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Adsorption Kinetics.

Let us suppose tlie surface

One may expect three types of chemisorptions: pure ionic, pure covalent and mixed types.
Then the ionic

complex M-A, formed by chemisorption of an adsorbate A on an adsorbent M, forms a diatomic molecule.
character (fraction) Ci? of the adsorption bond M-A is given by 1/Ci? = 1 + (E — Hii)/(E — H,.) (eq. 1). Here E is the
bond energy of M—A, Hyi and H,, are the energies of the pure ionic and pure covalent bonds, respectively. ;% is calculated
from u’ = Ci%erya (eq. 2), where u’ and rya are the dipole moment and the bond length of M~A. Since we can calculate
Hii and H. semi-empirically, E is calculated from eq. 1 and 2. Thus, the desorption heat from a nearly bare surface is cal-
culated. The calculated and observed desorption heats are compared for the systems Ba on W, Sr on W, and the diatomic
gases (He, O, Ny, CO) on metals (W, Ni, Fe, Ta, Rh, Cr, Cu, Pt). Theagreement is satisfactory. From the results we con-
clude: (1) The adsorption bonds of the systems, Cs on W, Na on W, are purely ionic. (2) The bonds, Ba~W, Cs-W, are
ionic with small amount of covalent character (C:2 = 0.97 for Ba, Ci? = 0.67 for Sr). (3) The bonds of the systems, gases
on metals, are covalent with small amount of ionic character (Ci? = 0.02 to 0.09). The Becker—-Zeldovich equation for de-
sorption, —df/d¢ = af exp(#8) (eq. 3), holds for the desorption rates of the systems, Ba on W, Sr on W, and oxygen on W.
In eq. 3, 6 is the surface coverage, @ and b are constants. The activation heat for desorption and heat of desorption (ad-
sorption) decrease with 6 generally. This fact is explained as being due to the field of the adsorbed layer on the desorbing

atom.

I. Introduction

Generally it is understood that chemisorption
accompanies electron transfer between adsorbates
and adsorbents. Thus, the bonds between these
two are chemical in nature. As there are ionic,
homopolar and mixed-type bonds in molecules, one
expects the presence of the corresponding three
types of bonds in adsorption. We study in this
paper the nature of the ‘‘adsorption bonds.”

If we approximate the surface complex formed
between a surface atom and an adatom to a di-
atomic molecule, it is possible to calculate the per-
centage of ionic characters in the adsorption bond
using the theories of Wall** and Ree and Muro-
vama.?® Provided that the ionic percentage is
known, the bond energy is calculated as Ree and
Muroyama? did for diatomic molecules. Thus
we can calculate the heat of desorption from a
necarby bare surface, since the latter is closely con-
nected to the energy of the adsorption bond.

We also consider the changes of desorption heat
and of activation heat for desorption with surface
coverages, Both changes are caused by the effect
of an adsorbed layer on the desorbing atoms and
molecules. Thus, the investigation of the change
of desorption heat and activation heat with sur-
face coverages elucidate the nature of the adsorp-
tion bond.

II. Theory of Chemisorption on Metallic Surfaces

A. The Energy of the Adsorption Bond.—
During the last few decades, quantum mechanics
has made great strides in the physics of solids.
Thus, the physical properties, such as electric
conduction,® cohesive force,® hardness,* density*
and mechanical strength,® are successfully ex-
plained. Likewise, the studies of metallic sur-

(1} Presented before the D;vision of Physical and Inorganic Chemis-
try of the 130th American Chemjcal Society meeting at Atlantic City,
New Jersey, September 19, 1956.

(2) (a) F. T. Wall, Tuis Journar, 61, 1851 (1939); (b) T. Ree
(R3) amf N. Muroyama, Proc. Imp. Acad. Japan, 20, 93 (1944); C. A.,
43, 5240 (1949).

(3) F. Seitz, "The Modern Theory of Solids,” McGraw—Hill Book
Co., New York, N. Y., 1840.

(4) L. Pauling, Proc. Roy. Soc. (London), A196, 343 (1949).

o Wies and Somt, Tac. New York, N v 103z
John Wiley and Souns, Inc., New York, N. Y., 1952,

faces have been greatly developed.®~® However,
the general theory of the behavior of surface atoms
is still imperfectly understood.

We may assume the presence of unpaired elec-
trons for the surface atoms, M. Thus, the latter
interact with an adsorbate, A, making a surface
complex, M-A. The fraction, (% of the ionic
bond in the adsorption bond is given by?b

1 E — H;
=T E-A. S
Here, E is the energy of the adsorption bond,
Hii and Hc are the energies for ideal ionic and
covalent bonds, respectively.®® To a good first-
order approximation, the Hj and H. are repre-
sented by the equations

8 e?

Hy= Ay — I+ 52 2
7 0 I+9’,MA (2)

Heo = {E(M-M) + E(A-A)}/2 (3)

Here, A¢ and [ are the electron affinity of M and the
ionization potential of A, respectively, if the elec-
tron transfer occurs from A to M. (When the
direction of the electron transfer is reversed, /o
is the electron affinity of A, while [ is the ionization
potential of M.) rma is the distance between the
atoms, M and A. E(M-M) and E(A-A) are the
bond energies of the single bonds, M-M and A-A,

respectively. ¢ is the electronic charge 4.830 X
1071 es.u.!* The bond moment, u’, is expressed
by

w = Ci%erua (€))

(6) K. Huang and G. Wyllie, Disc. Faraday Soc., 8, 18 (1930).

(7) C. A. Coulson and G. R. Baldock, 1bid., 8, 27 (1950).

(8) R. Gomer and C. S. Smith, “Structure and Properties of Sulid
Surfaces,”’ The University of Chicago Press, Chicago, Ill., 1953.

(9) W. E. Garner, *Chemistry of the Solid State,”” Academic Press,
Inc., New York, N. Y., 1955.

