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Wetting transitions of classical liquid films: A nearly universal trend
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We calculate wetting behavior for the adsorption of Ne, Ar, Kr, and Xe for temperatures above
their triple point. Experimental observations of wetting transitions of these simple liquids are pre-
dicted. We also report a nearly universal trend in the physical interaction parameters for Ar, Kr,
and Xe on various substrates. With a simple model, we show that the classical "law of corresponding
states" can be extended to predict approximately universal behavior in the wetting transitions of
these films. We then demonstrate, by comparison with Ne, H2, and He films, that quantum effects
enhance wetting in that there is a larger range of adsorption parameters leading to wetting when
zero-point motion is included.

I. INTRODUCTION

The recent prediction and subsequent experimental ob-
servation of wetting transitions, along with associated
prewetting transitions, of He and H2 on Cs and. Rb
surfaces have refocused Inuch attention on the prob-
lem of wetting transitions. Indeed, the study of wet-
ting transition phenomena, proposed some fifteen years
ago, has reached a period. of exciting development with
the introduction of quantum films and weak-binding
substrates.

In this paper, we extend our theoretical study of quan-
tum films ' to classical ones and show that similar wet-
ting behavior and transitions of simple gases on weak-
binding surfaces such as alkali metals should also be ob-
servable here. Furthermore, after observing a nearly uni-
versal trend in the physical interactions involving clas-
sical inert gases and various surfaces, we suggest an ap-
proximate universality in the wetting transitions of phys-
ically adsorbed classical films. This universality is similar
to, and in fact partly based on, the classical "law of cor-
responding states" (LCS) in the bulk fluid. s If confirmed
by experiments, our result can be viewed as an extension
of the LCS to the field of wetting transitions.

II. MODEL CALCULATIONS

teractions plays a crucial role in determining wetting
properties. A very simple and approximate model based
on the energy balance of these interactions has been pro-
posed and used to study the wetting properties of He
films. It was found to be surprisingly accurate, based
on a comparison with a more sophisticated density func-
tional calculation. According to this model, wetting oc-
curs when the surface free energy cost is sufIiciently ofI'-

set by the potential energy gain from the substrate's
attraction:

o,& + o.
& + n dzV(z) & O.

+ ltd

Here o~ and n are the bulk liquid-vapor surface ten-
sion and liquid number density of the film, o,~ is the
free energy cost internal to the liquid of creating the
substrate-liquid interface, and z is the minimum of the
substrate potential well V(z). We will henceforth ap-
proximate o,~ by o~ . This Inay slightly underestimate
o,i since the substrate-film interface is expected to be
stifFer, and hence less prone to thermal excitation, than
the liquid-vapor interface.

The substrate potential V(z) is here characterized by
two parameters, the well depth D and the coeKcient of
long range van der Waals attraction C3. We adopt the
simple Lennard-Jones model potential form

It is well understood that the competition between
the adsorbate-substrate and the adsorbate-adsorbate in-
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The wetting condition (1) then becomes

(CsD )'~ ) 3.33oi (T)/n(T).

This relation becomes an equality when the temperature
T is equal to the wetting transition temperature T . This
simple model has been applied to liquid 4He (Ref. 1) and
H2 (Ref. 5) films to predict T on those alkali metal sur-
faces which are not wetted by He and H2 at T = 0 and
the bulk triple temperature T&, respectively. The semi-

1,5quantitative success in these previous cases ' leads us to
believe that it should also be applicable here. We ob-
serve that the left side of Eq. (3) contains information
characterizing the adsorbate-substrate interaction while
its right side involves implicitly the adsorbate-adsorbate
interaction. The competition between the two interac-
tions determines the wetting transition.

Much effort has been expended in the study of
these two kinds of interactions, both theoretically and
experimentally. ' This has resulted in a set of reason-
ably accurate potentials, although the adsorption data
base is generally less complete and accurate than that of
the interatomic forces. We present some of the available
data for the parameters C3 and D of inert gases of Ne, Ar,
Kr, and Xe on various surfaces in Tables I and II. With
the information concerning o~ (T) and n(T) in Ref. 14,
the wetting phase diagrams of these inert gases are now
readily obtained in Figs. 1—4, respectively. These dia-
grams should be compared to those for He (Ref. 1) and
H2. In each of these diagrams, a given substrate is rep-
resented by a point in the C3 —D plane. At a specified
value of T, the equality in Eq. (3) yields a curve in this
plane; the substrates in the region above (below) such a
line are predicted to be wet (nonwet) by the film at the
given value of T. A series of these "isowets" can then be
drawn for different temperatures (T& ( T ( T ).

