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Wetting Behavior of Argon on Graphite.
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Abstract. — A mechanically driven graphite fiber microbalance is used to investigate the wetting
behavior of argon on graphite. We found evidence of complete wetting above the bulk triple
point T3 and incomplete wetting below. Below T3 the thickness d of the saturated adsorbed film
is found to obey the power law d e« (£)°, with « = —1/3, in the reduced temperature range
1078 <t=(Ts—T)/T3<1072 Above T; the film thickness diverges as d e [In(Py/P)¥F, with
x=-1/3.

There are two different growth modes of an adsorbate film on a solid surface. A film is
said to wet the surface if its thickness diverges as the saturated vapor pressure is
approached. If the film thickness remains finite, nonwetting growth is said to occur. A
wetting transition occurs when there is a crossover from one kind of growth mode to the
other.

Recent model [1] predicts, in the low-temperature limit, that it is the relative strength of
adsorbate-substrate and adsorbate-adsorbate interactions that determines whether a
particular physisorption system will exhibit wetting or nonwetting growth.

This simple idea is not adequate in dealing with real adsorption systems with solid
adsorbed films. In most of the physisorption systems studied so far, including those where
adsorbate-substrate interaction dominates, clear evidence of nonwetting growth of the film
for T < T is found, T3 being the bulk triple-point temperature. Above T, wetting growth is
observed [2, 3]. The most reasonable explanation is that in spite of the strong substrate
attraction, the strain induced by structural mismatch between successive layers eventually
becomes too costly in free energy and wetting is suppressed [4].

In the recent reflection high-energy electron diffraction (RHEED) study [5], however,
layer-by-layer growth of Ar, Kr, and Xe on graphite up to 10 layers with no evidence of
clusters were observed down to 10K, while for N, and Ne bulk clusters appear in
coexistence with a bilayer film. These results led some authors to suggest that, while
complete wetting growth at low temperature is not possible for systems of either very
strong or very weak adsorbate-substrate interactions (re-entrant nonwetting), it is possible
for systems of intermediate adsorbate-substrate interaction.
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In this paper we report a study of the growth mode of argon on graphite near T, well
beyond the first 10 layers. Our result shows nonwetting growth for T< T3 and a wetting
transition at T=Ts.

The technique employed in this work is substantially that of the vibrating wire
viscometer [6, 7], previously used by us to study the critical behavior of the “He viscosity
close to the lambda transition [8], and as microbalance in CO; at the liquid-vapor coexistence
curve [9].

The essential features of the method are described below: a thin graphite fiber is excited
into vibration in a transverse magnetic field and its motion is detected by measuring the
induced voltage signal. From measurements of the resonant frequency F, the thickness of
the gas layer adsorbed onto the fiber can be calculated. The resonant frequency in vacuum is
Fo=+/(r/ALm), where L is the length of the fiber and m is its mass. Neglecting the
hydrodynamic mass, the excess mass due to the adsorbed film is, therefore, Am =
= m[(Fo/F)? - 1]1= 2m(AF/F).

This method was first used by Bartosh and Gregory to perform adsorption isotherms of
oxygen on graphite [10], and later by Taborek and Senator to study helium film growth [11].
In the oxygen experiment, a wetting transition was found at T3, but the exponent
characterizing power law film growth was significantly different from the expected value of
—1/8. The reduced temperature range explored was 1.5-10 2 <t = (T3 — T)/Ts<1.8-1072,
and the fiber was electrically excited. .

We improved the method by adopting mechanical excitation of the fiber through a
piezoelectric transducer to avoid Joule-heating and mainly the synchronous pick-up due to
the resistance of the graphite fiber. Frequency locking is accomplished by using a new twin
phase-locked-loop technique [12] which minimizes the residual phase error effects giving a
resonant frequency resolution of 1p.p.m. even at low @ values (10%< @ <10°).

Since the adsorbed mass is measured by the frequency shift F' — Fy, a high stability of Fy
is required. In our set-up one end of the fiber is attached to a soft spring which provides a
constant tension 7, thus greatly reducing the effects of temperature on F,. The temperature
coefficient of F, is typically dFo/FodT = — 1075 K~!. Another important feature of our set-
up is that it is less sensitive to changes of the fiber stiffness, probably due to the high
working frequency, and therefore the film contribution to the frequency shift is essentially
due to the mass loading.

