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Employing thermal desorption spectroscopy, we show that the effective probability of water
condensation at low water vapor pressure on an octane film is much below unity at 100-120 K. This
unusual finding is related to a small binding energy of H,O monomers on octane ( = 0.08 eV), requiring
the formation of critical water clusters for condensation to occur. This results in strong temperature and
impingement-rate dependencies of the water condensation rate and a nonlinear uptake as a function of
dose time. All these features are rationalized quantitatively by a kinetic model of water condensation.
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Understanding the kinetics of formation of thin ice
films on solid substrates at low temperatures is of high
current interest from different perspectives including
meteorology, environmental and cosmic physics, and
chemistry [1]. For example, water condensation, e.g., on
dust particles, may affect cloud formation [2]. Hitherto,
the early nucleation and growth of ice films have been
studied almost exclusively on hydrophilic substrates
where the binding energy of H,O monomers to the surface
is sufficiently large to result in irreversible adsorption at
temperatures = 120 K [3,4]. For such substrates, the H,O
uptake is proportional to dose time, usually with a stick-
ing coefficient at or close to unity. In this Letter, we
present the first detailed study of the kinetics of H,O
adsorption on a very hydrophobic substrate where the
binding energy of the H,O monomers to the surface is
expected to be much less than the water-water interaction.
As a model system, we use multilayer octane (CgH;g)
films on a Pt(111) surface. In this case, we find the
kinetics of the H,O uptake to be dramatically different
compared to that observed on hydrophilic substrates,
exhibiting strong temperature and impingement-rate
dependencies of the uptake efficiency and a nonlinear
uptake as a function of dose time.

The experiments were performed in an ultrahigh vac-
uum chamber designed to provide a low background
pressure during dosing/desorption of water and small
organic molecules (see Ref. [5] for a description of the
chamber design and sample cleaning procedures). Water/
octane molecules were dosed from the vapor over their
respective liquid phases, through tubes terminating in
front of the sample. The magnitude of the incident mo-
lecular flux was adjusted by variable leak valves. The
dosing time for water was controlled by turning the
dosing tube onto/away from the sample.

In a typical experiment, (i) an octane film was prepared
by dosing a certain amount of octane on the Pt(111)
surface, (ii) water was dosed onto the as-deposited octane
film, and finally (iii) water and octane were desorbed
by increasing the sample temperature linearly in time.
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PACS numbers: 68.43.Mn, 68.43.Jk, 68.43.Vx

The amount of condensed water was evaluated from the
integrated area of the m/e = 18 mass-spectrometer sig-
nal in the temperature-programmed desorption (TPD)
trace. For some runs, the intensity at m/e = 43, which
was the major peak in the octane mass spectrum, was
also monitored, allowing determination of the octane-
film thickness.

Prior to describing the data for water adsorption on
octane films, it is instructive to recall briefly the situation
for pure water and octane on Pt(111). The former system,
H,O/Pt(111), was studied extensively in the past [3,6].
The corresponding TPD spectrum (Fig. 1) contains (i) the
peak and shoulder at 165-175 K (which saturate with
increasing coverage) due to desorption from a water
bilayer and (ii) the lower temperature peak (which grows
indefinitely with increasing coverage) reflecting desorp-
tion from water multilayers. For convenience, we use in
Fig. 1 and below the unit of one water bilayer equivalent
(WBE) for an integrated intensity corresponding to the
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FIG. 1. Water desorption traces from clean Pt(111) and

Pt(111) covered by 0.2—1.6 OLE of octane. The adsorbed over-
layer was formed at 110 K by dosing 1.8 WBE.
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area under the water desorption trace from Pt(111) ob-
tained at a coverage just before the multilayer desorption
signal becomes visible. The incident dose of water in the
uptake experiments was calibrated from multilayer ad-
sorption experiments on clean Pt(111) at =110 K where
a sticking coefficient of unity can be assumed [3].

Octane is reported to form a commensurate monolayer
on Pt(111) desorbing at = 270 K, while octane multi-
layers desorb at 170 K [7]. (In our TPD traces for octane
on Pt(111), we observed an additional peak at 210 K, not
discussed previously. These data will be presented else-
where.) By analogy with the case of water, we calibrate
the octane desorption signal by the saturation area under
the 270 K monolayer peak and refer to this integrated
intensity as one octane layer equivalent (OLE).

