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Capillary phenomena in extremely thin zeolite channels and metal-dielectric interaction
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The experimental results on capillary phenomena in channels of atom-scale diameters comparable
0

with the interface transition layer thickness (1—1.5 A) are reported. A simple model for the interface
metal-dielectric layer is proposed. It is based on the van der Waals bond as a weak excimer interaction

of the fluctuation origin. Some aspects of interphase interaction as applied to adsorption, catalysis, ener-

getics, and electronics are discussed.

Investigations of capillary phenomena began early in
the 19th century; however, some important problems still
remain unresolved. For instance, such questions as the
local structure and properties of the interface layers (the
Tolman length' ), static and dynamic properties of the in-
terphase interaction (wetting ), the capillary phenomena
in extremely thin channels, or the transition from capil-
lary to diffusion phenomena are not completely under-
stood. The tension at the surface of a liquid is one of the
more striking manifestations of the forces that act be-
tween atoms and molecules. The reestablishment of a
direct link between capillary phenomena and the intera-
tomic forces depends on the development of the statisti-
cal mechanics of the systems that are highly inhomogene-
ous on the scale of length of the range of these forces. '

The case when the transition layer thickness is compa-
rable with the capillary radius r is of special interest. In
the first approximation of the Gibbs thermodynamics the
thickness of the transition layer is taken to be zero. In
this case an effective density of the surface energy o., is
ascribed to some interphase surface (surface of tension
with curvature of radius r, ) Then the. interphase pres-
sure P, the surface energy o.„and the curvature radius r,
are related by the Laplace equation 2o.+=Pr, . The real
properties of the transition layers could be taken into ac-
count by the choice of some effective parameters. In this
approach o., does not depend on r, . However, the real
interphase layers have a nonzero thickness at least on the
atomic scale. Therefore bending of the layer may result
in a displacement of the surface of tension as well as in
the dependence of o., on r, .

Figure 1 shows schematically transition layers (a and
P) between two homogeneous phases 2 and B. The
dashed line indicates the position of the surface of tension
(r, ) and the solid line shows the boundaries of the homo-
geneous regions of these phases. For phase B the bound-
ary coincides with an equimolar surface with radius r, .
The letters a and P denote the transition composition re-
gions neighboring phases 3 and B, respectively. Later it
was found that there is only a single position of the sur-
face of tension (r, ) that corresponds to the minimum of
the interphase energy o., ;„. This means that o., ;„ is
nearly independent of a small shift of r, position relative
to the phase boundaries. A simple relation between o.,

and r, was found later: 0, (r, .
) =cr( oo )(1 2olr, ). —It is a

simplified form of the expression of the well known
Gibbs- Tolman-Koenig-Buff equation. The parameter
5 =r, r, (—Fig. 1) is a formally introduced thickness of
the interphase layer of one of the phases (the Tolman
length). The local structure and physical parameters of
this layer have not been clarified yet. This is due to ex-
perimental difficulties encountered in measurements of
very thin layers. Their thickness is estimated to be
1 —2 A for inert gases and about 0.2 —0.6 A for metals.
The value 5 is quite small compared with the size of
atoms.

These interphase transition layers are among the most
important objects because their properties are responsible
for the heterogeneous equilibrium, the rate of chemical
reactions, the catalytic and geological processes, morpho-
genesis and exchange processes in living organisms,
operation and stability of many solid-state electronic de-
vices, and so on.

Thus the examination of the problem calls for investi-
gation of the capillary phenomena in channels of atomic

0
size a =3 A and taking into account the interface layers
D &a+26=6—7 A.