All of the diagrams show a close similarity in both
the relative positions of the substrates and the "isowet"
curves, despite the difference in the scales of C3 and D.
We observe that most well-studied surfaces, such as noble

TABLE II. The values of D (in K) for inert gases on vari-
ous surfaces. The data for non-alkali-metal surfaces are taken
from Ref. 13, while those on alkali metals are calculated by us
with the method described in Ref. 5. The data in parentheses
are from Ref. 33 .

Surfaces
Graphite

KCl
LiF

MKO
NaCl
NaF
Ag
Au
CU
Li
Na
K
Rb
Cs

Ne
378
200
157
272
221
149
159
280
144
29.6
28.8

16.9 (17.8)
13.1 (15.7)
10.1 (12.7)

Ar
1110
829
812
839
884
620
835
987
987

(109)
(97.4)
(84.5)

Kr
1450
1250
1090
1100
1330
936
1240
1390
1380

Xe
1880
2040
1780
1400
2170
1530
2450
1940
2200

400

la

3pp -1
l

l

metals, graphite, and MgO, are predicted to be wet by
the films below the triple temperatures Tq. This is consis-
tent with the experimental results that only triple point

16wetting has been observed in these systems. Only the
surfaces of NaF and alkali metals are shown in the figure
as having T ) Tt. The alkali metals (whose data are in-
complete) are particularly good candidates to exhibit the
wetting transition above Tz since they are predicted to
have fairly high wetting temperatures; see Figs. 1 and 2.
They have so far been shown to be nonwetting or weakly

TABLE I. The values of Cs (in KA ) for inert gases on
various surfaces. The data for non-alkali-metal surfaces are
taken from Ref. 13, while those on alkali metals are calculated
by us with the method described in Ref. 5.

200
a

Surfaces
Graphite

KCl
LiF

MgO
NaCl
NaF
Ag
Au
CL1

Li
Na
K
Rb
Cs

Ne
4020
2210
2230
3770
2550
1720
6030
6430
5660
2210
2110
1480
1300
1080

Ar
14000
7540
7530
12100
8680
5790
19400
20500
18800
10400
8370
6320
5790
5250

Kr
20100
10800
10200
17100
12200
8120
27500
28500
26600

Xe
28500
15200
14500
29900
17100
11700
37900
40900
39300

100—

0
0

N~
RQ~K

,
Cs ~

2000 4000

c, (xA')

6000 8000

FIG. 1. The wetting phase diagram of liquid Ne films ad-
sorbed on various substrates. Surfaces above a given line
are wetted at the specified temperature T, according to
Eq. (3). The solid line is the wetting boundary at triple point
T = T~ ——25 K and the dotted line is that at T = 28, 32,
and 36 K. The coordinates (C's, D) for substrates are listed in
Tables I and II.
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FIG. 2. Same figure as Fig. 1 for liquid Ar films. The
solid line is at the triple point T = T~ ——84 K. The dot,
short dash, and long dash lines are at temperatures T = 90,
100, and 130 K, respectively. The triangle denotes the model
Ar/CO2 system studied in numerical simulations (Refs. 7 and
23~~ while the pentagon denotes the system found to have
T = 166 K in Ref. 26.

wetting for He (Ref. 1) and H2 (Ref. 5) and nonwetting
for a few classical gases at very low temperatures.
The experimental observation of the predicted wetting
transition for classical films should thus have significance
for our understanding of these phenomena. The availabil-
ity of surfaces that are not wet by simple fluids above Tq

1500

l

1000—

FIG. 4. Same figure as Fig. 1 for liquid Xe films. The
solid line is at the triple point T = T~ ——170 K. The dot,
short dash, and long dash lines are at temperatures T = 190,
220, and 260 K, respectively.

will also make it possible to perform experiments, such as
droplet spreading, which are usually done with complex
fluids.

