Toward A Coherent
Theory of Chemisorption

Evgeny Shustorovich and Roger C. Baetzold

Heterogeneous catalysis is crucial in
the production of most industrial chemi-
cals and therefore has become a focus of
intense efforts in both industry and aca-
demia. Although recent developments in
catalysis are impressive, they fall short
of chemists’ expectations. Catalyst de-
velopment is still a matter of trial-and-
error efforts, intuitive assessments, and,
of course, a great deal of luck. The
reason for this is that the course of a
catalytic reaction is determined by many
factors, both thermodynamic and kinet-
ic, and the composition and structure of
a catalyst may be critical. An important
point is that all heterogeneous processes,
whether simple or complex, have chemi-
sorption as a necessary first step. Thus,
the dissection of catalytic processes into
primary events amenable to scientific
inquiry must begin with an understand-
ing of chemisorption.

Tremendous advances in describing
chemisorption phenomena have led to
the acquisition of an enormous amount
of diverse information (/-5), but under-
standing has not kept pace with the accu-
mulation of facts. Having encountered
some troublesome examples in our prac-
tical work and failing to find coherent
explanations within the current theoreti-
cal models, we searched for a better
explanation of the paradoxical chemi-
sorption phenomena. In this article, we
describe some of our theoretical results,
which concern the most fundamental as-
pects of chemisorption. Specifically, we
describe relations among seemingly dis-
parate aspects of chemisorption, such as
adsorbate bond activation, the heat of
chemisorption, adsorbate registry and
stereochemistry, barriers for adsorbate
surface migration and for adsorbate (mo-
lecular) dissociation, work-function
changes, and core binding-energy shifts.
Our approach combines, in a comple-
mentary fashion, both analytical and
computational facets.

The authors are members of the Chemistry Divi-
sion of the Research Laboratories, Eastman Kodak
Company, Rochester, New York 14650.
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New Theoretical Developments

Periodic regularities of the heat of
chemisorption. The heat released on
chemisorption (Q) determines the course
of surface reactions, so that knowledge
of the variations of Q—especially its
periodic behavior—is a primary theoreti-
cal target. For atomic radicals such as H,
0, and N, the values of Q monotonically

sion energy regularities for transition
metals and their alloys (/7). The nota-
tions used are given in Fig. 1.

The major feature of the metal band
structure is the presence of a huge reser-
voir of electrons and electronic states
and the presence of the Fermi energy Ex
separating the occupied part of the d
band of width W° from the vacant part
of width W2 (W = W° + W"%°). The
Fermi energy does not change signifi-
cantly under chemisorption. The value
of Q includes a contribution from the
direct metal-adsorbate interaction, simi-
lar to that in coordination compounds,
and a contribution from the redistribu-
tion of electron density required to main-
tain the constant Ef specific for chemi-
sorption bonding. As a result, the struc-
ture of Q appears to differ for donor,
acceptor, and radical adsorbates, as do
their periodic variations.

Within the Hiickel-type approxima-
tion, the first-order perturbation results
are as follows:

Summary. Studies of chemisorption phenomena, the cornerstone of heteroge-
neous catalysis, have become the central part of contemporary surface science. As a
result of the great variety of the available experimental techniques, a backlog of
information, some of which conflicts with current theoretical constructs, has accumu-
lated. New models that combine analytical and computational facets have now begun
to appear, revealing intrinsic relations among seemingly disparate chemisorption
phenomena. Among the major findings are (i) the crucial role of antibonding
adsorbate orbitals in bond activation and in the heat of chemisorption, (ii) adsorbate-
induced surface polarization leading to a decrease of the metal work function and to
an increase of the surface core binding energy, and (iii) important differences between
atomic and molecular adsorbate modes of bonding and surface migration.

decrease from left to right along a partic-
ular series of the periodic table and typi-
cally down a column. This decrease is
not significant for monovalent H but
becomes quite apparent for divalent O
and especially trivalent N, although the
values are not simply proportional to the
number of unpaired valence electrons.
The periodic regularities for molecules
are less pronounced and more complex.
In particular, for-strong acceptors such
as CO and NO, Q changes only slightly
and rather nonmonotonically, showing
even a reverse trend compared with ada-
toms. Some representative data are giv-
en in Table 1. The current theoretical
models are able to describe the monoton-
ic atomic patterns (6-8) but fail to repro-
duce the nonmonotonic molecular be-
havior (7).