(10) Equation 1 is obtained readily by solving the wave equativn,
Hy = Ey. Here ¢ is an eigenfunction of the adsorption bond, repre-
sented by ¢ = Ciyi + Cc¥e, where ¥ and Yo are the eigenfunctions
of the ideal ionic and covalent bonds, respectively, and Ci and C; are
constants. The quantities, i and Hee, are, Hii = JS¢iHyidr,
Hee = S WeHedr.

(11) The bonding energv. W, between a positive and negative ion
separated a distance, r, is given by W= —e?/r + br™. At equilibrium
distance, »p 4, where the energy of the system is minimum, the energy is
represented by We = (8/9)¢2/rya. This is the last term on the right
of eq. 2. Equation 3 is Pauling’s equation (¢f. reference 12, p. 48).
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Ree and Muroyama?® calculated bond moments
applying eq. 1 to 4 for 16 diatomic molecules and
16 single bonds in polyatomic molecules with good
agreement with experiment. Thus, the applica-
bility of Equations 1 to 4 seems ascertained.
According to Pauling!? the following approximation
holds

E = He + 23.06(Xu — Xa)? )]

Here, Xy and X4 are the electronegativities of M
and A, respectively. When Xy — Xa is small, the
following approximation also applies

E = He + 2306(/‘/)2 (6)

where u’ is the bond moment of the bond, M—-A.

Next we consider the relation between the bond
energy, E, and AH,, the desorption heat from a
nearly bare surface. For the desorption of mono-
atomic gases, E is AH, itself, z.e.

If homonuclear diatomic gases adsorb dissocia-
tively, but desorb as molecules, A, is given by

AH, = 2E — E(A-A) (8)

B. Pure Ionic and Pure Homopolar Bonds.—
Equation 1 indicates that when the adsorbate is in
an ionic state (z.e., Ci* = 1) then AH, of a mono-
atomic gas is given by 2. In our paper I,? we
have shown that Cs and Na are adsorbed in the
ionic state on tungsten, and that AH; is repre-
sented by

2
AHo=e¢—I+fzo 9

Here, ¢ is the work function of tungsten, d, is the
distance of the adion from the W surface, the latter
being assumed to be a smooth continuum. By
comparing eq. 2 with 9, we see they are equivalent.
Thus, in the case of ionic adsorption, the classical
electrostatical treatment developed in paper I is
valid.

From eq. 1 one sees that £ = Hc if Ci2 =~ 0,
i.¢., the latter condition represents a homopolar
adsorption. According to Mignolet,!* even in the
case where van der Waals adsorption would pre-
vail, the adsorbate shows a contact potential.
This is explained by assuming a small amount of
electron transfer or the polarization of the ad-
sorbate due to a surface field. In any case, a pure
homopolar adsorption will not be so important in
chemisorptions, since the latter accompany elec-
tron transfer more or less.

C. Variation of Contact Potentials and of De-
sorption Heats with Surface Coverage 4.—In
paper I, the contact potential, V, was given by the
Helmholtz equation

_ dromed _ Vb _ Awommb
V= € T 14 Caf 14 Cab (10)
where
Vo = 4dromedy (11la)
C = dmwom/dy (11b)
po = edo (12)

(12) L. Pauling, “Nature of the Chemical Bond,”’ Cornell University
Press, Ithaca, N. Y., 1948, p. 60.

(13) 1. Higuchi, T. Ree and H. Lyring, Tms Jourxar, 77, 4069
(1955).

(14) 3. C. P. Mignolet, Disc. Faraday Soc., 8, 105 (1950); Rec. trav.
chim., Pays-Bas, T4, 685 (1955).
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Here, e is the dielectric constant of the medium in
the electric double layer formed by an adsorbed
film; om is the number of adsorption sites per unit
area; o« is the polarizability of the adion; as al-
ready defined, d, is the distance indicated in Fig.
1A, where an ionic adsorption is shown.

(A)

(B) (C)

Fig. 1.—(A) ionic adsorption. The negative charges are
the electrical mirror images of the positive charges of the
adions. (B) covalent adsorption with ionic character. Here
an example is shown, where adatoms are charged positively
while the adsorbent atoms are negatively charged. (C)
van der Waals adsorption. The adatoins (‘‘admolecules’)
are polarized by a surface field.

The Helmholtz equation holds also for the elec-
tric double layer formed by covalent chemisorp-
tion.’® Thus V in this case is given by

V = 27omu’d (13)

Here u’ is the moment of the dipole shown in Fig.
1B, and is given by 4. Equation 13 is readily ob-
tained from 10 by substituting x4’ for 2u (the dipole
moment in the jonic adsorption) and unity for e.
Next, we consider the decrease of desorption
heat, 6(AH), with surface coverage 6. Here we
neglect §(AH) due to the surface heterogeneity of

adsorbents. In paper I, we derived the equation
_ C[Jozo_ _ __Ca0 _
%ol = 7 s 50+ Cab)\
__C'“'Ozo 5 t __d‘_ E
T+ Cab | /41 i (14a)

(The right-hand side of eq. 14a expresses also the
decrease of adsorption heat, §(— A7), with surface
coverage, 0.) In eq. 14a, d; is the distance be-
tween two neighboring adions at § = 1, and #;, the
radius of the adion. The first term on the right of
(14a) is the energy liberated when an adion de-
sorbs from the surface with coverage 6. The

(15) When dipoles with a small moment, g’, arrange vertically on a
metallic surface, as shown in Fig. 1C, the contact potential is repre-
sented by V = 4wopu’8. In the cases of A and B in Fig, 1, however,
the contact potentials are both represented by 2momfu’ (¢f. eq. 13).
In the literature, both equations V = 4rmropmfp’ and V = 2a0mu’,
are used. The latter was proposed by Langmuir,lEa and used by Bos-
worth and Rideal,16® and Eley.l” However, Becker,'8 de Boer!® and
Moore and Allison® use V = 4womfu’. 1n his recent paper, Eley?!
uses the equation with the factor, 4». There is an argument concern-
ing which of the two equations is right.® We believe, however, that
the application of these equations is different according to the mecha-
nisms of adsorption.

