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The interaction energies of diatomic molecules, H,, N,, and CO with transition d-metal surfaces
are empirically calculated using a bond energy bond order (BEBO) approach developed in earlier
papers. The two problems, i.e., (i) does a molecule chemisorb on a given surface and (ii) whether
the adsorbed species is in a molecular form or dissociative form, are examined from the potential
energy curves obtained. The metals are then classified approximately into four groups, A, B, C,
and D. The A group metals, which consist mainly of IV, Vy, and VI group metals in the periodic
table of the elements, strongly chemisorb all the above gases including O, and NO molecules in a
dissociative form at room temperature. The group D metals consisting of noble d-metals, on the
other hand, chemisorb NO and CO in a molecular form and do not decompose CO and N,
molecules. The group B (Fe, Re) and C (Co, Ni, Tc) metals which are known as main elements of
catalysts for the reactions of Fischer-Tropsch and ammonia syntheses have intermediate adsorp-
tion properties between the A and D group metals. These qualitative and quantitative results of
heats of dissociative and nondissociative adsorption are summarized in tables and compared with

the experiments.
I. INTRODUCTION

The chemisorption of diatomic molecules
such as H,, O, N, CO, and NO is a
fundamental problem for understanding
heterogeneous  catalysis.  Dissociative
chemisorption of CO or N, molecules, for
instance, has been implicated as a step in
catalytic methanation or ammonia syn-
thesis on transition metals, respectively.
Therefore it might be important to evaluate
the activation barriers for dissociation of
these molecules on a given surface. How-
ever, there are still many difficulties in
evaluating quantitatively the interaction en-
ergies between gas molecules and solid
surfaces to be required for computing the
barriers. The available results by rigorous
theoretical calculations so far are very lim-
ited and the agreement with experiments is
not satisfactory. Thereby, it is currently
desirable to find some empirical methods
which can describe the experimental results
more precisely and the interactions more
generally in the available form for many
kinds of metals.
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For chemical reactions including hetero-
geneous catalytic reactions, ‘‘bond order”’
is an important parameter for representing
the extent of the interaction between atoms
in a molecule, since proceeding of a chemi-
cal reaction can be described by one partic-
ular bond splitting and another bond forma-
tion. The ‘““Bond Energy Bond Order
(BEBO)’ model, which was first used by
Johnston (/) for calculations of gas phase
reactions, has recently been combined with
a “‘Crystal Field Surface Orbital (CFSO)”’
concept (2) by Weinberg et al. (3, 4) and
applied to the description of several surface
reactions of simple molecules on Pt or Ni
metals. As indicated in Weinberg’s paper
(4) and also commented upon by Knor (5),
however, there are several difficulties in
this model. One of them is arbitrariness of
the results arising from using the CFSO
concept and the other is the uncertainty in
the values of ‘‘single (order) bond energy’’
between a metal surface and adsorbed spe-
cies to be used in calculating the gas mole-
cule-surface bond energy. These dif-
ficulties are main sources of calculational
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errors, and they also seem to prevent the
general applications of the model by Wein-
berg to other kinds of metal systems.

In earlier papers (6, 7) we developed an
empirical approach in which one or two
parameters were introduced into Pauling—
Eley’s formulation of the single bond en-
ergy and calculated the atom—surface single
bond energies for oxygen, nitrogen, and
hydrogen as well as heats of dissociative
adsorption of these molecules. In addition,
using these values of the single bond ener-
gies, the potential energy curves were cal-
culated for the chemisorption of O; and NO
molecules in the framework of the BEBO
model without using the CFSO concept (8).
The agreement of the results thus calcu-
lated by ““BEBO + parameterized Pauling—
Eley’s equation’’ with experimental data
was found to be very encouraging and this
approach seemed to have a predictive
power for the chemisorption properties of
the molecules.

In the present paper, further calculations
by similar method are performed for the
chemisorption of H,, N, and CO molecules
on transition d-metals, which are important
in the study of many catalytic reactions
including ammonia and Fischer-Tropsch
syntheses. Agreement of qualitative and
quantitative results with experiments is
also found to be encouraging. The calcu-
lated results are tabulated with the previous
ones of O, and NO chemisorption and
discussed comparatively.

