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ON THE POSSIBILITY OF SIMULTANEOUS FORMATION OF THE
FIRST AND SECOND ADSORPTION LAYERS (QUASI-CHEMICAL
METHOD)

By K. F. WojciecHOWSKI
Institute of Experimental Physics, University of Wroclaw*
(Réceived December 15, 1970)

The work is devoted to the following problem: is it possible for the first and second ad-
sorption layers to be formed simultaneously? Using the quasi-chemical method and the square-
-site model'it is shown thati under some phjfsmal conditions the simultaneous formation of the
ﬁrst and second. layers can take. place. Especially favorable COndlt]Ol‘lS for such formation exist
in the case: of adsorptlon of rare gases on metals and “jonic crystals

1 Introductwn

- The question of whether or.not the first and second :adsorption layers can be formed
51multaneously isa very important one in' many ddsorption problems. Inthe first accepted
theory of adsoption isotherm by Brunauer, Emmett and Teller (1938) (BET): a-mathematically
flat surface of the crystal and the single-particle-site model was assumed.. Therefore, it
was assumed: thet the simultaneous formation of the first and:the next adsorption layers is
possible. Thé BET theory was replaced by the more rigorous triangular-site model of Halsey
{(1952), who assumed that a particle cannet be adsorbed in upper layer unless there isa trian-
gular array of three adsorbed particles forming a site for adsorption. The physical-adsorption
isotherm based on the triangular-site model was given by Taylor, Longley and Bryant
(1965) using the idea of Halsey and the Bragg-Williams (BW) approximation. Two-layer
adsorption models were also given by Ballentine (1964) and by Betts and Hunter (1965).
These two papers are based on the single-site- smgle -particle' model. In the present paper
we shall corisidet the- possibility of simultanéous formation of the first and second” adsorption
layers in the description of the square-site model and the quasi-chemical method, which
is more refined than the BW approximation. We shall give the adsorption isotherm and
a quahtauve discussion of thé conditions under which it is possible to form the first and
sécond layers on crystals mmultaneously
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2. The model

In order to answer the question stated in the Introduction it is necessary to know
the number of particle groups which in the state of thermodynamical equilibrium are adsorbed
in the first layer and may form a site for adsorption in the second (upper) layer. The arran-
gement of particles in the first layer forming such a group and also the number of particles
in the group depends on the geometry of adsorption sites of the given adsorbent. The one
layer adsorpt{on’isotherm based on the square-site model was given by Hill (1950). In order
to calculate, in the state of thermodynamical equilibrium, the number of squares occupied
by four particles, he used the quasi-chemical method. Since the square occupied by four
particles in the first layer may be regarded as the adsorption site of the second layer, we
shall use the Hill model in the present paper. The characteristic of the square-site model
is given in Fig. 1, where the first five columns are the same as in Hill’s paper. The last two
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columns characterize the possibility of the second layer being formed when the first layer is
formed. The squares in columns 1 to 5 contain zero, one, two and three particles, respecti-
vely. The square in the sixth column has four particles and the square in the seventh has five
of which four are adsorbed in the first layer and the fifth is adsorbed in the second layer on
the site marked by the crosslet.

The number of adsorption sites (per unit area) B* depends on the surface coverage
8 in the first layer, and equals the number of sites on the surface of the adsorbent plus the
number B’ of sites which are formed by the adserbed square in the first layer. Therefore

B* + B+ R, M)

and
B’ = N,/4. 2
N, denotes the number of squares occupied by four particles in the first layer and the number
of squares occupied by five particles: four in the first layer and one in the second. Therefore

N, = N,+N,'. 3

For the present case the equations (1) and (2) from Hill’s paper take the following form
B* = B+N'[A+N"[4, 4

4N = N, +2N,+2N} +3N,+4N,+5N,, (5)

where N denotes the number of adsorbed particles.
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3. Theory
Commencing thermodynamical considerations, we introduce the following notation:
— U — the first-layer-particle-adsorbent interaction energy;
— [’ — the second-layer-particle-adsorbent interaction energy;
W — the interaction energy of two nearest neighbour particles in the first layer;