(18) (a) I. Langmuir, THis JoUrNaL, 64, 2798 (1932); Phys. Res.,
44, 423 (1933); (b) R. C. L. Bosworth and E, K. Rideal, Proc. Rovy.
Soc. (London), A162, 1, 32 (1937).

(17) D. D. Eley, Disc. Faraday Soc., 8, 34 (1950).

(18) J. Becker, ‘‘Advances in Catalysis,”” Vol. 7, Academic Press,
Inc., New York, N. V., 1955.

(19) J. H. de Boer, *Electron Emission and Adsorption Phe-
nomena,’”’ The Macmillan Co., New York, N. Y., 1935.

(20) G. E. Moore and H. W. Altison, J. Chem. Phys., 23, 1609
(1955).

(21) D. D. liley, ““Catalysis ami the Chemical Bond,” Vol. ViI,
‘T'he P. C. Reilly Lectures in Chemistry, University of Nntre Dame,
1954.
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second term is the extra-energy, Ui to overcome
the forces between the representative adion and the
image charges of other adions. If Cof << 1
and U is very small, eq. 14a becomes

S(AH) = Cue?0 = 27omen’d (14h)

We assume 14b is applicable to covalent adsorp-
tion. Here u’ = C(C%rus, and the conditions,
Caf< < 1 and U; very small, are satisfied. Sub-

stituting 13 into 14b one obtains
3(AH) = eV (15a)

Equation 15a is also obtained directly from 13
through the following considerations: the poten-
tial V is formed by an electron-transfer accompany-
ing the covalent adsorption. Thus, in the desorp-
tion of an adatom, the electron transferred is moved
back to the original position through the potential
V. Thus the desorption heat decreases by eV,
since the potential favors the desorption. If
homonuclear diatomic molecules chemisorb dis-
sociatively, but desorb as molecules, the following
relation holds

§(AH) = dnomp’ed = 22V (15b)

In the literature,??=2% eq. 15a has been used to
explain the decrease of desorption (adsorption)
heats with 6. We will here apply 15b to explain
the curves of §(AH) vs. 8 for various cases.

D. Kinetics of Chemisorption.—The Becker—
Zeldovich equations!® for the rates of adsorption
and desorption are, respectively

dé

Ti-t = g(l — f)e b0 (19)

- %% = qfebf (20)
In paper I, we clarified the physical significance of
the constants, ¢ and b. That is, they are repre-
sented by the equations

a = (kT/h) exp(—AF,*/RT) 21
and
b = 8(AFR)/RT (22)
where
saF=) = Cur (1= s 1:1“5%%) (23)

Here, AFy¥ is the activation free energy of desorp-
tion (adsorption) when 6 == 0; §(AFF) = AF*
— AFiF, where AF¥ is the activation free energy
at§ = 1; Om is a small constant which satisfies the
condition, Cafm<< 1. We consider here the
kinetics of desorption of chemisorbed atoms due to
covalent forces.

1. Potential Curves.—The profile of the poten-
tial surface for desorption (adsorption) is shown in
Fig. 2. Curve I is the potential curve for the atom
chemisorbed; curve II is for the adsorbate, which
is an atom or a molecule, adsorbed by van der
Waals forces. Thus, the desorption occurs when
an adatom in the state indicated by Curve I
changes to the state corresponding to curve II.
AHG " is the activation heat for desorption at

(22) M. Boudart, Tuis JourwaL, 74, 3556 (1952).
however, the relation 6(AH) = ¢V/2.

(23) C. Kemball, **Annual Review of Physical Chemistry,”’ Vol. 4.
Annual Reviews, Inc., Stanford, California, 1953, p. 30Y. Kemball

discusses the relation 6(AH) = eV/2.
(24) J. C. P. Mignolet, J. Chem. Phys., 23, 753 (1955).

He assumes,
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6 =~ 0, whereas AH* is the activation heat at
coverage 8. AH, and AH are the desorption heats
at # =~ 0 and at coverage, 6, respectively. In Fig.
2, the case is shown where the adsorption occurs
instantaneously, 7.e., the activation heat for the ad-

sorption is nearly zero regardless of . Thus, we
have the relations
AHy= = AH, (24a)
AH+ = AH (24b)
S(AH=) = s(AH) (24¢)
where §(AHF) = AHF — AH* If curve II

represents the state of an adsorbed diatomic
molecule, D in Fig. 2 signifies the dissociation
energy. However, if curve II indicates the state
for the atom adsorbed by van der Waals forces, D
will be zero.

It is appropriate to mention here the reason why
the potential curve at coverage 6 (the dashed
curve) is shifted as shown in Fig. 2. As in paper
I, the shift is due to the effect of a double layer
on the chemisorbed atom, 7.e., the field of the layer
opposes the formation of adsorption bond. Thus,
AH and AH¥ decrease with §. The amount of
8(AH) and §(AH¥) are given by eV for the reason
already mentioned.

2. Activation Free Energy for Desorption.—
In covalent adsorption, eq. 23 is written as

S(ARF) = 2romep’ (1 — /sl W.d—‘\/l—o—m> (25a)
The second term in the parentheses on the right of
eq. 25a is due to image forces. Thus, it can be
neglected when the ionic character of adsorption
bonds is very small. Thus, 6(AF¥) is given by

8(AFF) = 2momen’ = eV (25b)

where Vi is the contact potential at § = 1 (¢f. eq
13). It is also true that in covalent chemisorption
with weak ionic character 6(AS¥) at coverage 6 is
nearly zero regardless of 8, 7.e.

5(ASF) = ASyT — ASF =0 (26)

where, AS,* and AS¥ are the activation entropies
at § =~ 0 and at 6, respectively. From egs. 24 and
26, we obtain the relations

S5(AFF) = 8(AH=) = 8(AH)) (27)

where §(AH¥F) = AH — AH,*. The subscripts,
0 and 1, indicate that the attached quantities are
measured atd =~ 0and g = 1.