In an attempt to achieve a more coher-
ent understanding, we developed a sim-
ple model of Q (5, 9, 10). This model is
based on perturbation theory and uses
the constant d-density approximation,
which is effective in treating the cohe-

1) For a lone-pair donor adsorbate, QD
is roughly proportional to the metal d-
hole count Ny, = 10 W¥2°/W and inverse-
ly proportional to Er — €4, namely

2
QD o _EIVL 1)
Ep — €a

where B is the Hiickel resonance integral
and e, is the lone-pair energy. Because
|Eg! increases only slightly from left to
right along the transition series but Ny
decreases significantly, one can expect
Q to decrease monotonically in this di-
rection and to be especially small for the
late transition metals (Ny, is very small,
so that the bonding situation is similar to
that in the He dimer).

2) For a vacant-orbital acceptor ad-
sorbate, 0* may depend on how close
the orbital energy €} is to Er and the
value of the resonance integral B*. In
particular, for moderate acceptors where
B*/(eX — Er) = 1, we have

B*:Ng
eX — Ep
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that is, Q* is proportional to the d occu-
pancy Ny = 10 W°°/W, which is just
opposite to the dependence of QP on Ny
in Eq. 1 because N, = 10 — Ng4. For
strong acceptors with B*/(eX — Ep) >> 1,
the dependence of O on N4 and Ny
appears to be nonmonotonic and may show
parabolic character analogous to classic co-
hesive energy behavior (/1), namely

QA o B*Nth (3)

Such a behavior is typical for CO (Table
1).

3) For a radical adsorbate, in which a
singly occupied orbital lies below the
Fermi level (e, < Eg), there can be sig-
nificant charge transfer, so that some
self-consistent adjustment of the initial
energy €, and of the resulting occupancy
of the chemisorption levels must be
made, The resulting heat of chemisorp-
tion QR for a k-valent radical is

OR = (Ep — €a)’2Ua +
knB2[ln(an°W°cc/Bz) + 32/W @)

where U, and # are scaled parameters
(10). Quantitative estimates made with
Eq. 4 are highly accurate, errors being
typically less than 5 to 10 percent (10).
Because |Egl increases monotonically
from left to right within groups VI
through VIII of the periodic table, the
Eg-dependent term in Eq. 4 decreases in
this direction. We can also foresee that
QR will increase as k increases but at less
than the first power, because only the
second term in Eq. 4 is k-dependent.
Thus, all the major periodic trends in Q
mentioned above can be understood in
terms of Eqgs. 1 to 4 [for computational
details, see (5, 12)].

The crucial role of the antibonding
adsorbate orbitals in bond activation.
Saturated molecules such as H, or CH,4
and lone-pair molecules such as NH;
have very high energy vacant antibond-
ing ¢* orbitals well above the vacuum
level. For this reason, the o* ligand
orbitals in transition-metal complexes
are commonly neglected in descriptions
of bonding, and saturated or lone-pair
molecules are considered to be exclusive
donors. For example, recent theoretical
analyses (13) of hydrogen addition to or
elimination from transition-metal com-
plexes have not explicitly considered the
d-o* interactions.

But even when these molecular rules
of the game are applied, they may fail in
the case of chemisorption. First, the
Fermi level that separates occupied met-
al states from vacant states becomes an
analog of the molecular frontier orbitals,
highest occupied and lowest vacant. The
Fermi energies and the frontier orbital
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Table 1. Heats of chemisorption for some atomic and molecular adsorbates. Examples are given
for ordered transition metal surfaces of high atomic density with the stated Miller indices. The
first three metal entries compare changes within a column, and the latter three compare changes

across the 5d series (3-5, 10).