II. CALCULATIONS

We consider a reaction process of a di-
atomic molecule (AB) on a metal surface
(M,) as

M+ AB—> M, - A --B---M,
— M-A + M-B (1)

where Mg* - A - - B - - M; represents a
molecularly adsorbed state of AB which
leads to the dissociative state, M~A + M-
B, on the surface in the final stage of the
reaction. Now we draw attention to the
energy difference between the initial state
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and adsorbate state; the interaction energy
between the molecule AB and metal sur-
face M,, V.5 may be written as

Vie = Dyy — Ey gqur — EM;—A - E\is—B
)
where D, is the dissociation energy of the
molecule AB in gas phase which is known
spectroscopically. E, g, iS the total en-
ergy in the A-B bond of the adsorbing
molecule on the surface and the values may
be given by BEBO relation as a function of
the corresponding bond order, n,_,: The
empirical relations for N, and CO mole-
cules were found to be represented, respec-
tively, by the following cubic equations

EI\'—N,sur = 6-667”N—N3

— 8ny_\? + 39.333ny_y (3)
and
E¢ g = —13.333n°

+ 56nq_o% + 37.334n._, (4)

where the coefficients were determined us-
ing the known BEBO data (/), i.e.,
Ex xosur = 226, 100, and 38 kcal/mol for
3, 2, and 1, respectively, and
E: . = 256, 192, and 80 kcal/mol for
3, 2, and 1, respectively. These
relations are shown in Fig. |

Ax—n =

”(‘—0 =

BEBO

Fig. 1. Correlation between bond energy (E, g cur)
and bond order (n,_p).
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where solid lines designate calculated
values using Egs. (3) and (4). With H,
molecule, the following relation is em-
ployed (/);

1.041

Eyy,eur = Dustiilh- 5)

Further, Ey_x (X = A or B), the total
energy in the bond formed between the
surface metal and adsorbing atom, is as-
sumed in the framework of the present
BEBO model to be proportional to the
corresponding bond order, ny, _x as

(6)

where E, _y; is the single bond energy of
M;-X bond. We now introduce the follow-
ing relation

Ey, _x = Ey _xshy,x

(7)

My—s + Ay = Mn3 g — Na-p)

where n{_g is the bond order of gaseous
molecule AB at ground state and A is a
constant representing the ratio of the form-
ing bond order, ny _y + Ay -y, to the losing
bond order, #%_;; — n,_y, during the surface
reaction, (1); the relation (7) is essentially
equivalent to that derived by using ‘‘bond
order conservation rule’” (/, 3). In the
present calculations, the constant A is de-
termined by assuming that when the mole-
cule AB dissociates completely into M—A
and M-B, namely, at ny_, = 0, the ny_,

the maximum bond order of carbon is taken
to be 3 by referring to acetylene molecule.
Using Egs. (2), (6), and (7) one obtains

VAB = DAB - EA—B,sur

— AEy s (M5 — Map) + (Eyoass

- EMS—B )

(8)
and

Vap = Dag — E\ 5.
- AEMS—A,S(nR~B - ny-p) (9

for homonuclear diatomic molecules such
as H,, 0., and N, from the relation
Ey,-a,s = Ey,-s.s, and also for the process
where the interaction of the surface with
the atom B is negligible, i.e., ny 5 = 0.
Therefore, if the single bond energies be-
tween a metal and atoms A and B are
known, the interaction energies due to the
chemisorption may be computed using Eqs.
(3)=(9). Values of these single bond ener-
gies for H, O, N, and C atoms, as the
surface coverages approach zero, are listed
for the 21 transition d-metals in Table 2.
The listed values, except for the carbon
atom, are the algebraical average values
between E\, _,  and E\_, ; A: N, O, and
H) which were evaluated previously
(6, 7), and they are given by

El—as = (BEy_y + Es_5)/2

and ny_5 should be equal to the bond order + 23[v(Xy — XWP, (10)
of the respective gas molecules, A, and B;. "
Thus obtained A values are summarized EVo-as = S{(Ey-y + Ey45)/2
with those of O, and NO in Table 1 where + 23(Xy — X%, D
TABLE 1
Bond Energies. Bond Orders, and A

Molecules Bond energy Bond order Bond order of M~A A

AB D,y (X at ny.y =0

(kcal /mol)
NN —a N —p

0, 118 2 2 2 2

NO 151 2.5 3 2 2

H, 103.2 1 1 1 2

N, 226 3 3 3 2

CcOo 256 3 3 2 1.667
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TABLE 2
Single Bond Energies of Metal-Adatom, Ey _,

