not spread out
over the surface as is the case with droplets on mica surfaces
and the evaporation of the droplets is consequently much slower
(as the radius of curvature of the droplets is many microns, the
increased vapor pressure is negligible). At the location of the
droplets the interference fringes show a gap (see Figure 2) which
we believe is due to a combination of total internal reflection
close to the perimeter of the droplets and deviation of the light
beam near its center. If the droplets are allowed to coalesce by
bringing the surfaces closer, the part of the interference fringes
that corresponds to the bridge reappears as there is now much
less effect on the light beam.

The separation at which the surfaces were pulled together
was in the range 10-25 nm, depending on the temperature. The
larger values were found for the higher temperatures at which
the thickness of the adsorbed films on the surfaces is greater.
There was no change in this separation during the course of an
experiment and we take this as evidence that no significant
contamination of the condensates or disruption of the fluoro-
carbon monolayers occurred during the experiments. Both with

the mica surfaces and the fluorocarbon surfaces, the contact
between the surfaces in the condensates was shifted outward
with respect to contact in dry nitrogen, typically by about 2 nm
for the mica surfaces and less than 1 nm for the fluorocarbon
surfaces. This is undoubtedly because of the repulsive barriers
of a solvation force both in the case of mica and the fluorocarbon
surfaces, as was verified by pushing the surfaces together under
high loads and observing inward jumps of 0.7( 0.1 nm,
approximately the mean diameter of the cyclooctane molecule.
The surfaces could not be pushed closer than 0.7( 0.1 nm
from contact with either surface. As this was not studied in
detail, we cannot exclude the possibility of a slight swelling of
the fluorocarbon surfaces in the cyclooctane, as has been
reported for some monolayer surfaces in hydrocarbon vapors
and condensates.46 Such a swelling does seem unlikely, however,
in view of the large contact angle of the cyclooctane on the
fluorocarbon surface and the lack of such a swelling in a study
with a different fluorocarbon monolayer surface.46

Figure 3 shows the inverse of the measured condensate size
1/h as a function of∆T for cyclooctane condensing on mica,
and for cyclooctane condensing on the fluorocarbon surface.
These values ofh are the distance defined in Figure 1, or the
separation between the surfaces at the perimeter of the annular
condensate, and thus include adsorbed layers of thicknesst
present on the surfaces on the vapor side of the interface and
any possible swelling of the monolayers discussed above. As
can be seen, 1/h increases approximately linearly with∆T for
both surfaces. There are two sets of data (open symbols) for
the mica surfaces, corresponding to 1.0 (lower set) and 0.5 cm3

of liquid cyclooctane in the chamber, and with the smaller
amount the vapor is clearly off solid coexistence as the
condensate remains of finite size nearTm. From this condensate
size, the relative vapor pressure obtained from the Kelvin
equation wasp/p0 ) 0.993. With the fluorocarbon surfaces (solid
symbols) only the smaller amount was used to avoid the
excessively long equilibration times that were required near
coexistence, and the condensate sizeh atTm givesp/p0 ) 0.994.

Figure 2. Appearance of the interference fringes (bottom) with mica
surfaces coated with an adsorbed layer of heptadecafluorodecylpyri-
dinium chloride and a schematic configuration of the cyclooctane
condensates deduced therefrom (top). The left-hand images show the
fringes and surfaces when a bridging capillary condensate of cyclooc-
tane has snapped, leaving a droplet of high-contact angle on either
surface. There is a gap at the center at which the light has been reflected
or deviated by the liquid-vapor interface of the droplets. The right-
hand image shows the fringes and surfaces when the two droplets have
coalesced at a smaller separation. The light can now pass through the
bridge, but the center part is shifted in wavelength due to the difference
in refractive index compared to the surrounding vapor.
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The condensate sizes are thus about the same atTm for the two
different surfaces, but they deviate increasingly at lower
temperatures. Each data set is from several different experiments
and distinguished by different symbols. The points marked with
an asterisk were taken on decreasing the temperature and all
others on increasing the temperature from the lowest (greatest
value of∆T). The dashed lines are least-squares fits to the data
points, although the line for the mica surfaces at coexistence
has been constrained to pass through the origin (no data was
collected close toTm as the equilibration times became exces-
sively long).