W' — the interaction energy of two second neighbour particles in the first layer;
W"— the interaction energy between two mnearest neighbour particles from which
one is in the first layer and the other in the second;

u = URT o — UK
y= e WL, mWIRT gy oW, ©)
4 — the electrochemical activity of particles in the gas phase;
A — the absolute activity of adparticles;
p=1InA )

By g* (N, Ny', N3, Ng, N,', N, B*) we denote the number of distinguishable arrangements of
N adparticles on B* sites which yield N,squares of type 2', N, squares of type 2" and so on,
to N,  squares of type 4. Then, the grand partition function £2* can be written in the form

0OF — 22 Z g*y(N,'+2N,+4N.’+4N,”)/2t(N,"+N,+2N,'+2N4”)X
NNy N -

X AN (@B ap2) N, ®)

where @, and a, are the partition functions of isolated adsorbed particle in the first and
second layers, respectively. Following Hill, we assume

g* =VP*Q, ©
with
e @ 0
= N V) T (V3 1 TOVE2) T2 [V ) NG TN T (
Q* — (B*_B#’ (11)

where N, and [V} are to be eliminated by use of (4) and (5). The maximum term in 2% is
found by differentiating In 2* (replacing 2* by the expression standing under the summation
sign in (8)) with respect to N,,..., N,, N.
The differentiation with respect to N gives

ah = a?(1—0%)/0*, (12)
where
6% = N/B*, (13)
& = N, [4N,. (14)
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The other differentiations (which lead to (15)), when combined with (12), give the adsorption
isotherm.

We have

4ot +8a%y - 4dax?t2 1203y 242 - ( ﬂ) oty dsd
A% = — 1+5/3 e (15)
1+4o+4a2y + 2022 4oy 22 VN atydsd

where
B = aZ¥ay/ay) *. (16)
From (16) we obtain
o =a(6*, v, t, 2, u, v).

It should be noted that differentiation with respect to N, and N, gives

N, = BN, a7
what, when combined with (3), gives
Ny= e N, 18
4 = 1+/3 49 ( )
w_ P
S Ny (19)

Therefore, we have determined the constants ¢’ and C” in the intuitive relations
’ 1" »
N, =CN, N, = C"N,.
For the first layer surface coverage 6 we have

AN—Ni'  4N—Ny

M= = e (20)
whence
‘ | agr = POENE_ 4T | @1)

Combining (15), (19) and (21) we have .
40 +A(40 — 1)+ 2(40—2) 2y +12) a2+ 4(40 —3)y 2203 +4(0 — 1) y4#2at = 0, (22)

where

0< 6 <1. (23)

Information on how the coverage f will change the adsorption process after the simul-
taneous formation of the first and second layers is taken into account is given by the adsorp-
tion isotherm. However, acknowledging the approximative character of the adsorption
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model, it seems that the use of the rate N,/N, is adequate for obtaining qualitative informa-
tion about second layer formation. From (18) and (19) we have

N{INy= p. (24)
For a; and @, appearing in f we have
ay = uald, (25)
X 8y = valy, (26)
with
al), = e~ TOPT(1—e=TeOIT)1, =1, 2; 27)

where T = hy®/k and »? is the frequency of oscillations of particle in the first (i = 1)
and second (i = 2) layers, respectively. We assume further that

af), = al.
therefore
U—U ; .
(az/a))” = (vfu)% = e BT —s/2 (28)
where o
s = (U=U")kT > 0. . (29)

4. Numerical computations.

The numerical computions of B(f) were carried out with the Elliott 803 compuler in
the Depertment of Numerical Methods of the University of Wroclaw. For 8(6) from (24)
and (28) we have

B(8) = a(6) e~ +s1?), (24a)

where .
w=aln, ), x=|W|kT, «=|W|kT, & =|W"|kT,

and s is given by (29). The parameters x and x” appeared independently only in &, whereas
the parameters x and s form a linear combination in the exponent of (24a). Therefore, for
the purpose of numerical computatlons it was convenient to fix the value of the sum

s
¢ =28x"— 5> and then to determlne one of the parameters %' or s with the other one fixed.