III. Applications

A. Adsorption of Strontium and of Barium on
Tungsten.—Recently, Moore and Allison® have
reported the results of their studies on the ad-
sorption of Sr and Ba on W. These systems are
very interesting from a theoretical viewpoint, as
will be seen shortly. Moore and Allison® measure
the work function ¢ by determining the tungsten
filament temperatures, 7" and 7, which yielded a
given electron emission from a covered and from a
bare tungsten surface, respectively. That is, ¢ is
calculated from the equation

(28)

where ¢ is the work function for the bare surface.
We calculate the contact potential, V, which is
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Desorption potential.

Desorption coordinate,

Fig. 2.—Poteutial diagram for desorption. The dashed
potential curve indicates the potential shift due to the field
of the adsorbed layer.

equal to Agp = ¢y — ¢, from 28 using the curves of
T vs. 6 obtained by Moore and Allison.? The re-
sults are shown by circles and dots in Fig. 3. Us-
ing eq. 10, the parameters Vy and Ca were deter-
mined so that 10 fixes the experimental points best.
The full curves in Fig. 3 are recalculated from eq.
10 using the parameters, V; and Ce, given in
Table I. In the calculations, the value, om =
4.89 X 10'¢/cm.?, was used, which is the surface
density of adsorption sites on the surface [100],
and was experimentally determined by Moore and
Allison.?

de ri AHy AHy
(kcal.), (kcal,),

Vo a 2y, (A, Ho
(v.) Ca X 10% obsd. ref, (D) obsd, caled.
Sron W 8.0 2.4 3.53 0.90 1.32% 4.34 75~82 65.2°
BaouW 12.5 3.1 7.13 1,41 1.33% 6.77 80~86" 43.2°
2 Reference 12, p. 346. ? Reference 20. © Calculated
from eq. 9. The value of ¢ for W is 104.2 keal., I = 131.2

keal. for Sr, and I = 120.1 keal. for Ba.

Using the values of Vy and Ce, the parameters,
uo, do and « in Table I were calculated from eq.
1la to 12. The heats of desorption, AH,, were cal-
culated from eq. 9, and are compared with the ob-
served AHy's® in Table I. One sees that the agree-
ment is not especially good. In the same table,
the values of d, are compared with 7’s for the radii
of the respective ions, taken from the reference
shown thereon. One sees that dy < 7;. This re-
sult is unlikely if the adsorption bonds are purely
ionic, since in ionic adsorptions the relation, d,
> r;, holds (¢f., paper I). Because of the improb-
ability of the result dy < 7;, we give up the treat-
nicut of the systems, Sr on W and Ba on W, as
pure ionic adsorptions.

We calculate Ci? from eq. 4 using the values of
s’ (= 2uo) found experimentally. The values of
Ci? for the systeins, Ba on W and Sr on W, are
0.974 and 0.672, respectively. Thus, we find that
the ionic character of the adsorption bonds in these
cases is not 1009, (i.e., Ci® #¢ 1) as it was in the cases
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I I ] I I I I I I
ao—
20—
s+
2
> o Ba

Exp.
1.0 L4 Sr) xP ]
Theoretical
] L l | j ; | | 1
4] .2 6 .8 1.0

Fig. 3.—Contact potential versus surface coverage. The

theoretical curves are calculated from eq. 10.

treated in paper 1. But still it is very large com-
pared to the systems, oxygen on W and hydrogen on
W (¢f. below). Thus, the adsorption bonds in the
systems, Sr on W and Ba on W, are in between
ionic and covalent adsorption. The adsorption
heats of Sr and of Ba on W are calculated from eq.
1 and 7 by the procedures mentioned below, and
are tabulated in Table IT with the other results ob-
tained.

B. Calculations of Chemisorption Heats.—The
fraction of ionic bond, C{? in adsorption is cal-
culated from eq. 4 using the experimental values
of u’, which were obtained from the measurements
of contact potentials (¢f. eq. 13). The bond ener-
gies of the systems, adsorbates on metals, were cal-
culated using eq. 1, and the chemisorption heats
were calculated from eq. 7 and 8 for monoatomic
and diatomic gases, respectively. The results are
shown in Table II. The first column indicates the
adsorption systems; the necessary data in the cal-
culations are tabulated from the second to the
seventh column. In the ninth and tenth col-
umns, the calculated and observed heats are com-
pared. The source of all the data listed in Table
IT is shown in the appendix to this table.

In Table II, the values of rya are the atomic
radii of the metallic adsorbents plus the covalent
bond radii of adatoms, except as otherwise in-
dicated. The bond energy, E(M-M), of a mole-
cule, M-M, which is a hypothetical diatomic
molecule of a metal, are obtained by multiplying
the vaporization heat of the metal, A, by a factor,
x, €., E(M-M) = x\. x is */1; for face-centered
cubic metals, 2/3 for body-centered cubic, because
in the former each atom has 12 nearest neighbors
while in the latter it has 8 nearest.