Such channels are available in zeolite single crystals as
their structural components. The high density of chan-
nels (their total volume is up to 50%%uo of the whole crystal
volume) and the absence of dangling bonds at the internal
channel surface make these crystals very suitable objects

FIG. 1. Thermodynamics scheme of the interface layer.
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for studying the capillary phenomena in extreme condi-
tions. The Laplace pressure for liquid metals in these
channels is about (20—30)X10 atm. Some complica-
tions arise from the channel arrangement and their sur-
face relief: channel crossing and spherical or cylindrical
shape with both positive and negative curvature. Zeolites
are aluminosilicates with a framework formed by the
tetrahedral units (Al, Si)04 (Fig. 2). The charge
difference between Al- and Si-based tetrahedra is com-
pensated by the charge of alkali ions located at the chan-
nel surface. Tetrahedron dimensions are determined by
the oxygen ion diameter equal to 2.7 A. Figure 3 shows
a cross section of the zeolite mordenite (M) unit cell
20.5 X 18.2X 5.7 A in size in the plane perpendicular to
the axes of one-dimensional channels. The average chan-
nel diameter is about 6.6 A (dashed circle}. The alumino-
silicate framework of mordenite consists of specific
chains in which the five-membered rings of tetrahedra
prevail (in Fig. 3 the tetrahedra vertices are linked by
lines). The Hg atom of diameter 3.2 A is shown in the
center channel for scale reference. The free volume of
wide channels in mordenite is 18-19%of the total crys-
tal volume. This value follows from both the structure
consideration and the evaluation of the amount of wet-
ting liquid (H20) which entirely impregnates the chan-
nels.

(Al,Si)O4 tetrahedra may be put together in the cubo-
octahedron form ("spheres" N60)-(AI, Si)24O36 (Fig' 4).
Solid lines connect the centers of tetrahedra. Depending
on the combination of these cubo-octahedra in the three-
dimensional lattice a zeolite of A or X type is formed.
The cubo-octahedra are linked to each other by four six-
membered oxygen rings of free diameter 4. 1 A form zeol-
ite X. Figure 4 demonstrates a fragment of the zeolite X
unit cell. The supercage of diameter 11.7 A possesses
four windows, each 8.4 A in diameter. Supercages form
the diamond-type lattice with a lattice constant 24. 6 A.
Between the adjacent supercages inside the windows
(8.4 A in diameter =2r2) there are cross sections with

0
negative curvature (2r3=8.2 A}. Thus the total Laplace
pressure is determined by the supercage diameter
(11.7 A) alone, because for window efFective curvature
1/2r =1/8. 4—1/8. 2(0. This means that in the win-

FIG. 3. Modernite unit cell in the plane perpendicular to the
wide channel axis direction. Si and Al atoms are not shown.
The effective diameter and border of the interphase gap are
designated by the dashed lines.

dow region there is an effective wetting for liquid metals.
The supercage volume is about 47% of the crystal
volume (28 H20 molecules per supercage}. The Hg atom
in the supercage is shown in Fig. 4.

The cubo-octahedra linked together by six four-
membered oxygen rings give the lattice of zeolite A (Fig.
5}. In this case the supercages of 11.2 A in diameter
form a cubic lattice with the lattice constant 12.4 A and
free volume 43%. The supercage windows are 4.2 A in
diameter. In Fig. 5 the Hg atom is shown in the center of
the window. The Laplace pressure is also determined by
the diameter of the supercage alone but not by the win-
dow diameter owing to the presence of both positive and

FIG. 2. Structural component, of zeolites, aluminosilicate
tetradhedron (Al, Si)04.

FIG. 4. Component of zeolite X structure. The cubo-
0

octahedra N60~(A1, Si)24036 of about 11 A in diameter joined
through the six-membered oxygen rings form the supercage of

0 ~ ~ ~ ~
0

2r&=11.7 A in diameter with four windows of 2r2=8. 4 A in

diameter. The diameter of the oxygen ring is 2r3=8.2 A. N60
0

spheres have the cage of 2r4=6. 6 A diameter connected with
0

the supercage through the windows with diameter 2r, =1.8 A.
0

The black circle is an Hg atom 3.2 A in diameter.
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FIG. 5. Cross section of an A zeolite unit cell by the plane
(0,0,2). The atoms of oxygen from zeolite framework as well as