In the absence of experimental observation, numeri-
cal simulations have traditionally played a very impor-
tant role in understanding the wetting transitions of sim-
ple fluids. These include lattice gas and continuum
Monte Carlo simulations. A particularly well-studied
model system is Ar on a CO2 surface, with parameters
C = 16 400 K As and D = 334 K. A wetting temperature3 =

23of T = 100 K has been found in a recent simulation,
Fi. 2"agreereeing with the prediction of our mode; see ig.

l 26It h iso been shown by a density functional mode,as a so
that a system with parameters C3 ——12600 K~ an
D = 247 K has a wetting temperature T = 140 K, com-
pared to 120 K, which our simple model predicts (see
Fig. 2).

t
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FIG. 3. Same figure as Fig. 1 for liquid Kr films. The solid
line is at the triple point T = T~ ——120 K. The dot, short
dash, and long dash lines are at temperatures T = 130, 160,
and 190 K, respectively.

III. A NEARLY UNIVERSAL TREND

The qualitative similarity shown in the wetting phase
diagrams of Figs. 1—4, as well as those for He and H2
published earlier, leads to the speculation of a possible
scaling form. Indeed, it is worthwhile to note that the
shape of physical interaction potentials is approximately
"universal. " ' Thus they can be written in a reduced
form, of which Eq. (2) is the simplest (very) approxi-
mate example. Similarly, the adsorbate-adsorbate po-
tential can also be described by two parameters. For
later convienence, we choose them to be the we ep th
e and minimum position r of the two-body potential,
determining the energy and length scales, respectively.
The values of these parameters for inert gases are iste d
in Table III.
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Using these dependences, we observe an approximate
universal trend in the interaction parameters. That is,
a scaling of the adsorbate-substrate potential by the
adsorbate-adsorbate parameters e and r gives a nearly
common result for the classical inert gases, Ar, Kr, and
Xe, as shown in Tables IV and V. In these tables, the
parameters C3 and D are presented in the following di-
mensionless form:

C3
3 g )

We observe that the average variation in the values of
the reduced variables C3 and D* for these classical gases
is about 20% and 10%, respectively. Note that the scal-
ing variables e and er vary by factors of 2 and 3, re-
spectively, between Ar and Xe. It is thus a reasonable
approximation to neglect completely the relatively small
variation of C3 and D* with adsorbate. This simplifica-
tion leads to an interesting result. (See Appendix A for
a discussion of the origin of this scaling behavior. )

According to the LCS, the thermodynamic proper-
ties of classical fluids obey universal relations in reduced
form. This is derivable if' the only interaction is a pair po-
tential having the scaling form ef (r/r ), ' since then e

and r are the only parameters in the partition function
and fully determine the energy and length scales, respec-
tively. It thus leads to the definition of dimensionless
surface tension, density, and temperature as

&lv

A ALP
7

and

T* = T/e.

Table III presents values of these quantities at the triple
point. Nonuniversality is observed only in the quantum
cases.

The wetting condition in Eq. (3) can then be rewritten
as

(CsD* ) i = 3.33o.*(T*)/n*(T*).

This equation is now universal for all liquid classical films.
The important difference between this and Eq. (3) is that
here the left side should be independent of adsorbate and
the right side is a universal function of T*. A "universal"
wetting phase diagram is thus possible; we present it in
Fig. 5. Its significance is that a given substrate yields the
same reduced wetting temperature for all classical gases.

The present application of the LCS to the wetting tran-
sition, if verified by experiments, can lead to many useful
applications. First of all, such a universality in wetting
behavior unifies the qualitative features of quite difFerent
systems. Although derived from the properties of simple
gases, it is expected to be at least qualitatively true for
other, more complex, classical gases such as N2, 02, and
CH4, as in the case of the LCS in bulk classical fIuids. It
can then serve as a general guide to the prediction of wet-
ting properties, provided that some potential parameters
are known. Conversely, one may obtain a reasonable es-
timation of the adsorption potential from the measured
wetting properties of these films.