(25) It is interesting to mote that 2u¢ for the system, Bu oun W, in
Table I is nearly equal to the value of 2u¢ in paper I. As the figure,
Ci2 = 0.974, indicates, the system, Ba on W, is nearly ivnic.
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TaABLE II1°
Systemn Allgenled. AHgexp.
M,A w (D) rMA (A.) E(M-M) E(A-A) I(kcal.) Ao(keal.) B(keal) (keal.) (keal.)
W,Ba 13.54 2.907 54.4 22.7 120.1 104 .27 87.0 87.0 83™"
W,Sr 8.68 2.697 54.4 15.3 131.2 104 .27 128.1 128.1 7g™ "
W,H 0.460° 1.67 54.4 103.4 183.9 16.4% 83.5 63.6 457
L2128 1.67 54.4 103.4 183.9 16.4* 80.9 58.4
Ni, I .183° 1.47° 15.1 103.4 176.1 16.4* 59.8 16.2 31¢ 27
Fe H (0.141) 1.56 22.7 103 .4 181.2 16.4% 63.9 24.4 32 19
Ta,Il ( .46) 1.74 46.3" 103.4 (183.9) 16.4" 79 .4 35.4 39"
RILH ( .46) 1.64 718.5) 103.4 177.5 18.4* 63.8 24.2 28t
Cr,[ ( .46) 1.35 19.1 103.4 155.8 16.4* 62.0 20.6 44!
Cu,H ( .46) 1.57 18.6 103.4 178.0 16.4" 63.4 23.4 33 9
Co,H ( .46) 1.56 15.1 103.4 181.5 16.4F 61.8 20.2 1
Pt,H ( .46) 1.68 20.7 103 .4 207.5 16.4* 67.1 30.8 32 18
w,0 T78% 1.92 54.4 118.2/2¢ 183.9 50.7" 117.2 116.2 1507 139°
Ni,O ( .778) 1.78 15.1 118.2/2° 175.9 507" 73.8 29.4 130°
Te,0 ( .778) 1.81 22.7 118.2/2° 181.2 50. 7% 82.7 47.2 71°
W,N 610° 1.017 54.4 225.1/3° 183.9 1* 201.4 177.7 328 73 957
Ta,N { .610) 1.967 46.3 225.1/3¢ (183.9) 1* 189.0 152.9 135"
I'e,N ( .0610) 1.807 22.7 225.1/8° 181.2 1# 152.0 78.9 407 70
Ni,COo ( .610) 2.01 15.1 58.6 176.1 31.6" 51.1 51.1 357
I'e,CO ( .610) 2.03 22.7 58.6 181.2 31.6% 55.5° 55.5 320

@ The bond energy, E(M-M), is calculated from E(M-~-M) = x\, where \ is tlie vaporization lieat of a nietal, x = 1/6 for

face-centered cubic metals, e.y., Sr, Ni, Rh, Cu, Co, Pt and x
All the values of A, except for tantalum, are obtained from tle ¢
New York, N. VY., 1926, p. 102. Unless otherwise mentioned, the values of E(A—A) are taken from Pauling’s book
Except where otherwise indicated, rua = 74 + 7m.
Chemical Rubber Publishing Co.,
All the ionization potentials are taken from I. G. H. Herzberg, *

Co.,
(ref 12, p. 53 and 130).
book of Cliemistry and Physics,”’
radius of the adsorbed atom (¢f. ref. 12, p. 164-187),
Spectra and Atom1c Structure,”

2nd. ed., Dover Publications, Inc.,
parentlhieses for u’, E(A-A), or I indicate that the quantities have been estimated by 1nterp01at1on or estimation.

= 1/4 for body-centered metals, €.g. W, Ba, Fe, Ta, Cr, etc.

‘International Critical Tables,” Vol. I, McGraw-Hill Book
Here ry is the atomic metal radius (¢f. “‘Hand-
Cleveland, Ohio, 1954), and r4 is the covalent bond
‘Atomic

New York, N. Y., 1944, p. 200. The numbers in the
b The

values 0.460 and 0.212 were calculated from eq. 13 using the value of 1.04 and 0.48 v, for V3, obtained by Bosworth (¢f.

ref. 27) and by Miguolet (¢f. ref. 24), respectively, where o, = 1.2 X 1015,
1.47 X 10%, the former value was obtained by Mignolet (¢f. ref. 14).
1.76 v., the latter was obtained by Boswortli and Rideal (¢f. ref. 34).

0.345 v. and o =
the values, o = 1.2 X 10¥ and V; =

from eq. 13 using the values, o = 1.2 X 10% and V;, = 1.38 v.
thcse cases, the ionic character of the adsorption bonds is large.

values are the monovalent ionic radii of the Correspondmg elements (ref. 12) p. 346).
» D, B. Langmuir and L. Malter, Phys. Rev., 35, 1138 (1938)

Chemisclie Tabellen,” 6th ed., Vol. I, 1923, p. 25.

¢ Calculated from eq. 13 using the values, Vi =
4 Calculated from eq. 13 using
¢ Calculated
The latter was obtained by Bosworth (¢f, ref. 28). 7 1In

Thus, we use 1.53 A. for Ba and 1.32 A. for Sr; these
¢ 1Landolt-B¢rnstein, “Phy s1ka11§c1:2e2-

and 225.1 keal. are the d1ssoc1at1on energies of O; and N, respectively, ¢f. K. S. P1tzer THIS JOITRNAL 70, 2140 (1948

i 1111s value is the work function of tungsten, 4.52 ¢V (M. Born and W. Heisenberg, Z. Physik, 82, 536 (19: %'3
"‘Dissociation Energies and Spectra of Diatomic Molecules,”

Saydomn,

kA C.

Dover Publicatious, Inc., \e\v York, N. Y 19)0 p.

!)3. ! The cl1em1sorpt1ou of carbon monoxide on metals, M, is considered to he M + ¢o = M-~CO. Thus, [{40 = {l‘-

(M-M) 4 E(C-C
of metals. E(C-C) was taken as 80.5 keal. (¢f. ref. 7).
1. Eyring, ¢f. Table III(B) in this paper.
vances in Catalysis,”” Vol. 11, Academic Press, Inc.,
67. ¢1. Bagg and F. C, Townpkins, ¢f. ref. 35,
Inst. Catalysis, Hokkaido Univ., 1, 95 (1949).
(1946).

The bond eigenfunctions ¢ of multiple adsorp-
tion bonds, e.g., M=0 and M=N, are considered as
Y = Cpe(M=0) + Cii(M+—0~) for M=0 and
¢y = Cfe(M=N) + Ciy(M+=N-) for M=N.
Here ¢.(M=0) and y.(M=N) are the bond eigen-
functions of the covalent bonds in the corresponding
adsorption bonds, and ¥;(M ™0~) and ¢;(M +=N")
are the ionic eigenfunctions of the bonds, the states
of which are shown in the parentheses. The en-
ergies of the multiple adsorption bonds are then

1ven by eq. 1. Here, H. = {2E(M-M) +

D(O, }/2 and Hee = {3E(M-M) + D(N,)}/2 for
the ads01 ption bonds, M=0 and M=N, respectively,
D(0s) and D(N,) being the dissociation energies of
0, and Na.. The energies, Hj, are given by the
following expressions: H; = !/, {2E(M-M) —+
D(O)}/2 - Ay —T1-4(8/y) (e2/rua) for the state,
M+*O=: Iy = (2/){3E(M-M) + D(Ny)}/2
4 Ao —1 + (8/4) (€2/rpa) for M+=N—.