The copper sample-cell is thermally regulated [13] to better than 1 mK, and the filling line
is carefully kept slightly warmer than the cell. The temperature scale is estimated to be
accurate to 30 mK. The pressure is measured by a MKS capacitive pressure gauge whose
sensing heads are thermally regulated to improve long-term stability. The heads are
calibrated vs. a mercury gauge with an accuracy of 0.1 Torr.

In the pressure range covered in our measurements the hydrodynamic frequency shift
cannot be neglected when calculating the adsorbed mass. The correction can be written,
following Stokes notation [14], Am = m[(F/F)? — 1] — km,, where m, is the mass of gas
displaced by the fiber and k is a known function of the frequency, of the fiber radius r, and of
the gas density g, and viscosity n,. While ¢, can be easily calculated from the measured
pressure, 7, is not accurately known in the temperature and pressure range covered by our
measurements. We, therefore, obtained & numerically from the Stokes function k' given by
k' = (mimy)SF/F)YF/F)?, where SF is the resonance width [7].

We used mesophase pitch derived fibers (PDF) manufactured by Union Carbide (P100
and P120 types) with a nominal diameter of 10 um and a density of 2.17 g/em®. The fiber is
cleaned in situ, by heating to high temperature (above 500 °C) in vacuum with a current of a
few mA. The argon gas, produced by Matheson, is Research quality, with a nominal purity
of 99.9999%.
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Fig. 1. — The fiber resonant frequency F vs. the reduced pressure P/Py measured along four isotherms
above and below 7T35. T=77.39K (Py;=201.1Torr (0), T=83.30K (P,=483.5Torr) (¢) and
T =83.95 K (P, = 525.85 Torr) (m) with P100 fiber. 7 = 83.84 K (P, = 515.7 Torr) (00) with P120 fiber.
The relative frequency shift corresponding to one absorbed layer is AF/F =2-1075,

The results are summarized in fig. 1, where the resonant frequency F is plotted vs. the
reduced vapor pressure P/P, for two isotherms below T3 and two above T5. The data are
reproducible with respect to pressure and temperature cycling. Data above and below T'5 in
fig. 1 were obtained with two different P100 fibers and with one P120 fiber. Our measured
P, values are in good agreement with published values[15], whose mean accuracy is
dP()/ P, 0= 0.5%.

The maximum thickness of the adsorbed layer, proportional to the frequency shift at Py,
increases continuously when approaching T3 from below. This is shown in fig. 2 where the
values F(P,) are plotted vs. the reduced temperature 7/Ts.

These measurements are rather delicate and time-consuming because the system
requires many hours to reach complete thermodynamic equilibrium close to P,[16]. When
the system is at P = P,, every small quantity of gas introduced into the cell produces a
temporary increase of pressure and a large drop of frequency: during the transient the
pressure falls slowly down to the equilibrium value, while the frequency grows back to the
original value. However, the reproducibility of the frequency measured at equilibrium has
been tested both adding and subtracting gas. Therefore, only some of the data reported in
fig. 2 have been taken from adsorption isotherms, and most have been obtained by following
the solid-vapor coexistence curve.

Above T3, in the wetting growth region, the adsorbed film thickness should diverge as
d = (KgT/a log (Po/P))*, where a characterizes the strength of the adsorbate-substrate
interaction and « should have the value — 1/3 for van der Waals interaction.
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Fig. 2. — The resonant frequency measured, with P100 (m) and P120 (0) fibers, at the maximum film
thickness as a function of the reduced temperature T/Ts. The relative frequency shift correspondmg to
one absorbed layer is AF/F =2-107°%,

Since it is necessary to include the effect of surface tension and gravity, resulting from
the curved film-vapor interface, and the fact that the fiber is not at the bottom of the cell,
the correct dependence [17] for d is

d=(KZT>” (logP°+ sV +mmgh) (KB logﬂjz.

P  rKgT KgT « P

The divergence is, therefore, expected to occur at the «corrected saturated vapor pressure»
P§, slightly larger than the bulk saturated vapor pressure P,. Because P, is the maximum
achievable pressure, the film thickness remains finite at saturation, in spite of complete
wetting.