With undercooled cyclooctane in the reservoir the condensates
grow very large and appear to continue growing with no clear
indication of an approach to equilibrium. We did not attempt
to determine accurately the condensate size in this case.

Figure 4 shows 1/h vs ∆T for menthol on bare mica (solid
triangles) and on the fluorocarbon surface (solid diamonds). Also
shown are results withtert-butanol and bare mica surfaces for
3 different volumes of injected liquid: 1, 3, and 5 cm3. The
broken lines are least-squares fits to the data. Clearly, the largest
amount gives results that appear to extrapolate to a very large
condensate size atTm, indicating that the vapor phase is close
to saturation. The other two amounts gave vapor pressures of
0.998 and 0.988, as estimated from the extrapolated condensate
size and the Kelvin equation. The occurrence of inward jumps
and adsorbed layers on the surfaces were noted with menthol
and tert-butanol but we did not study this in detail.

Discussion

Previous measurements of the condensate sizes oftert-
butanol,neo-pentanol, and menthol belowTm by one of us have
been discussed in terms of an equilibrium between a solid

condensate and a liquid condensate belowTm.23,24 According
to this model, the equilibrium condensate size would vary as

where ∆Hfus is the enthalpy of fusion of the condensing
substance,VML is its molar volume, andγSW, andγLW are the
free energies of interface between the wall (mica) and a solid
condensate, and the interface between the wall and a liquid
condensate, respectively. Ifφ is the contact angle of the liquid
forming the condensate on the wall (mica) against its own solid,
and this liquid is assumed to wet the wall in the presence of
the solid, then

whereγSL is the interfacial tension between solid and liquid of
the substance in the condensate. (Note thatφ is different to the
contact angleθ, which we use for the contact angle of a liquid
on the solid substrate (mica or fluorocarbon-coated mica) in
vapor). Equation 2 thus reduces to eq 1 (see Introduction), and
the slope of 1/h versus ∆T would be proportional to the
interfacial tension between solid and liquid. With this analysis,
γSL was found to be 14 mNm-1 for both tert-butanol andneo-
pentanol and 25 mNm-1 for menthol. Unfortunately, there is
no literature data onγSL for these or similar compounds with
which to compare. The repeat measurements withtert-butanol
atp/p0 ≈1 presented here in Figure 3 would give a similar value
of γSL or 13 mNm-1.

Application of eq 3 to the data obtained with cyclooctane
(1.0 cm3 injected volume) between bare mica surfaces (Figure
3) givesγSL ) 23 mNm-1. This value is five times larger than
the 4.6 mNm-1 estimated for cyclohexane from melting-point
depression studies with porous glasses.47 Note that relaxation
of the assumption that cosφ ) 1 in eq 3 could only further
increase this value.

Furthermore, from the slope of the 1/h versus∆T fit for
cyclooctane between the fluorocarbon surfaces, one calculates
γSL ) 13 mNm-1, which is a different value for the same liquid!

Figure 3. Measured condensate sizeh of cyclooctane as a function of
temperature depression below the melting point∆T. The lower set of
symbols are measurements with bare mica surfaces and 1 cm3 of
cyclooctane injected into the chamber, givingp/p0 ≈ 1, the middle set
are measurements with bare mica surfaces and 0.5 cm3 of cyclooctane,
and the upper set (filled symbols) are measurements with 0.5 cm3 of
cyclooctane with mica coated with an adsorbed layer of heptadecaf-
luorodecylpyridinium chloride. The different symbols within each set
are results from different experiments. Symbols marked with an asterisk
denote measurements made on decreasing the temperature, all others
were made on increasing the temperature. The lines are least-squares
fits to the data sets in which the fit to the results with bare mica surfaces
with 1 cm3 of cyclooctane has been constrained to pass through the
origin; the other two are free fits. The error bars are because of the
difficulty of accurately locating the interference fringe discontinuities
at the condensate-vapor interface at which there is generally a region
of low fringe intensity.