The agreement between the calculated and ob-

* O. Beeek, W. A. Cole and A, Wheeler, Disc. Faraday Soc., 8,

11 /2; Hyi = Ay — In + We, where 4y is t11e electron affinity of carbon, and Iy is the ionization potential
™ G. E. Mooreand H. W. Allisou, ref. 20.
7 J. K. Roberts, Proc. Roy. Soc. (London), A152, 445 (1935).
New York, N. Y., 1950, p. 151.
t O. Beeck, Disc. Faraday Soc., 8, 118 (1930).
¢ D. D. Eley, ¢f. ref. 21.

» 1, Hignehi, T. Ree and
7 O. Beeck, CAd-
r T. Kwan, footnote g, Vol. VI, 1955, p.
w1 Kwan, J. Rescarch
= R, T, 68, 1395
314 (1950).

Davis, Jr., TIs JOURNAL,

served adsorption leats is generally good, except
for the system, oxygen on nickel, where the ob-
served heat is very much larger than the calculated
one. The disagreement may be due to the oxida-
tion of nickel which occurs with the chemisorp-
tion.

Eley” used the empirical formula, (6), in cal-
culating the chemisorption heat AH, for the sys-
tem, hydrogen on W. This method has been ex-
tended to calculate the values of AH, in other sys-
tems?.2 with reasonable success. If we apply
eq. 6 to the systems, Ba on W and Sr on W, the
calculated adsorption heats for these systems are
4280 and 1772 keal., respectively, whereas the ob-
served values are 83 and 79 kcal.® Thus, the
applicability of eq. 6 is limited to the cases where '’
is very small. As already mentioned, our theory
las a quantuin mechanical basis, and can treat all

(26) B. M. W. Awnleusie ’ress, luc.,

New York, N. Y.,

‘trapoett, *Chentisorption,”’
1955, p. 145.
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kinds of adsorptions ranging from pure ionic to
pure covalent.

C. Calculations of 6(AH).—The conditions,
Caf << 1 and U; very small, do not hold for the
systems, Ba on W and Sr on W, since in these
cases the polarizabilities of the adatoms, «, and
the ionic character of the adsorption bonds are
large. Thus, the decrease of the desorption heats,
§(AH), with 8 for the systems are calculated from
eq. 14a. Moore and Allison® measured the rates
of desorption of these systems at two or three dif-
ferent temperatures over a limited range. Thus it
is impossible to calculate the activation heats ac-
curately as a function of 6 from their data. Ac-
cording to eq. 24a the activation heats are equal to
the desorption heats. Detailed studies for the
rates of desorption of the systems over a wide
range of temperatures and coverages are highly
necessary for the test of eq. 14a.

For the systems, hydrogen on metals and oxygen
on metals, the decrease of the desorption heats with
6, 8(AH), is calculated from eq. 15b. Here, p’ is
obtained from the contact potential, V, through the
relation of 13, as previously mentioned. In the
literature, the contact potentials for adsorption
systems are more frequently measured at § = 1
than over the whole range of §.14%%% The
values of 6(AH) are calculated from (15b) using V3
and assuming the linearity relation of 1 wvs. 6.
The calculated values of §(AH) are shown by dotted
lines in Fig, 4. Part A shows the relation of
6(AH) vs. 8 for the system, hydrogen on W. The
experimental points are taken from Trapnell's
curve,® which contains not only his own data, but
also the data due to Roberts,® Beeck,?! Wheeler,
and Frankenburg.’® Straight lines (2) and (1)
were drawn using the value of VVat 4 = 1 obtained
by Mignolet'#?* and Bosworth,? respectively.
The former used the vibrating-condenser method
while the latter employed the electron-emission
method. We cannot decide which is right. In
any case, one sees that the experimental points lie
in between the two theoretical straight lines.

Part B represents the results obtained for the
system, oxygen on W, The experimental points
are due to Bosworth and Rideal.?* The theoret-
ical straight line is drawn using the contact po-
tential at ¢ = 1 found by Bosworth.® In Part C,
are shown the results obtained for the system, hy-
drogen on Ni. The experimental points are re-
produced from Beeck’s paper,® and the theoretical
line is drawn by making use of Mignolet’s value2
of Vat# = 1. The results for the system, hydro-
gen on Fe, are shown in Part D. The experi-
mental points are calculated from the data of Bagg
and Tompkins.® Here AH, was taken as 31

(27) R. C. L. Bosworth, Proc. Camb. Phil. Soc., 88, 394 (1937).

(28) R. C. L. Bosworth, J. Proc. Roy. Soc., N.S.W., 79, 166 (1945).

(29) B. M. W, Trapnell, Proc, Roy. Soc. (London), A206, 39 (1951).

(30) J. K. Roberts, ibid., A162, 445, 477 (1935).

(81) O. Beeck, '*Advances in Catalysis,”’ Vol. II, Academic Press,
Inc., New York, N. Y., 1950, p. 171,

(32) A. Wheeler’s article in ref. 8, p. 439.

(38) W. G. Frankenburg, TaIs JOURNAL, 66, 1827 (1944),

(34) R. C. L. Bosworth and E. K. Rideal, Physica, 4, 925 (1937).