0

Hg atom of 3.2 A in diameter are shown for reference. The
dashed line designates the border of the interphase gap.
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FICs. 6. Schematic representation of channels in M, X, and 2
zeolites. 1, oxygen atom; 2, mercury atom. The dashed lines in-
dicate the border of the interphase gap. The dotted line indi-
cates the Laplace radius r '=r& '+r& ' in the diaphragm re-
gion.

negative curvatures in the diaphragm region.
The structural unit N6O of X- and 3-type zeolites has a

0
diameter of nearly 11 A and looks like the structural unit
C6o of fullerenes. This similarity between zeolites and ful-
lerenes has already been mentioned. In Fig. 6 the
equivalent channels for three types of zeolites with the
Hg atom (labeled 2) in the narrowest place of the channel
are shown schematically. The oxygen atoms are labeled
as 1. It is obvious that the concept of the e8'ective La-
place curvature at D &a lose its meaning. At D &a the
diaphragm permeability has to be determined by statisti-
cal factors. For instance, the Laplace pressure for liquid
metals in the channels of zeolite 3 exceeds that of zeolite
X only by 10—20% whereas D„ /Dz-1/2. For wetting
liquids zeolites were used as molecular sieves for a long
time. For nonwetting liquids filtration through zeolite
channels was also observed (for instance, penetration of
Sn atoms into the channels from the Cra melt). The
penetration ability of various atoms into zeolite channels
depends on the surface tension and Laplace pressure, but
not on the atom diameter.

Zeolites are highly stable under heating up to 800 C
(Ref. 5) and do not reveal any lattice damage under
quasihydrostatic pressure of 40X10 atm. Since about
half of X and A zeolite crystal volume is the crystallo-
graphic cavities, the complete collapse of their lattice un-
der high pressure is accompanied by nearly twofold
volume reduction and conversion of elastic energy to heat
(about 4000 kcal/kg). Experimentally we have achieved

the complete amorphization of zeolite X at about 10 atm
only.

In our experiments the M, X, and 3 zeolite channels
were impregnated by liquid metals with rather low melt-
ing points (see Table I). The samples of commercial zeol-
ites (powder consisting of 5 —10-pm crystals) in the form
of tablets were encapsulated in the hermetic thin-walled
metallic containers together with liquid metals and then
were compressed using ordinary piston chambers. Fric-
tion losses did not exceed 5 —10%.

Figure 7 shows typical P-U diagrams for zeolite-metal
systems. The compressibility of the chamber, zeolite, and
liquid metal were measured under pressure p & Pk where
the liquid metal does not penetrate into zeolite channels
(Pk is the critical Laplace pressure). This value of
compressibility was subtracted from the compressibility
for the P &Pk region. The obtained P-v dependences
clearly reveal two specific features. First, the liquid metal
occupied about a half the free cage volume of zeolite X.
The vertical dashed line indicates the total volume occu-
pied by wetting liquid (HzO), i.e., the total volume of
crystal cavities. Assuming that the second half of the
cage volume falls on the interface layer, one can find the
layer thickness h =1.2 —1.5 A. In Figs. 3, 5, and 6 the
position of this layer is marked by the dashed line.

The vast surface of the metal-zeolite contact (about
10 cm /g) leads to a large volume of the interface layer
(about 25% of the total volume of the crystal).

Second, the reduction of the total volume of the system
at P )Pk (Fig. 7) is the result of penetration of the liquid
metal into the zeolite channels. Assuming that the inter-
face layer (interphase gap) undergoes compression its
compressibility can also be estimated as
~=(40—50)X10 atm. These facts are in agreement
with the assumption of the van der Waals (vdW) type of
metal-dielectric interaction. Solid inert gases exhibit the
compressibilities of the same order of magnitude. This is
not surprising. For inert gase the vdW radii in solids are
close to the excited-state orbitals' radii and exceed the
ground-state orbitals' radii by 1.2—1.4 A. The compres-
sibility of the solid inert gases is determined by the
response of the "gap" on the external pressure. The
dependencies of the critical (Laplace) pressure Pk(o o) on
the surface tension of Inetal o.

o for X and M zeolites are
shown in Fig. 8. To analyze the experimental data it is
necessary to define the values of surface energies and to
make use of the equations of the capillary phenomena
theory. The dielectric —liquid-metal contact with the
transition layer h is shown in Fig. 9. The surface energies
of liquid metals at moderate temperatures (relative to the
critical values) differ from the surface tension only slight-
ly.