Figure 4. Measured condensate sizeh of menthol (filled symbols)
andtert-butanol (open symbols) as a function of temperature depression
below the melting point∆T. The filled triangles are measurements with
bare mica surfaces, and the filled diamonds are measurements mica
bearing an adsorbed layer of heptadecafluorodecylpyridinium chloride.
The three different open symbols are measurements at different relative
vapor pressures oftert-butanol on bare mica. The lines are unconstrained
least-squares fits to each set of data. The error bars are as in Figure 3.

1
h

)
∆T∆Hfus

4TmVML(γSW - γLW)
(2)

γSW - γLW ) γSL cosφ ) γSL (3)
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This difference between the bare mica surface and the fluoro-
carbon surface could conceivably be accounted for by a
difference in the contact angleφ on the two surfaces (e.g., ifφ
were 0° on the mica and about 60° on the fluorocarbon surface)
but we have no evidence for this. The same holds for menthol
when comparing the data obtained with the two surfaces (Figure
4). One has to postulate a much higher contact angleφ on the
fluorocarbon surface, with no evidence for or against this.

Another problem with the previous analysis is the difficulty
of quantitatively accounting for data off coexistence (i.e., when
the vapor phase is not saturated). The intercept of 1/h must give
the condensate size at the melting point, which via the Kelvin
equation gives the relative vapor pressure at the melting point.41

Equation 1, however, apparently has no dependence on the vapor
pressure and it is not obvious how it would be modified to
account for the condensate size off solid-vapor coexistence.

The improbably high value ofγSL for cyclooctane predicted
by eq 1 has led us to reconsider the factors determining the
condensate size. Several experimental observations point to the
fact that the equilibrium with the vapor phase is involved. These
are: (1) The condensates respond to a lowering of the
temperature by reducing their size via evaporation. Freezing of
an annular condensate between surfaces in contact has not been
observed with any studied liquid. (2) The size (h) of the
condensates, both for cyclooctane and menthol, seems to scale
approximately with the contact angle of the liquid on the surface
against the vapor phase, which is a measurable quantity. (3)
The slopes of the 1/h vs ∆T curves in Figures 2 and 3 seem to
be similar irrespective of the exact vapor pressure and extrapo-
late to give a vapor pressure apparently consistent with the
Kelvin equation at∆T ) 0. (4) With undercooled cyclooctane
in the reservoir, the condensates appear to grow without bounds,
as expected if the equilibrium curvature of the condensate is
zero as for the liquid in the reservoir.

The equilibrium between vapor and both liquid and solid
capillary condensates belowTm was considered by Batchelor
and Foster34 in 1944. They assumed that the vapor pressure over
the condensates could be obtained by a combination of the
Clausius-Clapeyron equation and the Kelvin equation. The
former allows extrapolation of the vapor pressure to tempera-
tures belowTm, and together with the latter this allows the
equilibrium vapor pressure of a curved liquid (or solid) interface
below Tm to be determined. We have adapted their approach
but consider only liquid condensates in what follows (a similar
treatment is to be found in ref 42).

The saturation vapor pressure over (supercooled) liquidpL

and the saturation vapor pressure over solidpS at a temperature
T below Tm are

respectively. Here,∆Hvap and ∆Hsub are the enthalpies of
vaporization and sublimation, respectively, andpm is the vapor
pressure atTm. Equations 4 and 5 together give

where∆Hfus is the latent heat of fusion. A vapor pressurep off
coexistence at a temperatureT can be related topL at that
temperature via the Kelvin equation

where theVML is the molar volume of the condensing liquid
andrL is the curvature of the liquid-vapor interface (negative
for a wetting liquid). For a liquid capillary condensate in
equilibrium with vapor at a pressurep we can write

which with eq 6 gives

Introducing∆T ) Tm - T, andr ) |rL| (since the net curvature
is negative) gives

which rearranges to

This is total interfacial radius of curvature of a liquid condensate
in equilibrium with vapor belowTm. The intercept is equal to
1/rm, or the inverse Kelvin radius atTm, as expected. Forp )
pS, eq 11 reduces to

This equation gives the radius of curvature of a liquid capillary
condensate in equilibrium with saturated vapor belowTm.