(kcal/mol)
Metal EMSAN '8 EM,-—().S EM,»—H .5 EM,‘[‘,S
Ti 58.0 74.8 72.3 65.0
v 56.3 74.5 74.8 66.5
Cr 54.5 71.8 71.4 63.4
Mn 57.5 74.0 71.3 64.1
Fe 46.3 62.8 67.0 56.2
Co 44.2 59.3 63.1 52.9
Ni 44.2 59.5 63.2 53.0
Zr 64.7 82.5 79.0 71.9
Nb 59.5 80.0 80.9 72.1
Mo 50.0 68.8 74.1 63.0
Te 42.8 59.0 66.2 §5.2
Ru 33.2 47.3 64.8 49.3
Rh 32.3 45.5 63.2 47.7
Pd 30.7 42.8 59.8 44.6
Hf 70.7 89.3 84.8 77.7
Ta 65.0 86.5 86.0 77.6
W 56.8 77.8 81.7 71.8
Re 44.0 61.0 68.5 57.4
Os 34.7 49.3 67.6 51.8
Ir 33.5 47.5 66.5 49.7
Pt 32.5 46.0 63.4 47.9

Here B, y, and 8 are newly introduced
parameters into Pauling-Eley’s equation
for single bond energy and were determined
using available experimental data of ad-
sorption heats of H,, O,, and N, molecules;
they have values, respectively, of 1.0, 0.70,
and 0.66 for oxygen, 0.30, 0.85, and 0.71 for
nitrogen, and 0.94, 1.28, and 1.02 for hydro-
gen. The energy of the bond between the
metal atoms, E,;_y;, is evaluated by dividing
the sublimation energy of the metals by 4
for bcc metals and by 6 for the other, and
the X’s are Pauling’s electronegativities.
On the other hand, the single bond energies
of M.—C bond have been calculated using
Eq. (11) with § = 0.90 which has been
determined by employing Brennan and
Hayes’ experimental data (9) of CO ad-
sorption; the data used for the determina-
tion are in italics in Table 3, since CO is
known to decompose into C and O atoms
on these metals at room temperature and
low CO coverage (see Section III, 3). As
seen in the table, the agreement of calcu-

lated dissociative heats of adsorption of CO
using 8 = 0.90 with the experimental ones is
satisfactory except for Ti.

[TI. RESULTS AND DISCUSSION
[. Chemisorption of Hydrogen

In this case, using Eq. (9) and Table 1,
the interaction energy V), is given as a
function of n;,_y by
Vi, = 103.2(1

_ ,,1.041
Ny

- 2! = ny_yEyus (12)

for 1 =z ny_y =0, where Ey__y < is given in
Table 2. Calculated results for the metals
are shown in Fig. 2. The shape of the
potential energy curves is similar to that of
oxygen chemisorption (8 ); i.e., there is no
activation energy for adsorption and also
no stable molecular adsorption state for this
molecule since there is no potential well
throughout the bond order change, 1 =
ny-y = 0, indicating that a H, molecule

TABLE 3

Experimental and Calculated Heats of Adsorption of
CO and Calculated Stretching Frequencies (v ) and
Bond Length (R._,) of Molecularly Adsorbed CO

Metal Qt'xll Q(dﬁ) Qg‘alc(Ed(‘o) Ve-o R( -0
(kcal/mol) (em™  (A)
Ti 153 88 — — —
A% 92 — — —
Cr 77 — — —
Mn 78 84 — — —
Fe 46 38 30 1826  1.151
Co 47 21 26 1877 1.146
Ni 42 22 26 1877 1.146
Zr 150 124 — — —
Nb 125 120 — — —
Mo 74 70 — — —
Tc 27 29 1843 1.149
Ru —-13 21 1921 1.141
Rh 46 —21 19 1941 1.140
Pd 43 —36 16 1976 1.137
Hf 155 — — —
Ta 134 150 — — —
w 128 115 — — —
Re 38 32 1802 1.153
Os -1 24 1894 1.144
Ir —11 22 1916 1.142
Pt 48 -20 20 1936  1.140
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Pd

Ca,Nj,Rh,Pt
Ru
Fe,Tc,Ir,0s
Re

CroMn,Ti

(kcal/mol)

v, Mo

r
N, W

V,
Hy

Hf
To

-80

1 0.5 ]
M-y

FiG. 2. Interaction energy between a H, molecule
and a transition metal surface, V,, as a function of
bond order, ny_;,.

easily adsorbs and dissociates on these
metals. The values of the heats of dissocia-
tive adsorption, namely, the values of V,,
at n,;_y = 0, are in good agreement with the
experimental data (7, /0) as described in
the previous paper (7).