The following symbols and equations are used: o.o, the
surface energy of liquid metal (300—700 ergs/cm ); o'„
the surface energy of solid dielectric (for zeolite it is equal
to 800—900 ergs/cm ); o,o, the interphase surface energy;
o.„the effective surface energy of solid dielectric; o.„the
adhesion energy; a, the contact angle;

o t 0 to 0 ocoscx

the Young equation;
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TABLE I. Experimental data and calculated parameters for the molten metals embedded in the
0

channels of Xand M zeolites. o. is in ergs/cm; Pk in kbar; d, h, 5 in A, ~ in 10 atm '. op is the sur-

face tension, Pq the Laplace pressure, h the interphase gap, d the diameter of metal pillar, 5p the Tol-
man length, o k

=o.
p
—o.„o, the adhesion energy, o., an effective surface energy of solid dielectric, o.,p

the interphase surface energy, and ~ an "interface compressibility. "

NaX

Bi
Pb
Hg
Cd
Sn
In
Ga

op

370
450
470
540
540
550
715

6.5
10
9.6

11
11.3
14
20

1.2
1.6
1.2
1.6
1.6
1.6
1.4

9.3
8.4
9.3
8.4
8.4
8.4
8.7

5p

0.50
0.22
0.32
0.22
0.22
0.22
0.30

138
200
209
219
225
270
398

oc

232
250
261
320
315
279
317

36.5
35.0
36.0
47.5
46.0
35.5
35.0

o~p

175
235
245
267
271
307
433

50

46
41
44
39
41

NaM

Bi
Hg

370
450

1.5
1.7

3.6
3.2

0.50
0.32

135
186

235
263

37
38

172
225

38

Technical difficulties do not allow us to increase the pressure much higher than Pk where the reliable

determination of sc would be possible.

0 t0
—00+0 t Oc

the Dupre equation;

P =o k(1/r, + 1/r~ ),

(2) 1/2 1/2 1/2
Ot0 —(70 0) )

this follows from (2) and (4);

cr(r, ) =o( m )B(5/r, ) =o( ~ )r,'/(r, +5)'
=o ( ~ )(1 25/r, )—

~0 ~ c 0 OCOSCX

the Laplace equation

o, =2(opa. )'

the Girifalco-Good equation (the Berthelot relation);
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FIG. 7. The relative volume v(P)/v(0) vs P for zeolite X-
mercury and zeolite M-mercury systems. The dashed lines indi-
cate the total free volume of channels in X and M zeolites.

o., (erg/c
gQ ~50

100

o-p, o-, (erg/crn')
FIG. 8. Dependencies of the critical pressure Pk on the sur-

face tension for metal o.
p (see Table I) for X zeolite (open circles}

and M zeolite (open squares). Dependencies of the adhesion en-

ergy o., on Pj, for X zeolite (dark circles) and M zeolite (dark
squares). The dependence of an effective surface energy of solid

(zeolite) o., on o.
p (crosses).
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FIG. 9. Schematic representation of contact metal dielectric
(zeolite). X, the average probability of the surface excited state
occupation.

the Gibbs-Tolman-Koenig-Buff equation;

o(r)=o(~ ) 5P„. , — (7)

from (3) and (6); 5P&, the "elastic" energy (the part of the
surface energy),

d cr /dP = —5 = —
( r, —r, ),

the Tolman length (Fig. 1);

dCT/GT= 6T

(8)