Our experimentally measured quantityh can be related to
the net radius of curvature of the condensate by first noting
that 1/r ) 1/r1 + 1/r2 ≈ 1/ r1 (see Figure 1). In the absence of
an adsorbed film on the surfaces, elementary geometry givesh
) 2r1 cosθ ) 2r cosθ. The presence of an adsorbed film of
thicknesst may be taken into account using48,49

We have thus converted the measured condensate sizesh to
interfacial radii of curvaturer by using the measured values of
the advancing contact angle on the fluorocarbon surfaces and
subtracting three times the adsorbed film thickness on an isolated
surface close to coexistence (1< t < 2 nm, depending on the
temperature). The data for 0.5 cm3 cyclooctane, converted with
eq 13, are plotted as 1/r versus∆T in Figure 5, and the menthol
andtert-butanol data are shown in Figure 6. The adsorbed film
thicknesses for menthol andtert-butanol were taken from
previous studies.41,50
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It is clear that normalization by the contact angle has brought
each of the pair of data sets on the two different surfaces, both
with cyclooctane and menthol, close together. The two data sets
for menthol are indistinguishable, while for cyclooctane they
are still somewhat separated from each other. Subtraction of
the adsorbed film thicknesses has noticeably affected the data
distribution for the smaller condensates, especially withtert-
butanol but has little effect for cycloctane asr, h . t.

Equation 11 also has been plotted in Figures 5 and 6 with
literature values of the surface tension, enthalpy of fusion, molar
volume, and melting point for the respective liquids (see Table
1). As no literature value of the surface tension of menthol could
be found, we have used the value for cyclohexanol (Table 1).
Thep/pS has been calculated from the Kelvin equation and the
value of r at or extrapolated to∆T ) 0. The measured
cyclooctane data in Figure 5 are reasonably close to the

predictions of eq 11, although the smaller condensates appear
to be slightly larger (smaller value of 1/r) than expected. Least-
squares fits to the experimental data sets would giveγLV ) 38
mNm-1 for cyclooctane andγLV ) 50 mNm-1 for menthol,
which is too large by 19% for cyclooctane and probably too
large by at least the same percentage for menthol. Fortert-
butanol, fits giveγLV ≈ 20, which is close to the literature value,
for the three series of data points, although the error is obviously
quite large because of the large error bars and small number of
points in each set. Results from previous studies of condensate
sizes when analyzed with eq 11 or 12 (usingh ) 2r) would
give γLV ) 26 mNm-1 for tert-butanol,23 γLV ) 28 mNm-1 for
neo-pentanol,23,41 andγLV ) 48 mNm-1 for menthol.41 How-
ever, the thickness of adsorbed films on the mica surfaces was
included inh () 2r + 3t) in these studies and if eq 13 were
employed to correct for this the results would become closer to
the true values ofγLV.

It is unlikely that the approximations inherent in the Clau-
sius-Clapeyron equation, chiefly neglect of the different heat
capacities of the liquid and solid phases, are responsible for
the discrepancy between the experimental results and those
expected from eq 11 or 12. In the case of water, it has been
estimated that for∆T ) 10 K this would lead to a 3% error in
interfacial tension calculated from the Gibbs-Thomson equa-
tion51 and this may confidently be taken as a maximum error
because of this approximation in these experiments.

Any uncertainty inTm itself also would influence the effective
slope of a fit to the data points. We simply have used literature
values and only checked that these correspond approximately
to the actualTm.