Taking a value of 13.4 dyn/em for the surface tension o, 50 (A)® for the volume per atom
V, h=1.5cm and r=5pm, it is found at T =83.95 K, P§ = 525.9 Torr to be compared with
P,=525.85Torr. It should be noted that it is the surface tension term that contributes
primarily to the correction, of about 10~%,

Figure 3 shows the fit to the form Am/m = (B log P§/P)* of the data obtained with P100
and P120 fibers along the isotherms T = 83.95 K and T = 83.78 K, respectively. The best fits
are obtained with P# = 526.04 Torr and P§ = 519.28 Torr and « = — 0.31 £ 0.01.

Below the triple-point temperature we used our data to check the relation

[, T=TY\
d—<A T )

where d is the film thickness at saturation and

A=

KsTT; (3InP, 3P, )
o ( T eota oT liquid )
This relation has been derived [18, 19] assuming a liguid interface between the solid film and
the vapor, with (T3— T)/T3< 1. Therefore, we plotted the adsorbed mass at P, as
log (Am/m) vs. log {(T/T)((Ts — T)/Ts)}.

The straight lines in fig. 4 are the result of the fit, with T'; as free parameter, for two sets
of measurements taken with P100 and P120 fibers, respectively. The temperature T5 and
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Fig. 3. — The fractional mass change Am/m due to gas adsorption along two isotherms above T Wit.h
P100, T = 83.95 K, P§ = 526.04 Torr (m) and P120, T =83.84 K, P§ = 519.28 Torr (D), fibers. Am/m is
calculated by subtracting the hydrodynamic shift from the measured resonant frequency. P§ is the
«corrected vapor pressure» calculated as explained in the text.

Fig. 4. — Am/m for m: P100 (x=—0.327) and P120 (x = —0.333) fibers along the solid-vapor
coexistence curve. T =83.77 K.

the exponent x are found to be (83.77 £ 0.03) K and — 0.33 = 0.01, for both fibers. Our result
for « is in excellent agreement with the — 1/3 value expected for a van der Waals
system [18]. The divergence at T3 is a consequence of a wetting transition [18, 19].

Our result of noncomplete wetting below T3 contradicts the conclusion suggested by
RHEED experiments. This disagreement may be due either to an incorrect extrapolation of
low-temperature behavior up to the region close to T's, or to a different surface quality of our
substrate with respect to the graphite used in RHEED experiments.

The surface cleanliness of our fibers is expected to be very good owing to the substrate
heating prior to performing gas adsorption, as noted by several authors[20]. X-ray line
broadening studies performed at Amoco[21], on the other hand, yield length exceeding
200 A for the size of single domain crystallites in P100 and P120 fibers, thus suggesting a
good surface homogeneity. The surface homogeneity and cleanliness of our P120 fiber,
however, has been independently checked by us by measuring the mass loading at low-
temperature. In fig. 5 a typical run performed at 7 = 83.84 K shows clearly two steps due to
the second- and third-layer formation. Our results obtained at four different temperatures
are summarized in the insert of fig. 5, and they exhibit a very good agreement with the
results obtained by other authors with exfoliated graphite [22, 23]. This leads us to conclude
that the adsorption surface in our fibers is primarily that of the basal plane and the surface
homogeneity and crystallite size is not significantly different from that of exfoliated graphite
substrate.

In conclusion: our result shows that the growth mode of Ar on graphite is characterized
by a wetting transition at the bulk triple temperature 75, similar to a large number of
adsorption systems [2, 3, 10, 19], where wetting is incomplete below T'; and complete above.
It also indicates that it is not valid to infere complete wetting growth behavior based on
layer by layer formation for the first several layers [5]. We found the growth mode above T3
to be in complete agreement with the Frenkel-Halsey-Hill theory [24]. The 1/3 power law is
generally expected to be valid up to 30 layers: beyond that thickness the retardation effect
should become important. Recent calculations[25], however, suggest that finite size-
boundary effects actually overwhelm the retardation effect.
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Fig. 5. - The resonant frequency measured along an isotherm with a P120 fiber (full triangles). The full
squares indicate the frequency corrected for hydrodynamic shift. The dotted lines are simply eye
guides. The insert shows the pressure values corresponding to the 2nd and 3rd layer completion at
various temperatures. Crosses and full lines: ref. [22], open squares: ref. [23], full squares: this work
F(cor), F(meas) A. The relative frequency shift corresponding to one absorbed layer is
AF/F=2-10"% T=61.19K, Po=7.52 Torr.

The growth of Kr and Xe on graphite is presently being investigated to ascertain the
theoretical expectation for nonwetting growth due to structural mismatch of solid films [4]
to be a universal phenomenon.
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