Heat of chemisorption (kcal/mol) for

Metal

surface H 0 N co NO
fee Ni(111) 63 130 135 27 25
fec Pd(111) 62 87 130 34 31
fec PL(i11) 60* 85 127 2 27
fec Ir(111) 63 93 127 34 20
bee W(110) 68 104-129 155 27 DY

*From R. J. Madix (37). tDissociated.

energies differ significantly. Typical val-
ues of |[Egl = 4.5t0 5.5 electron volts, as
defined by the transition-metal work
function, can be contrasted with the
atomic d-orbital ionization potentials
ranging from 8 to 12 eV. Thus, metal
surfaces are better electron donors than
metal complexes or clusters and interact
more significantly with ¢* and =* ad-
sorbate vacant orbitals. Second, the anti-
bonding ¢* and w* orbitals overlap with
the metal d orbitals more strongly than
do their bonding o and 7 counterparts.
The reason, which went unnoticed until
recently (/4), is that the normalized
LCAO-MO coefficients are larger in
o*(w*) than they are in o(w) (LCAO-MO
is a linear combination of atomic orbitals
representing a molecular orbital). For
example, the bonding  and antibonding
y* LCAO-MO for a homonuclear mole-
cule X,, such as H;, N, or O,, are

U= 201+ O () + xp)
V=R - —x) O

where S in an overlap integral between

the interacting atomic orbitals x, and ,.

Thus, in a linear fragment M-X;-X(3

we have for the interacting metal orbital
Xm(dz or dy,)

B = <xmHI>
=201 + HI7*B + By (6)
B* = <xmlHIW* >

20 - HI7@, - By @)

where H is the Hamiltonian. Assuming
IB1! >> IB,l, since the resonance inte-
gral is a strong function of the metal-
adsorbate distance, we have

BRZ= (1 + 8)/1 - 8) 8)

Thus, for typical values of S = 0.3 to
0.6, (B*)%/B* = 2 to 4. Because typically
Eg — €5 > both the numerator and the
denominator favor acceptor bonding
when we compare Egs. 1 and 2.

Table 2 illustrates the metal-adsorbate
(M=-A) charge transfer found by straight-

forward calculations for H, Cl, CH,4, CO,
and NH; on an fcc(111) surface of a five-
layer metal film (/5). Even.CH, and NH;
behave as acceptors. The predominant
role of o* in chemisorption was further
corroborated in a subsequent compre-
hensive study (16).

Adsorbate-induced surface polariza-
tion. The energy required to remove an
electron from a metal to vacuum is the
work function ¢. It is a common practice
to explain changes in the metal work
function A¢ induced by chemisorption
solely through formation of an M—A elec-
trostatic dipole moment (). If the work
function decreases (Ad < 0), the adsorb-
ate A is deduced to be more electroposi-
tive than the metal M, or if the work
function increases (A > 0), A is consid-
ered to be more electronegative. The
behavior of Ad found experimentally for
various adsorbates and surfaces is rather
bizarre if the explanation described
above is universally true. For example,
for a given metal M, adatoms such as H,
N, S, and Cl often give Ad < 0 on highly
dense surfaces but Ad > 0 on low-atom-
ic-density surfaces (I7, 18). Moreover,
the sign of A for a given surface may
depend upon the adsorbate coverage.
For example, Ad < 0 at low coverage of
Cl on Pt(111) and Ad > 0 at high cover-
age (18).

The conventional explanation of the
reversal of the sign of A¢ is the reversal
of the M-A electrostatic dipole moment,
M3 A" (Ad < 0) or M**-A®" (A >
0), respectively. But it is hard to compre-
hend how adsorbate atoms that are more
electronegative than the metal surfaces
may become electropositive. It appears
that the conventional interpretation of
the work-function change under chemi-
sorption is strongly deficient, and non-
electrostatic factors must be considered.