2. Chemisorption of Nitrogen

The interaction energy of nitrogen with
the transition metals, V, is computed from
Eq. (9) and Table 1 as a function of ny_\ as

Ve = 226 — Ey_xs

— 2(3 - IlN_N)EMS—.\‘,s (13)

for3 =ny_y =0, where Ey_y g and Ey ¢
are given by Eq. (3) and Table 2, respec-
tively. Calculated results are shown in Fig.
3. As may be seen in the figure, there is
activation energy for nitrogen adsorption,
particularly high-activation energy on
Group VIII d-metals and it decreases as
one goes to the left in the periodic table.
Further, there is no stable molecularly ad-
sorbed state for this molecule, since there is
no potential minimum in the curves, which
is similar to hydrogen or oxygen adsorption
(8). In addition, the figure shows that the

heat of dissociative adsorption is endother-
mic for the noble metals since the values of
Vi. at ny_y = 0 are positive for these
metals. These results suggest that the disso-
ciative adsorption of molecular nitrogen is
difficult at room temperature on most of the
metals except a few metals such as Hf, Zr,
Ta, W, Ti, Nb, V, and Cr, for which the
activation energies for the adsorption are
rather small (<20 kcal/mol). This predic-
tion is qualitatively in agreement with the
experiments and, as discussed by Brodén et
al. (11), with the general experience from
catalysis, i.e., Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, W, and Fe chemisorb molecular nitro-
gen whereas the other metals are inert: The
measurements under well-defined surface
conditions also seem to support this pic-
ture; polycrystalline Ti (/2-/7), Cr (16),
Mo (/3, 18), Ta (19, 20),and W (217, 22) as
well as single crystals with various planes
of Fe (23, 24), Mo (25), and W (26, 27)
chemisorb molecular nitrogen to dissociate
near room temperature.

On the other hand, nitrogen is known to
be adsorbed in a molecular form when it is
exposed at low temperature to such metals
as Ni (28, 29), Pt (30, 3/), Ru (32), W

R0 T T

P

fh,Pt
fu, Ir

0s

Tc
Co,Ni,Re

Fe

Mo

FiG. 3. Interaction energy between a N, molecule
and a transition metal surface, Vy, as a function of
bond order, ny_y.
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(33), and Fe (34). However, such a molec-
ular nitrogen adsorbed at low temperature
usually desorbs almost completely below
room temperature (29, 34), suggesting that
this adsorption state is an unstable or a
physisorbed state and not the chemisorbed
one leading to the dissociation of the mole-
cule on the surfaces.

3. Chemisorption of Carbon Monoxide

CO molecule has a 30 and degenerated
17 molecular orbitals which contribute to
the formation of the C~O bond. It also has a
50 nonbonding orbital where the electrons
are located on the C atom (35). Recent
experimental and theoretical results indi-
cate that molecularly adsorbed CO is ini-
tially attached through the C atom to d-
metal surface, i.e., an end-on interaction
through the C atom with the molecular axis
perpendicular to the surface (36-42), fol-
lowed by the dissociation of the C-O bond
on some metals due to direct interaction of
the O atom in the CO with the surface.
Considering these facts, the following
scheme consisting of two steps, (A) and
(B), will be reasonably assumed for the
chemisorption of CO:;

M, + CO - M=C-0 (A)

for0 =ny_=3and3 = n._, = 1.2, and
M=C-0 + M, - M,=C + M.=0(B)

for 0 < ny o =< 2and 1.2 nco = 0, where
the change in the ny, .o or ny c is taken to
be zero during the reaction of the step (A)
and (B), respectively. The value 1.2 is a
“‘critical value™ of n._, at which point the
effective interaction of the O atom with the
surface begins to operate and it is deter-
mined from Eq. (7). The interaction ener-
gies corresponding to these steps are then
given by