Returning to water condensation on octane films, we
first show (Fig. 1) water desorption traces obtained after
dosing 1.8 WBE onto surfaces that had been precovered
by a thin octane film. With increasing octane coverage
from 0.2 to 1.6 OLE, the water bilayer peak gradually
disappears, indicating reduction of the direct H,O-Pt
interaction. For these thin films, the effective H,O stick-
ing coefficient stays close to unity as evident from the
fairly constant area under the spectra.

The amount of water condensed on mesoscopically
thick octane films, at constant incident water dose, is
shown in Fig. 2. As the octane-film thickness increases,
the condensation efficiency is seen to drop considerably.
For sufficiently thick films, the effective sticking coeffi-
cient for H,O adsorption on octane is thus much below
unity even at 110 K.

To investigate the uptake kinetics in more detail, we
focused on the thick octane-film limit and studied ad-
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FIG. 2. Amount of water condensed on octane films (open
circles) as a function of the film thickness for 1.8 WBE dosed at
110 K. For comparison, the filled circle gives the water uptake
for clean Pt(111). The error bar is representative for all the data
points.

156103-2

sorption of water on bulklike octane films with constant
thickness estimated to lie in the range 500-1500 OLE.
Figure 3 shows the amount of water condensed on such
films as a function of total incident water dose (exposure)
for five different substrate temperatures in the range 100—
120 K (the incident dose, W, is related to the dosing time
via W = Ft and the constant value of the incident flux,
F = 0.13 WBE/s). Here, the H,O sticking coefficient is
again much below unity. Furthermore, (i) the uptake
efficiency is seen to be strongly temperature dependent
with condensation at lower temperatures being more effi-
cient, and (ii) the dependence of the condensed amount of
water on the exposure time is nonlinear, with an increas-
ing condensation efficiency for higher water coverages.
(In these experiments, the growth of the octane film was
carried out at temperatures identical to those at which
water was subsequently dosed. Control experiments
where water was dosed at 100 K onto an octane film
grown at 120 K demonstrate that the temperature depen-
dence of the uptake efficiency is not a result of different
octane-film morphologies caused by different growth
temperatures.)

The influence of the incident water flux on the amount
of condensed water for constant incident dose and tem-
perature was investigated in separate experiments where
it was found [Fig. 4(a)] that the H,O sticking coefficient
increases with increasing incident flux.

The key point to rationalize the observations above
appears to be that the binding energy of H,O mono-
mers on the octane surface is too small to cause their
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FIG. 3. Amount of condensed water versus total incident dose
for thick octane films on Pt(111) at 100 K (squares), 105 K
(diamonds), 110 K (upward triangles), 115 K (downward tri-
angles), and 120 K (filled circles). For reference, data for clean
Pt(111) at 110 K (open circles) are also presented (in this case,
the condensation coefficient is unity). The inset shows the low-
dose region in more detail. All data are for a constant incident
flux of F = 0.13 WBE/s.
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FIG. 4. Water uptake kinetics on thick octane films: (a) amount of condensed water as a function of dose flux, F, at constant
temperature (105 K) and constant incident dose (W = 11 WBE) (the dose times, ¢, range from 4 to 109 s). The solid line is the best
fit of the data to y = kyF. (b),(c) The data from Fig. 3 arranged to show the scaling-law dependence on substrate temperature and
dosing time, respectively. In (b) and (c), the solid lines are the best fits of the data to y = k; exp(E/kgT) and y = k, 1, respectively.

(In all equations here, y is the ordinate of the respective plots.)

irreversible adsorption at the investigated temperatures
of 100-120 K. Instead, the water monomers are only
temporarily (of order 0.1 ns; see below) adsorbed on the
octane film, where they diffuse over the surface until
either desorption to the gas phase or trapping by incor-
poration into clusters of two or more water molecules
on the surface occurs. The probability of nucleation of
such clusters increases with increasing density (coverage)
of temporarily adsorbed monomers. The amount of accu-
mulated ice, at a given dose, therefore increases with
decreasing temperature at constant impingement rate or
with increasing impingement rate at constant tempera-
ture. As more water is accumulated on the surface with
increasing dosing time, the likelihood increases that an
adsorbed monomer is trapped at existing water clusters
before desorption occurs, explaining the nonlinearity of
the uptake curves as a function of incident dose. In the
lowest temperature experiment (100 K), the slope of the
condensation curve eventually approaches that for depo-
sition on clean Pt (Fig. 3), but this complete condensation
efficiency is first reached after approximately 10 WBE
have condensed, indicating 3D growth of the ice clusters
on the octane film.