_The values of the parameters x and &’ are determined as follows. Taking into account that
at room temperature 4T =~ 0.03 eV, we have accepted the following values of |x| and |+'| :
: Jg| =0; 15 10; 33, and |#| = 0; 1; 10. The value |x| = [x'| = 0 means that the adpar-
ticles in the first layer are noninteracting objects; the case |x| = |%'| correspomnds to the
interaction energy of particles from the first layer, which is equal to- kT (hence at room
temperature [x| = |x'| 2 0.03 eV); the case |v| = |x'|'= 10 corresponds to the interaction
energy of the order of 0.3 eV and |x| =33 to the interaction energy of the order of T'eV.
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The results of numerical computations may be divided into two groups: I and II, accor
ding to the value of |x|. Group [ includes the results for |x| = 33 and for differen: values
of the remaining parameters. In this group the values of §(6) are very small (of the order
of 10720). Group II comprises the results for |x| = 0; 1; 10. In this group B(0) is greater
than 10-2 for some values of ¢. In both groups there are some solutions without any physical
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meaning (for " > 0 and s < 0). The physically sensible results (for ¢ = —0.5) are depicted
in Fig. 2. This Figure exhibits two cases: 1) repulsion in the first layer (dashed curve), and
attraction between particles in the first and second layers (x, ' > ¢, ' < 0); 2) attraction
in the first layer (full curves), and attraction between layers.

5: Discussion of results

Generally speaking, the case 1) may correspond to the adsorption of: a) alkaline atoms
on metals and jonic crystals; and b) polar molecules on nonmetal crystals. The case 2) may
correspond to atomic adsorption on metals and semiconductors. A more detailed analysis
of curves in Fig. 2 may be made. The dashed curve corresponds to the case 1) and was
obtained for x = 1 and %’ = 0; hence for ¢ = —0.5 it follows that when x” << 0 one must
have s > 1. Therefore, this curve corresponds to an interaction energy between adparticles
of the order of kT and to an adsorption energy greater than k7. This is the case of adsorption
which at a given temperature T'is associated with weak repulsion between adparticles in the
first layer and with' stronger binding of the first layer with the adsorbent. Hence this may
be the case of adsorption of rare gases on metals when adatoms are polarized and are interac-
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ting with weak electrostatic forces. This case may also correspond to the adsorption of rare
gases on ionic crystals because the situation is now similar to the preceding one. The same
physical conditions are also fulfilled in the adsorption of alkaline adatoms on metals, but
in this case it is not very reasonable to suppose that the interaction between image dipoles
would be of the order of kT. Therefore, in the former case we cannot state whether the
second layer is formed simultaneously with the first layer.

The full curves in Fig. 2 correspond to various values of the parameters, namely:
Da=—10, 5 =—1, s>1;2) a=—10, & =0, s>153) a=—1 « =0, s> L
These three curves correspond to successively weaker attraction between adparticles. These
may be said to describe the cases of atomic adsorption on metals and semiconductors {for
instance, Ge on W). The shape of these curves implies that the weaker attraction of adparti-
cles in the first layer involves a slower formation of the second layer with increasing 6.

The foregoing shows that under some physical conditions simultaneous formation of
the first and second adsorption layers may be observed. Therefore, it seems important for
both theory and experiment to have more detailed studies performed along these lines.

The author is greatly indebted to Professor J. Nikliborc for the statement of the prob-
lem and for many valuable discussions concerning the present paper. The author is also
indebted to Professor S. Paszkowski for programming and carrying out numerical com-
putations.
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