(35) J. Bagg and ¥. C. Tompkins, T'rans. Faraday Soc., 81, 1071
(1955). These authors claim that the adsorption heat rises sharply at

9 < 0.05 because of the heterogeneity of the surface they used. Thus,
AHy = 36 kcal. which they obtained, was not used here,
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Fig. 4—Decrease of desorption heat 8(AH) versus cover-
age 6. In this figure four examples, A, B, C and D, are
shown. The codrdinate used for each example is shown by
arrows. The dashed straight lines are the theoretical values
calculated from eq. 15b, using the values of Vi and assuming
the linearity of V versus 6. (A) The system hydrogen on W;
two theoretical lines, 1 and 2, are drawn using two values of
V. obtained by different authors.!¢? (B) The system oxy-
gen on W; the divided circles indicate the values of §(AH),
which were calculated from (15b) by using the contact
potentials ¥ measured at various values of 8. (C) The sys-
tem hydrogen on Ni. (D) The system hydrogen on Fe;
the scale of the ordinate represents 6(AH)-15.

kcal.,® which was obtained by extrapolating the
adsorption heats at 8 ranging from 0.2 to 0.4 to
6 = 0. Because of the lack of reliable contact po-
tentials, we use ¥V = 0.39 v. at § = 1 for the sys-
tem hydrogen on Fe.®® This value seems reason-
able in view of the value V; = 0,345 v. for the sys-
tem, hydrogen on Ni. The theoretical straight
line was drawn using this assumed value of V.
From Fig. 4, one sees that eq. 15b describes the
relation of §(AH) vs. 8 correctly, but not quantita-
tively. There is a tendency for the experimental
points to deviate considerably from the theoretical
straight line at § = 0.5. The maximum deviation
is usually 5 to 20 kcal. For the study of the cause
of these deviations, we need more detailed measure-
ments of V and §(AH) over the whole range of 6.

In the above, we have neglected the contribu-
tion of surface heterogeneity to §(AH), since it can-
not be calculated theoretically. In some cases,
‘““the heterogeneity contribution’” may be very im-

(36) According to Pauling’s suggestion (ref. 12, p. 64), we estimate
the electronegativity of iron as Xpe = 1.96, Then u’ for the system

H on Fe is 0.14, because u’ = Xg — XFe = 2.1 — 1.96 (cf. ref. 12),
Using this value of u/, V1 is calculated as 0.39 v. from eq. 13.
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portant. But it will be so only at small §. From
Fig. 4, one sees that the agreement between theory
and experiment at small @ is rather better than at
6 = 0.5. Thus the deviation is not due to the sur-
face heterogeneity, but due to some other causes
which are not clear at present.

D. Calculations of Activation Free Energies.—
For determining the activation free energy for de-
sorption, the logarithms of the logarithmic rates,
In (—d In 6/d¢), are plotted against 6, as in paper I.
The slope of the straight line thus obtained gives
the constant & in the Becker-Zeldovich eq. 20.
Since & is given by 22, §(AF¥) is calculated from
the experimental value of 5. The intercept of the
straight line with the ordinate allows the calcula-
tion of AF™ (¢f. eq. 21).

1. The Systems, Ba on W and Sr on W.—
We calculate the logarithmic rates from the curves
of 6 vs. ¢ (time) given by Moore and Allison.®
The results are shown in Fig. 5. The straight

T T T T T T T
¢ Ba-—-W
@ Sr-Wi(n)
3.0L ° Sr-W(
>
st
T
=
-]
=
o
|
e 4.0
=t
|
4.5
0.2 0.4 0.6 0.8

6.

Fig. 5.—Logarithms of logarithmic desorption rates versus
¢ for the systems, Ba on W and Sr on W. In order to show
all the data in a single figure, the values of log (—d In 8/d#)
are each displaced by an appropriate value X. This value
of X is the number in the parentheses on each straight line.

lines are drawn using the least-mean-square
method. The values of &, §(AF¥) and AF* were
determined from the slopes of the straight lines and
from the intercepts of the latter with the ordinate,
and are summarized in Table IITA., From AFR¥
at different temperatures, one obtains AH,* and
AS¢*; the latter are tabulated in Table ITIB.

Since the ionic characters of the adsorption
bonds, Ba-W and Sr-W, are large, we use 25a in
calculating 8(AF=*) for these systems theoretically.
The moment, u’, is determined from the curves of

Izumr HicucHl, TAIKYUE REE AND HENRY EVYRING

Vol. 79

Vus.0; om,d; and 7; are the structural constants de-
pending on the desorption systems. We use om
= 4.89 X 10%/cm.2,2 dy = 4.45 A.® 6y is deter-
mined from the relation Cafm = 0.013, which is a
negligible quantity compared to unity; 6fm =
0.0043 for Baon W, 8 = 0.0081 for Sr on W, where
the Ceo’s in Table I have been used. The values
of u//2 (=ue) and 7; are given in Table I. The cal-
culated §(AF¥) and b are compared with the ob-
served quantities in Table IIIA and IIIB. The
agreement is satisfactory.

TABLE IITA®

Temp., ———Ba-W—-—r ——8r-W (1})=— ——Sr-W (2)——

°K. AFsF b bealed. AFoT b bealed. AFgFT b bealed.
950 ., . .. .. . .. 86.2 6.74 7.20
1000 93.6 6.56 6.59 89.1 9.12 6.84 85.2 6.12 6.84
1100 94.1 6.05 5.99 90.0 8.71 (.22 87.4 5.87 (.22
TABLE IIIB
S(AFT)ebsd., B(AFF)ealed., AHT, AST,
kcal. kcal. kecal. e.u,

Ba-W 13.1 13.1° 88.5 - 5.1

Sr-W (1) 18.6 13.6° 78.8 -10.3

Sr-W (2) 12.5 13.6 78.4 - 8.1

@ All the values of bealca. in this table were calculated from
b = 8(AF,%)/RT by using the values of §(AF; ¥ )ealed. it Table
IIIB. ? Calculated from eq. 25a. The necessary data for
the calculations are shown in the text.