(9)

the entropy of surface ( —0.05 ——0.5) ergs/cm K for
metals) and

der/dP = —() /Cv)der/dT, (10)

d o ~o/dP =6~o =6o+ 6t 6 (12)

the interphase Tolman length.
To determine the parameters of metal-dielectric con-

tact in the atomic-scale channels it is necessary to take
into account the channel size and the interphase interact-
ing using Eqs. (1)—(12). If pressure is measured in kbar,
length in A, and energy in ergs/cm we can represent

P„=0.4(o. r, )/d(1 —25„/d )

5„=5o(o.o o, )/o o—
[see (10)],

o., = pro
—2.5Pkd(1 —550Pk /o. o)

=o,o+ 5P~6, ,

o., =o., /4o. o

[see (4)].

the sequence of the relation o. o-a ", where y is the
Griineisen constant, Cz the volumetric specific heat, a
the interatomic distance, d o. /dP = —,

' n ~o. , and
d o /dP = —6o ——2o.~ the Tolman length for metals;
n =6, 50= —(0.2 —0.6) A,

0., =o.,o+6,P/2

[see (7)] is the adhesion energy for a cylindrical capillary,
o.,o the adhesion energy for the case of the absence of in-
terphase pressure, 6, =2do. , /dP, and

The elastic interphase energy 5,Pk/2 depends on 5,
and gives the main contribution to 5,O [see Eqs. (11) and
(12)]. The diameter d of the metal pillar in the channel is
less than the channel diameter D by 2h (see Table I). The
dependencies Pk(ao) and o, (P.k) for zeolite X (Fig. 8)
lead to the following values: 0 o —190;
cr, =35—36; 5, =+1.3 A [5, is determined from the
slope of the o., Pk —curves (Fig. 8)]. The rough calculat-
ed value 5, is about 2o.,~= 1.5 A according to (10).

In channels of mordenite only one atom of Hg or Bi
can be located on a cross section of the channel. The ex-
perimental results are in a good agreement with this
statement. So, the amounts of Hg and Bi introduced into
mordenite (3.7% and 6% of the crystal volume) are near-
ly proportional to the ratio of their atom cross sections
(3.2/3. 6) =0.79 and correspond to single atomic chains.
In this case the interphase pressure should be much lower
than half the Laplace pressure because in a single atomic
chain the transverse pressure can be only due to thermal
vibrations and chain bending. This is revealed in a reduc-
tion of the adhesion energy due to a decrease of the con-
tribution related to the interphase pressure 5,Pk/2. The
length 5, for mordenite (0.5 A) is less than that for the X

0
zeolite (1.5 A). In other respects the capillary phenome-
na in the mordenite channels retain their character:
Pk ~ 1/D; o co=190; h =1.5 A.

Thus the capillary phenomena in the atomic-scale
channels comparable with the interface layer thickness
can be adequately described in terms of the modern
theory of capillarity.

The surface tension depends on the electronic structure
of atomic shells. Figure 10 shows the dependence of sur-
face tension of (3-4-5)d metals on number m for d elec-
trons. One can see that an increase in m up to I =5 is
accompanied by an increase of o (cr =m X 1000
ergs/cm ). The surface tension is proportional to the
number of unpaired electrons. The following increase ofI leads to a decrease of cr due to electron pairing. Such
dependence of the surface tension on electric structure of
atoms is true for s and p electrons also. For monophase
metallic syst. '.ms the surface tension o. increase with de-
creasing drop diameter as shown in (6) and (8). It is easy
to show that in the limit 2r~a the increase of o. mani-
fests itself an an effect of the Goldschmidt contraction
when the atomic diameter decreases by about 20%. This
value is consistent with the difference between the diame-
ter of an atom in the metal bulk (in the limit r ~ oo ) and