To quantify our results, we have analyzed various
scenarios of water condensation on a hydrophobic surface
at submonolayer coverage and found that the most prob-
able one implies that the critical nuclei are H,O dimers.
The conventional mean-field equations for this case are
as follows [8]:

dN/dt = Dp?, (1)
dp/dt = F — k;p — Dp(2p + N). 2

Here p is the surface concentration of monomers, N is the
surface concentration of crystallites containing two or
more H,O molecules, F is the H,O impingement rate (per
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unit area), D is the H,O diffusion coefficient, and & is the
H,0 desorption rate constant. Physically, Eq. (1) de-
scribes the diffusion-limited formation of dimers, while
Eq. (2) takes into account H,O adsorption and desorption
(the first two terms on the right-hand side) and monomer
consumption due to formation and growth of crystallites
(the last two terms). In the present case, D and k, should
be thought of as effective kinetic parameters for a surface
with a possible weak heterogeneity (see, e.g., Ref. [9]).

Equations (1) and (2) are usually solved [8] in the limit
of slow desorption [k;p << Dp(2p + N)]. We are, how-
ever, interested in the opposite case, k;p > Dp(2p + N),
when the adsorbate-substrate interaction is weak.
Employing in the latter case the steady-state approxima-
tion (dp/dt = 0), we obtain from Eq. (2)

F=kyp. 3)

Substituting this expression into Eq. (1) and integrating
yield

N = DF?t/k>. “)

The H,O uptake, U(7), results primarily from crystallite
growth, i.e.,

dU =~ DpNd:t. &)
Using Egs. (3) and (4), we integrate Eq. (5) as
U(t) = D*F**)2k3. (6)

Inserting into this expression the temperature depen-
dencies of the diffusion and desorption rate constants,
D o exp(—Egi;/kgT) and k; o exp(—Eges/kpT), we fi-
nally obtain a scaling law for water uptake on the hydro-
phobic surface
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U(T, F, t) < exp[(3E4es — 2E4¢)/ kg TI1F3 1. (7)

Guided by the analysis above, we plot in Figs. 4(b) and
4(c) the uptake data from Fig. 3 in coordinates corre-
sponding to the scaling law. The expected Arrhenius
dependence on temperature, U(T) o exp(E/kgT), is
clearly confirmed in Fig. 4(b), where the uptake data
have been normalized with respect to dosing time (also,
an average over the different dosing times has been
performed for each temperature). To examine the depen-
dence on dose time, the uptake data are normalized for
their temperature dependence by using the Arrhenius
parameters derived from Fig. 4(b). The corresponding
plot, Fig. 4(c), demonstrates an excellent agreement
with the expected #* scaling. To finally compare the ex-
perimentally observed flux dependence of the uptake with
Eq. (7), one has to bear in mind that the data of Fig. 4(a)
were obtained for a constant incident dose, W, and the
dosing times therefore varied as t = W/F. For these data,
Eq. (7) predicts U(F, 1) o« F in reasonable agreement with
Fig. 4(a). [Normalizing to the varying dose times, we
obtain U(F, t)/1> « F*8 in good agreement with Eq. (7)
(plot not shown).]

From the slope of the Arrhenius plot [Fig. 4(b)], we
have 3E;. — 2E4; = 0.19 eV. This equation does not
allow one to disentangle unambiguously the diffusion
and desorption activation energies, but since Eg; must
necessarily lie between zero and Eg, it is possible to
provide the upper and lower values for Ej, 0.2 and
0.07 eV, respectively (the most likely value is in the lower
end of this range since Eg; is expected to be much smaller
than Ey, €.2., Eqes = 0.08 eV for Ey., = 4E;r; the resi-
dence time of a monomer before desorption at 100 K at
this binding energy is only of order 0.1 ns). The monomer
binding energy in this range is thus very small compared
to the sublimation energy for ice (0.50 eV) [3] but is
a fully reasonable value for van der Waals dominated
interaction between water and the nonpolar octane film.
(Note that our way of obtaining the H,O binding energy
for a hydrophobic surface is unique; the conventional
Readhead equation does not work here due to the strong
tendency of H,O to form islands.)