The LCS of classical liquid wetting may be contrasted
with predictions based on the application of Eq. (3) to the
quantum cases, H2 and He. For this purpose we show
in Fig. 6 the wetting conditions for classical, Ne, and H2
films at T* = T~* and He at T = 0. Other systems lie be-
low the classical line for T* = T~*, in the order of increas-
ing de Boer quantum parameter: Ne, H2, He, and He,
with Ne being extremely close to the classical one. This
indicates that quantum films are better wetting agents
than classical ones. This trend can be explained by zero-
point motion, which broadens the liquid-vapor interface
region and reduces the surface tension 0~~. Such an ef-
fect is manifested in the anomalously small values of 0*
for He shown in Table III. In fact the zero-point motion
reduces both cr* and n* values, but the ratio cr*/n* is still
systematically smaller for quantum fluids. According to
Eq. (9), this leads to the observation that quantum films
are generally better wetting agents than classical ones.
What had been recognized previously as an origin of this
behavior is that e is small, so that D is typically much
larger than e. Our point here is that this large value
of D' is by itself not enough to characterize the phe-
nomenon. The additonal factor which enhances wetting

TABLE III. The polarizabilty n and the well depth e and minimum position r of the two-body
interaction potentials of noble gases. Also listed are values of their triple temperature T~*, liq-
uid-vapor surface tension o.*, bulk liquid density n', and their ratio at T,', all in reduced units
defined in the text. The values e and r are from Ref. 27 while the numbers of n* and o.* are
calculated from original data in Ref. 14.

Gas
He

4He

Hg
Ne
Ar
Kr
Xe

E (K)
10.8
10.8
34.3
42.3
143.2
199.9
282.3

(A.)
2.97
2.97
3.41
3.08
3.76
4.01
4.36

n(A. )
0.205
0.205
0.806
0.396
1.642
2.487
4.012

Tt
0.00
0.00
0.40
0.58
0.58
0.58
0.57

n" (T,*)
0.43
0.58
0.98
1.07
1.12
1 ~ 13
1.13

a (T,*)
0.09
0.21
0.70
0.89
0.96
0.94
0.93

~*(r,")/n (T;)
0.21
0.36
0.71
0.83
0.86
0.83
0.82
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TABLE IV. The values of t 3 for inert gases on various surfaces. The original data are taken
from Table I and Ref. 13. The values of |,*j are the average for classical gases Ar, Kr, and Xe and
the error is the relative statistical error of the average.

Gases
He
H2
Ne
Ar
Kr
Xe

Gr
7.38
4.44
3.25
1.84
1.56
1.22

KCl
3.81
2.34
1.79
0.99
0.84
0.65

LiF
3.81
2.23
1.80
0.95
0.79
0.62

MgO
6.19
3.17
3.05
1.59
1.33
1.28

NaCl
4.35
2.64
2.06
1.14
0.95
0.73

NaF
2.99
1.86
1.39
0.76
0.63
0.50

Ag
10.21
6.09
4.88
2.55
2.13
1.62

Au
11.23
6.56
5.20
2.69
2.21
1.75

CL1

9.64
5.88
4.58
2.47
2.06
1.68

C,*i

error (%)
1.54
17

0.83
17

0.79
17

1.40
9.8

0.94
18

0.63
17

2.10
18

2.22
17

2.07
16

is the quantum effect of a depressed o *in*, manifested in
the difFerence between the classical and quantum curves
in Fig. 6.

IV. DISCUSSION

We should emphasize that we do not intend to present
here a rigorous theory of either the universal trend in
the physical interactions or the extension of the LCS to
wetting phenomena. We do believe, however, that the ob-
servations and conclusions we present should be at least
qualitatively valid. These conclusions have potentially
significant impact on the study of interaction potentials
and wetting transitions. Quantitative predictions, on the
other hand, are limited by several factors. One is our in-
complete knowledge of the adsorption potentials. The
other is our oversimplification of the statistical mechan-
ics. The simple model leading to Eq. (3) is based on
a relatively crude free energy balance. Its applicability
at higher temperature is yet to be tested thoroughly, al-
though recent evidence indicates that it works very well
for liquid H2 wetting above its triple temperature 14 K.
Approximations are also implicit in the neglect of de-
tailed information about the film density profile, espe-
cially near the interfaces. Other corrections to the energy
balance are also possible, including substrate zero-point
phonon efFects; this is important for quantum films,
but not for classical ones (because of the much higher
characteristic energy scale in the latter case).

It is possible and desirable to improve upon our simple
model by using more sophisticated techniques such as a

density functional model or numerical simulations. '

Such an extension will also enable us to study the be-
havior of films with a finite thickness (away from coexis-
tence), where prewetting transitions occur.