Veo = 256 — Ec_g,sur

— 1.667(3 — nc_o)Ey, s (14)

for step (A), and

V(‘o = 256 — EC—(),sur - 3EMS-C,S

— 1.667(1.2 — ne _o)Ey, 05 (15)

for step (B), where the Ey ., and Ey _o
are given in Table 2. Calculated results
using these equations are shown in Fig. 4.
The shape of the potential energy curves is
similar on the whole to that in the case of
NO chemisorption (8); there is a potential
well in a position of n._, = 2.5 — 2.0 for
most of the metals except Zr, Nb, W, Hf,
and Ta, indicating that the chemisorption
leading to a stable or metastable molecular
adsorption state may occur on these metals
without any activation energy. In particu-
lar, a stable molecularly adsorbed state
may exist for the noble metals such as Pd,
Rh, Pt, Ru, and Ir, since for these metals
the values of the activation energy for the
dissociation of the adsorbed CO into
M-C + M,-0O, E{*°, measured from the
position of the potential well are much

il

“20r e Co.NL

40tk Fe,Re

V(;O kcal/moi)

-60 N
Mo
-80 L

HED 7r) N Mn
No

-100 TR s
3 2 1 a
Nep

FIG. 4. Interaction energy between a CO molecule
and a transition metal surface, V, as a function of
bond order, n._.
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larger than those of the activation energy of
CO desorption from the molecularly ad-
sorbed state, E;°. The E,‘°© is, in the
present case, equivalent to the heat of
adsorption of CO in the molecular form,
Q%8c. In addition, it is suggested from the
figure that dissociation of CO is negligible
on the noble metal surfaces since the values
of the Vi, at n._o = 0 are positive, which is
similar to the above case of N, chemisorp-
tion on the same group metals. However,
as seen in Fig. 4, the E{*° decreases with
increase in E;°, and these two values
become comparable for the cases of Ni and
Co. Therefore, it is expected that both
states, dissociative and nondissociative,
may exist on these metals and the ratio of
each type will depend on adsorption tem-
perature and pressure, surface coverage
(99), etc. The dissociaiton will be more
feasible on Fe and Re metals than Ni and
Co since the E,“*0 in the former metals is
obviously smaller than these in the latter
ones. In addition, CO molecule will almost
completely dissociate on the metals such as
Mo, Cr, Mn, Ti, and V as well as Zr, Nb,
W, Hf, and Ta, since the values of the E,“*°
for these metals are very small or zero.

It is of interest to compare these pre-
dicted features of CO chemisorption with
reported experimental results: It is gener-
ally agreed that CO is adsorbed in a molec-
ular form at room temperature on noble d-
metals such as Ru (43-52), Rh (53-60), Pd
(46, 61-70), Ir (I1,71,72), and Pt
(70, 71, 74-79). But the behavior on clean
surfaces of the metals such as Ti
(9, 12, 14, 17), Nb (9, 80), Ta (9, 80, 81),
W (9, 82, 83), Mo (84-86), and Mn (9, 87)
is different, i.e., CO is completely or nearly
completely decomposed into C and O
atoms on these metals at room temperature
and low surface coverage. The chemisorp-
tion properties of Fe, Co, Ni, and Re metals
are known to be more complex; there both
dissociative and nondissociative adsorbed
states can coexist near room temperature,
The ratio of these states is sensitive to the
adsorption temperature (88-90, 97), degree

of surface coverage (4/, 91), or surface
geometry (/7, 88, 92); for instance, Joyner
and Roberts (89) provided evidence that
CO adsorbs in a molecular form at 290°K on
Ni surface but dissociates at 400°K and
they proposed that a heat of adsorption
value 70 kcal/mol is required for CO disso-
ciation. Kishi and Roberts (90 ) also studied
this problem for Fe films and found that
dissociation occurs slowly at 290°K but
proceeds rapidly at 623°K. Yu et al. (93)
reported similar results, i.e., CO exists
nondissociatively on Fe at 117°K but it
dissociates at room temperature. Thus,
qualitative features of CO chemisorption
seem to be in good agreement with the
above predictions. Quantitative compari-
son between calculated and experimental
(9) heats of adsorption is given in Table 3:
It reveals good agreement in dissociative
heats of adsorption on metals as Mn, Zr,
Nb, Mo, Ta, and W except Ti, but some
differences in nondissociative heats of ad-
sorption, i.e., most of the calculated values
are less than the experimental ones. The
latter values obtained more recently are,
however, more encouraging, namely, 26.5
(94), 30 (95-97) kcal/mol for Ni, 30
kcal/mol (76 ) for Pt, 31.6 kcal /mol (58 ) for
Rh, etc., which are somewhat less than
those by Brennan et al. and thereby are
closer to the calculated values.