-3
6, i0 ef'g/era
4

t i 1 I I

6 7 8 g )0~
FIG. 10. The dependence of the surface tension on m for (3-

4-5) d elements.
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a free atom (r =a/2).
Besides the two peculiarities of the capillary phenome-

na in channels of the atom-scale diameters (the existence
of gap h and its compressibility tc) the analysis of the ex-
perimental data (Fig. 8) reveals a third unusual feature.
The effective "interphase" surface energy of solid dielec-
tric o., =36 ergs/cm is much less than the intrinsic one
of solid dielectric o I=800 ergs/cm (Fig. 9). The latter
was measured calorimetrically and calculated using the
Berthelot relation to evaluate the adhesion heat of H20.
This relation was used by Pauling as the basis of the elec-
tronegativity scale. No doubt the difference is caused by
the presence of the vdW interaction and the appearance
of corresponding equilibrium distances of about h, simi-
larly to the case of condensed inert gases. If one takes
into account a similarity between the vdW radii for the
latter and the radii of the excited state orbital (excimers)
the following simple model of the metal-dielectric inter-
face may be proposed. /As a metal atom approaches a
dielectric surface, the surface atoms of the dielectric are
excited by the Coulomb perturbation with transition of
electrons to the excited-state orbitals. This process is
determined by an average occupation factor X for the
excited-state orbitals (the dotted line in Fig. 9). For the
atoms of the dielectric X( 1.

Thus, the surface of the dielectric "swells" by a layer of
thickness o- h on contact with metal. The electrons of the
metal (Xp=1) interact with the virtually excited elec-
trons of the dielectric surface and in this case the
adhesion energy is o., ~ e X/r, „, where e is the electron
charge and r„ is the average distance between atoms. It
is easy to see that this model satisfies the Berthelot rela-
tion o, cc(e e X )' cc(crpcr, )' at o., cce X and crpcce
because Xo =1 for metal. The interface surface energy
o.,o is determined by the difference in probabilities of oc-
cupation of the electron states X,O=XO —X, =1—X, on
the interphase surface [Eq. (5) and Figs. 1 and 9]. As
mentioned above, the channel surface in zeolites is of
"molecular" origin since it does not have dangling bonds.
Over the channel surface there will be excited-state orbit-
als only. In this case the concept of the vdW bond as the
weak excimerlike interaction of the fluctuation origin can
be used. The information about the interface metal-
dielectric layers is useful not only for the capillary phe-
nomena physics but for ultradisperse heterogeneous sys-

tems also. Using Eqs. (10) and (12) one can estimate the
interphase Tolman length: 5tp= der tp/dP = 2cr ptcp

+267 Kh 6
Since the first two items are of the same order of mag-

nitude (10) and less than 5„then der, p/dP (0 and the in-
terphase surface energy decreases when the interphase
pressure (or the curvature of surfaces) increases
(pressure-assisted reactions, dissolution, and so on). In
heterogeneous catalysis on the metal surfaces the ad-
sorbed molecules of reagents A and B can interact with
each other being in the excited states whose probability is
X . The energy of interaction of the reagents on the
metal surface is proportional to X X ~ )X~X&, where
the latter determines the energy of interaction without
the metal surface assistance.

Nanostructures based on the heterogeneous ultra-
disperse systems are finding ever increasing application.
Therefore properties of thin interphase layers between
different materials are very important for the design and
properties of novel devices or novel materials (for in-
stance, one-dimensional superlattices' or cluster crys-
tals"). The appearance of excited states in the transition
layer can be responsible for luminescence of ultradisperse
materials.

Zeolites that contain liquid metals in their channels are
heterogeneous systems with a great amount of surface en-
ergy. From the data shown in Fig. 7 one can estimate the
mechanical energy capacity to be 200 kJ/liter. Such sys-
tems can be used for constructing accumulators of
mechanical or electrical (supercapacitor) energy. Their
power consumption is approaching that of electrochemi-
cal batteries. ' The systems also can be used for refri-
gerators and electrical engines with specific power which
is 10—100 times more than that of electrical motors. '

The study of capillary effects in systems with extremely
high dispersion is evidently of both scientific and practi-
cal interest for problems of chemical technology, elec-
tronics, energetics, and environmental engineering.
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