Finally, we comment briefly on water condensation on
thin octane films. The desorption traces obtained in this
limit (Fig. 1) show that direct H,O-Pt interaction is neg-
ligible already for film thicknesses corresponding to 1 ML
of octane. For such a film, the water condensation still,
however, occurs with nearly unit probability even at a low
water dose of 1.8 WBE. This can be because either (i) a
small number of empty Pt sites exists between the octane
molecules where heterogeneous H,O nucleation occurs or
(ii) van der Waals interaction between H,O molecules, on
top of an octane monolayer, and the underlying Pt sub-
strate adds sufficient strength to the H,O binding to make
the monomers stable or more long-lived than on thick
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octane, creating an increased probability for homogene-
ous nucleation of water clusters. In either case, the slow
decrease of the uptake efficiency with increasing average
octane-film thickness (Fig. 2) seems to indicate that oc-
tane first forms a single monolayer and then grows in a
3D-island fashion.

In summary, we have comprehensively investigated the
temperature, flux, and time dependence of the efficiency
of water condensation on a hydrophobic octane surface.
The condensation probability is found to be very low even
at 100 K. This is due to a small binding energy of H,O
monomers on octane ( = 0.08 eV), requiring formation of
nuclei with more than one H,O molecule for sustainable
ice condensation to occur. Taking into account these
features, we have derived a scaling law which describes
quantitatively the observed temperature, time, and flux
dependence of the condensation kinetics.

In a more general context, we may note that experi-
ments of the type described make it possible to estimate
the H,O monomer binding energy on hydrophobic sub-
strates, i.e., a molecular scale measure of their wetting
ability. This may be useful for technological applications
and/or in meteorology where water condensation on hy-
drophobic particles is one of the processes affecting cloud
behavior [2]. Condensation on hydrophobic surfaces can
be studied at higher temperatures of direct interest in
meteorology by slightly modifying the current experi-
mental procedure and by matching higher temperature
with a concomitant pressure increase.

We thank Barbara Hale, University of Missouri-Rolla,
for useful suggestions concerning comparison of our ex-
perimental and theoretical results.

*Present address: Department of Physics and Astronomy,
University of Aarhus, DK-8000 C Aarhus, Denmark.
Corresponding author.

Electronic address: trolle@phys.au.dk

[1] R.S. Smith and D.B. Kay, Nature (London) 398, 788
(1999); D. Chakarov and B. Kasemo, Phys. Rev. Lett.
81, 5181 (1998).

[2] Y. Rudich et al, J. Phys. Chem. A 104, 5238 (2000).

[3] P. A. Thiel and T. E. Madey, Surf. Sci. Rep. 7, 211 (1987);
M. A. Henderson, Surf. Sci. Rep. 46, 1 (2002).

[4] L Engquist et al, J. Phys. Chem. 99, 12257 (1995).

[5] P. Lofgren et al., Surf. Sci. 370, 277 (1997).

[6] G.B. Fisher and J. L. Gland, Surf. Sci. 94, 446 (1980);
S.K. Jo et al., Surf. Sci. 253, 233 (1991); M. Morgenstern
et al., Phys. Rev. Lett. 77, 703 (1996).

[7] L.E. Firment and G. A. Somorjai, J. Am. Chem. Soc. 69,
3940 (1978); A.R. Bishop et al., J. Am. Chem. Soc. 120,
3305 (1998); J. Phys. Chem. B 104, 754 (2000).

[8] J. Villain et al., Comments Condens. Matter Phys. 16, 1
(1992); R.V. Kasza et al., Appl. Surf. Sci. 84, 97 (1995).

[9] J.W. Haus and K.W. Kehr, Phys. Rep. 150, 264 (1987).

156103-4