In addition, it is possible to evaluate
empirically stretching frequencies (v,
cm ') and bond length (R ), A) of molecu-
larly adsorbed CO at the potential well in
Fig. 4 by using the following relationships
between the bond energy of C-O, E._, and
Ve and R

Vep = 520 + 6.35E(<‘() (16)

and
R('_() = 6.608 — 438810g E(*._()

+ 0.877(log E._)% (17)
The relations (16) and (17) are obtained
empirically from the known data of C-O

bond, i.e., E., = 256, 192, and 80
kcal/mol for v, = 2143, 1738, and 1030
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cm~'and for R._, = 1.128, 1.162, and 1.434
A, respectively (/). The calculated results
which are obtained by replacing the E._ in
Egs. (16) and (17) with the E. ;.. at the
potential well are given in Table 3. Calcu-
lated stretching frequencies of adsorbed
CO are mostly in the range of 1800-2000
cm™!, increasing as one proceeds to the
right in the periodic table; this trend is
agreeable with our general experience of
ir spectra of adsorbed CO on the surfaces
of the transition d-metals or transition
monometal monocarbonyls (98). In addi-
tion, Passler et al. (37 ) have recently deter-
mined the bond length of adsorbed CO on
Ni[100] surface by LEED and UPS anal-
yses to be 1.15 A which is very close to the
present calculated value, 1.146 A.

4. Classification of the Metals

So far we have considered the adsorption
properties of clean transition d-metal sur-
faces for several diatomic molecules, focus-
ing particularly on the two problems which
arise when the molecules are exposed to
the surfaces; i.e., (i) does the molecule
chemisorb on the surface and (ii) whether
the adsorbed species is in a molecular form
or dissociative form. These are important
problems for catalytic chemical reactions;
as described above, methanation reaction

can possibly take place by more than one
mechanism depending on whether CO is
either associatively or dissociatively ad-
sorbed on the metal, further, Rabo er al.
recently found that the metals which are
active in promoting CO dissociation are
also good methanation catalysts (46). The
results described qualitatively in the pre-
vious sections for the above problems are
summarized in Table 4, where the earlier
results of O, and NO chemisorption are
also included. The behavior of the metals
considered here seems to enable them to be
divided approximately into four categories,
A, B, C, and D groups. The groups and the
metals in each group are designated in
order of decreasing dissociative heat of
adsorption, but the order is changeable for
the metals being near the borderlines be-
tween the groups depending on kind of the
adsorbed molecule, particularly for the
case of hydrogen (see Table 2).

The A group metals consisting of mainly
[Vy, Vi, and V1g group metals in the peri-
odic table strongly chemisorb all the gases
in dissociative form and hardly chemisorb
in the molecular form at room temperature.
On the contrary, the group D metals con-
sisting of noble d-metals do not decompose
CO and N, molecules and chemisorb het-
eronuclear diatomic molecules (CO and

TABLE 4

Classification of Transition ¢-Metals Based on Adsorption Properties

Group Metals Adsorption state
Dissociative form Nondissociative form
H. 0, N, NO CcO H. 0. N, NO CO
A Hf, Ta, Zr,
Nb, W, Ty, V, + + + + + - - - - -
Mn, Cr, Mo
Fe, Re + + + + + - - - + +
Ni, Co, Tc + + - + + - - = + +
Os, Ir, Ru, - _ _ _ _
Pt, Rh, Pd + + + + +

Note. + indicates possible, — impossible.
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NO) in the molecular form. The group B
and C metals, which are known as main
elements of catalysts for the reactions of
Fischer-Tropsch (/0/) and ammonia syn-
theses, have intermediate adsorption prop-
erties between the A and D group metals
and the former metals are closer rather to
the A group metals and the latter to the D
group ones. It is, however, of note that the
present classification is not rigid particu-
larly for ‘‘intermediate metals’ or group B
and C metals and also for the metals lo-
cated near the borderlines between the
groups, on which the adsorption properties
strongly depend upon adsorption tempera-
ture, surface coverage (99), geometry of
exposed surface, etc.

Finally, this classification mostly agrees
with that based on experimental data due to
Brennan et al. (/00) and also with a recent
classification or criterion due to Brodén et
al. (11) that the ability of transition metals
to dissociate adsorbed diatomic molecules
increases in general as one goes to the left
in the periodic table.

Thus, the BEBO model combined with
parameterized Pauling-Eley’s equation
seems to give an answer to the above
problems of chemisorption, and the present
quantitative and qualitative results are ex-
pected to be useful for the studies of hetero-
geneous catalytic reactions as well as
chemisorption of gases (/02).
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