2. The System Oxygen on W.—The experi-
mental points in Fig. 6 were obtained from the data
of Bosworth and Rideal.®* One sees that in this
case, also, the Becker—Zeldovich equation holds
satisfactorily, The parameters b, AF* and
6(AF1*) are determined from Fig. 6, and tabulated

)

_ in®

- log(

Fig. 6.—Logarithms of logarithmic desorption rates versus 6
for the system oxygen on tungsten.

in Table IV. It is interesting to note that 6(AF))
is independent of temperature. This fact indicates
that 26 is correct, consequently that eq. 27 is true.
Also we find the following interesting facts: (i)
AFy* is about constant irrespective of temperature,
i.e., AS™ = 0. (ii) The average value of §(AFF),
43.0 kcal,, is nearly equal to the value, 41.0 keal.,,
calculated by 25b, where Vi = 1.78.2 This fact
indicates that our theory is correct. From the
fact 6(AFF) = 6(AH;¥) = eV, we can conclude
that the rate-determining step is monomolecular.
If it is bimolecular, the observed 8(AF;*) should be
equal to 2¢V;. Thus, our theory also provides a
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good tool for studying the mechanism of desorption
and adsorption.

The small activation entropy found above,
ASy* 220, is explained as follows: let Sy be the en-
tropy of the activated state of a surface complex,
MA, on a bare surface. Si¥ is expressed by S¢*
=S — S 4+ S Here S; is the entropy of
the surface complex, MA. In the desorption, an
electron making the bond M-A is transferred to M.
The recombination of the electron with the atomic
kernal of M accompanies the entropy decrease, St.
Atom, A, increases its entropy by S being freed
somewhat from M. Thus, one obtains AST =
S — S = S —S;. It seems that S; =
S, since AS¢T =~ (0. Because of the latter con-
dition, it is true that AFF = AH~* = AH, =
L. Actually, the mean average value of AF¥, 122
keal., is approximately equal to the calculated
bond energy E of W:0, where £ = 116 kecal. (¢f.
Table II).

TABLE IV
DEsSorpTiON DATA OF THE SYSTEM O o W
T, °K. bexp. S(AFTF) AFF bealed.®
1375 15.2 41.8 124 15.0
1475 14.4 42.2 122 13.9
1575 12.1 37.8 118 13.1
1680 13.8 46.1 127 12.2
1770 12.6 44 .6 121 11.6
1820 12.6 45.7 120 11.3
Av, 43.0 122
@ The beated, were calculated from b = ¢Vi/RT, where
V, = 1,78.28

IV. Discussion

A, Pure Covalent Adsorption.—We showed that
in pure covalent adsorption Ci? = 0 and £ = H
hold. Thus, in dissociative adsorption of homo-
nuclear diatomic gases, the desorption heat, AH,, is
given by the equation

AHy = E(M-M) (29)

The dissociative chemisorption of hydrogen on car-
bon may be considered as almost purely covalent.
Thus, AH, is given by E(C-C) = 58.6 kcal, 12
which agrees reasonably well with the observed
value, 50 keal.#

On examining the data in Table I, one finds that
eq. 29 holds approximately if Ci* is very small
Also one sees that the higher E(M-M), the larger
is AHy. Thus, adsorbents with high vaporization
heats adsorb more strongly than those with low
vaporization heats. This fact is well known, and
is often pointed out by many authors.2L® Our
theory as formulated in eq. 1, predicts not only
the above mentioned fact, but also that the desorp-
tion heat is larger, as the dissociation energy be-
comes higher. One may see this relation from the
experimental desorption heats in Table IT.

(37) R. M. Barrer, J. Chem. Soc., 1256 (1936).
(38) B. M. W. Trapuell, ref. 26, pp. 152-155.
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B. Temperature Reducibility of Desorption
Rates.—Equation 20 may be integrated to give

(Ehz e—AFo*/RT); - Ei(— "»(ﬁRfTi)) -

=i (_ E(AI?TW) (30)
Here

@ ¢
—Ei(—X) =fx ‘is—dg

1i.e., it is an exponential integral function; eq. 21
and 22 have been used in deriving 30.

Moore and Allison® showed that the rate curves
for desorption, z.e., 8 vs. ¢, at two different tempera-
tures are superposable when the time scale for the
lower temperature is reduced by the appropriate
factor. For example, the curve of 6 vs. ¢ at 1000°K.
for the Sr—W system is superposed on the curve at
1100°K. if the time scale of the former curve is
multiplied by /5. According to eq. 30,% the tem-
perature reduction is possible only if 8(AFy¥)/RT
is independent of temperature. This condition
holds when 6(AH*) = 0 and 6(AS¥) is independent
of temperature, because §(AFF) = §(AFF)f=
§(AH*) — T §(AS*). One naturally asks, is
6(AF*)/RT independent of temperature or not?
From Fig. 5, one sees that the slopes of the straight
lines in the plots of log (—d In 6/d¢) vs. 0 are a func-
tion of temperature, 1.¢., the lower the temperature,
the steeper the slope (¢f. the constants, b, in Table
IITA). Since the slope b is given by §(AF¥)/RT, it
is concluded that 6(AH™) = 0.

Why then are the curves of 6 vs. time, ¢, tempera-
ture reducible? We plotted the curves of 8 vs. ¢
using the original data of Moore and Allison,*
and tested the reducibility. We found that the
temperature reduction is apparently, but not
exactly, true, For example, in the system Sr on W,
of which the reduced curve was represented by the
corresponding curve in Fig. 9 in Moore and Al-
lison’s paper,® we found the following facts: in
order to superpose exactly the curve of 8 vs. ¢ at
1000°K. on the curve at 1100°K., the time scale
of the former is multiplied by !/ at 8 = 0.9, in-
stead of the best over-all average factor 1/4. In
spite of this, the factor !/4 secures an apparently
good reducibility as shown in their figure.®® Be-
cause of the approximate nature of the tempera-
ture reducibility, we abandoned the use of the re-
duction factors for calculating AHy*, and instead

“calculated AH*, AS,* and 6(AF¥) by the dif-

ferential method already described.
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