The surface tension itself decreases with temperature, but for
liquids such as those studied here the effect is of the order of
1 mNm-1 over 10°C and cannot account for any significant
part of the discrepancy between our model and the experimental
results. In many porous-media studies, the effect of a nonfreez-
ing layer of liquid next to the walls has been considered, which
leads to an enthalpy of fusion that decreases with pore size. It
is unclear if this needs be considered here as the condensates
never actually freeze, although the enthalpy of fusion enters
into the derivation of eq 11 (see eq 6).

The error may well be because of some slight dissolution of
solute in the condensates, which might be expected to have a
larger effect with the smaller condensates. This would lead to
an additional depression of the melting point beyond that caused
by the curved interface. If this solute comes from the surface
its concentration would moreover vary as 1/h and the additional
reduction inTm also would be inversely proportional to the
interface curvature. However, the fact that the slope of the
cycloctane data is approximately equal for both the mica surfaces
and the fluorocarbon surfaces suggests that there is no significant
dissolution of the adsorbed fluorocarbon surfactant.

Despite these uncertainties, we believe that the data for
cyclooctane on both mica and the fluorocarbon surface are
consistent with the condensate size being determined by the
liquid-vapor equilibrium. The disagreement for menthol is
slightly larger although in view of the lack of surface tension
data it may be unwise to speculate further on this. Fortert-
butanol, the scatter is fairly large, but all three data sets are
consistent with the use of eq 11 and different relative vapor
pressures.

If we accept that the maximum size (in terms ofr) of a liquid
condensate in equilibrium with vapor is given by eq 12, it is
interesting to compare quantitatively with the predictions of eq
1. This equation should be valid for the solid-liquid equilibrium

Figure 5. The radius of curvature of the condensate-vapor interface
as a function of∆T for cyclooctane condensing from undersaturated
vapor on bare mica (open symbols) and on mica coated with
heptadecafluorodecylpyridinium chloride (filled symbols). The data on
the condensate size from Figure 3 has been corrected for the contact
angle and adsorbed layer thickness using eq 13. The solid line is the
prediction of eq 11, using bulk data from Table 1.

Figure 6. The radius of curvature of the condensate-vapor interface
as a function of∆T for tert-butanol (open symbols) condensing from
undersaturated vapor on bare mica and of menthol condensing on bare
mica (filled triangles) and on mica coated with heptadecafluorode-
cylpyridinium chloride (filled diamonds). The data on the condensate
size from Figure 4 has been corrected for the contact angle and adsorbed
layer thickness using eq 13. The lines are the predictions of eq 11,
using bulk data from Table 1.
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of a condensate at saturation and predicts that a wetting
condensate should be metastable toward freezing ifγLV > 2γSL

in which case the outer part of the condensate may freeze.
Neglecting the small difference betweenh and 2r for a wetting
liquid (eq 13), at equilibrium an inner liquid condensate should
be surrounded by a solid condensate for

Whether or not this is thermodynamically possible will depend
on the contact angle of the solid on the substrate in vapor. If it
exceeds 90° (or equivalentlyγSW > γVW), a solid condensate
would be unstable toward evaporation and could not form. Even
if the contact angle of the solid on the substrate were less than
90°, freezing would be controlled by kinetics and may not occur
in the absence of a suitable nucleation mechanism. Conceivably,
nucleation could occur either from liquid or from vapor. Because
it is likely that γLV > 2γSL in most cases, the fact that liquid
condensates are rarely observed to freeze suggests that kinetic
factors are controlling the process or that the contact angle
exceeds 90°. Exceptions to this appear to beneo-pentanol and
tetrabromomethane.41,47 An alternative way of testing the
predictions of eq 14 would be to study the behavior of liquid
around the contact region when bulk liquid is cooled below the
melting point, thus avoiding the possibility of evaporation.

In summary, this study of capillary condensation below the
melting point suggests that the size of the liquid condensates is
related to the equilibrium between vapor and supercooled liquid,
modified by the reduction in chemical potential caused by the
curved interface of the condensate. The model presented in
previous work23,24,41is valid for the equilibrium between a liquid
and a solid condensate, but it is likely that kinetic factors will
often prevent the formation of solid condensates.
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