In summary, we have presented an extension of the
LCS to the case of wetting transitions of classical liquid
films. We have also shown that quantum motion is one
of the major factors (along with a weak two-body inter-
action) for the better wetting property of quantum films.
Our extension, if confirmed by experiments, should be
of great interest and importance in the study of wetting
and phase transitions in general.
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APPENDIX A: SCALING OF INTERACTION
PARAMETERS

In the text it is observed that Cz and D* depend only
weakly on the adsorbate, for a given substrate and a
classical gas. The origin of this approximately universal

TABLE V. The values of D" for inert gases on various surfaces. See Table IV caption.

Gases
He
H2
Ne
Ar
Kr
Xe

Gr
17.8
17.5
8.94
7.78
7.25
6.66

KCl
9.77
11.8
4.72
5.79
6.27
7.23

LiF
9.13

3.70
5.67
5.47
6.29

MgO
8.06
16.2
6.42
5.86
5.50
4.97

Nacl
6.55
2.65
4.99
6.17
6.67
7.68

NaF
8.14
8.90
3.53
4.33
4.68
5.42

Ag
6.44
10.7
3.76
5.83
6.21
8.67

Au
8.59
13.5
6.61
6.89
6.96
6.87

CL1

6.74
7.44
3.40
6.89
6.91
7.81

D*i
error (%%uo)

7.23
6.3

6.43
9.3

5.81
6.0

5.45
6.7

6.84
9.2

4.81
9.5

6.90
18.2

6.91
0.6

7.20
6.0
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~ ~behavior can be understood qualitatively from empirical
and theoretical knowledge of physical interactions. irs,
consl eld D* = D~' An adsorption potential law o cor-
respon ing s a es as eed t t h been shown to be valid, yielding

C3
(A1)

(z + A)''

vrhere A is a distance of order 0.5 A characterizing the de-

32coeKcient satis6es

Go.
1+E./E. ' (A2)

0
0

R~~
Cs

21 3

where o. is the adsorbate polarizability, G is a substrate-

acteristic of the substrate and adsorbate. Hence or a
given substrate

G
(1+E./E. ) (z + A)s

(A3)

FIG. 5. The "universal" wetting phase diagram of classi-
11' 'd fil s adsorbed on various substrates.s. Surfaces aboveca iqui ms a

raturea given line are we e att d t the specified reduced tempera
~ ~ ~ ~ ~T', according to q. ~E . ~9&. The solid line is at the triple point

T* = T,* = 0.58. The dot, short dash, and long dash lines are' = 0.63 0.70 and 0.91, respectively. Theat temperatures T
t f substrates whose coordinatessquares illustrate posi ions o su

he ositions ofcl) cl
K Rb, and Cs are drawn with the data for Ar only.)

Figure 7 showers that n/e is roughly a constant for the
ases of interest. Similarly weak in its dependence on

nally, the distance term is also fairly insensitive to a-
sorbates, even oug cuth h cubed because the equilibrium

d
' . The relatively small residual dependence of D*

on adsorbates is a consequence primarily of t is dis ance

8! 300

Xe

CH4

200—

Ar

100—

Oa
N2

0
I

1 2 3

Ne ~H,
He

0
0 1 2 3 4

FIG. 6. The wetting lines of classical .iq1 li uid films t'solid

line), Ne films (short dash line), and H2 film (dot line), all at
d that of the He (long dash line) andtriple temperature, an

He films at zero temperature (dot-dash line).

FIG. 7. The two-body interaction well depth e as a func-
f the atomic (molecular) polarizability a; for simpletion o e ao

ome of which aregases. The data are taken from Ref. 12, some o
listed in Table III ~
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&s =D*
I +Ay (A4)

variation. Atoms with smaller sizes such as He, Ne, and
H2 are observed to have systematically larger values of

We turn next to Cs. From its definition, Eq. (4), and
Eqs. (A2) and (A3), we find

Note that the factor multiplying D* involves the ratio of
two lengths. Since each of these grows with atomic num-
ber A, there is a tendency for the resulting C3 to vary
with A the same way D* does, i.e., very little. The skep-
tical reader will doubtlessly regard this heuristic analysis
as a rationalization of empirical data. The argument pre-
sented here, however, is not essential to establishing the
main points made in the teat, which are based on the
numbers themselves.
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