An explanation of this behavior comes
from the fact that, for a particular metal,
its surfaces have different values of ¢,
which are larger for densely packed sur-
faces than for loosely packed surfaces.
This anisotropy in ¢ may be as large as 1
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eV and often exceeds Ad caused by
chemisorption. The only source of the
anisotropy in ¢ is surface polarization
leading to formation of the intrinsic sur-
face dipole moment (/9), because clean
metal surfaces are electrostatically neu-
tral. We therefore assumed that this sur-
face dipole moment is affected by chemi-
sorption as well. The adsorbate-induced
change A¢ consists of two contributions,
Adey: from the external electrostatic di-
pole moment and Ady,, the new term
due to internal polarization dipole mo-
ment

Ad = Adext + Adine 9)

We have analyzed this new Ad;, term
within the LCAO-MO tight-binding ap-
proximation, both analytically by first-
order perturbation theory (20) and com-
putationally by straightforward metal-
film calculations (15). We found that all
atomic and molecular adsorbates cause
uniform changes in surface polarization,
shown schematically in Fig. 2c. More
precisely, all adsorbates decrease the
surface d density and induce the out-of-

phase d-p orbital rehybridization, lead- -

ing to formation of the surface dipole
moment directed to the bulk and there-
fore decreasing the metal work function
(Ad < 0). This uniform pattern for adsor-
bates as diverse as H, Cl, NH;, CO, and
CH, is illustrated by metal-film calcula-
tions (Table 2).

As indicated above, most adsorbates

behave as acceptors on metal surfaces.
Thus, in Eq. 9 the two terms typically
have opposite signs (Adex; > 0, whereas
Adine < 0) so that the resulting sign of Ad
is determined by a balance of these op-
posite contributions. Our model predicts
that the electrostatic term Adey, > 0 will
be the least positive and the polarization
term Adin; < 0 will be the most negative
on the most densely packed surface.
These surfaces are prone to show a de-
crease in work function (A¢ < 0) under
chemisorption. This conclusion, based
on our model, makes understandable the
seemingly bizarre patterns of A¢ men-
tioned above. Most recently, our model
has gained further support from the ab
initio band-structure calculations for sul-
fur adsorbed on Rh(100) (27), which re-
vealed an unexpected decrease in work
function despite the conventional charge
transfer Rh®"-S%~, and this decrease
(Ad < 0) was due to the surface polariza-
tion (rehybridization).

The core binding energy of an atom is
the energy required to ionize a core
electron of the atom. The core binding
energy of atoms on the surface differs
from that in the interior of transition
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Table 2. Effective charge g and polarization
dipole change Ap under chemisorption. Re-
sults are typical calculations for an fcc(111)
surface of a five-layer metal film of a late
transition metal (/5). See text.

Ad- 9 Ap.
sorbate (itnoirtl;;c (Debye)
H* -0.37 -0.05
Cl* -0.54 -0.14
CH,* -0.08 -0.22
CH,t -0.17 —0.04
CO* -0.30 -0.19
NH,t -0.03 -0.15

*On-top site. tHollow Cj, site.

metals. The peak of the core binding
energy on the surface may be shifted by
the presence of adsorbates. Our model
allows an explanation of these shifts in
terms of surface rehybridization rather
than charge transfer. It is commonly
accepted (22-24) that for late transition
metals with more-than-half-occupied d
bands, the local d density increases as
the number of the metal nearest neigh-
bors decreases; the opposite behavior is
found for early transition metals with
less-than-half-occupied d bands. For ex-
ample, it has been shown experimentally
(22) and theoretically (23, 24) that, for
metals on the right half of the 5d transi-
tion series such as W, Ir, and Pt, the 415,
core binding energies decrease from the
bulk to surface metal atoms. Again, no
charge separation can be invoked to ex-
plain this behavior for clean metal sur-
faces, but rather a d-sp rehybridization

A
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5 —<i [}
2 — ke
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s
Es e, { a }
Metal d band Adsorbate band

Fig. 1. Energy diagram of the metal-adsorbate
band-structure interactions. The metal d band
is spread out (Eg is the bottom energy, Et is
the top energy, which may be either below or
above vacuum; Ef is the Fermi energy). The
adsorbate bands at least for low coverage are
very narrow (almost degenerate). Shown are
typical positions of the adsorbate levels, oc-
cupied €4 (o or m) and vacant €% (m* below
vacuum but o* above vacuum), as well as a
position of an atomic metal d orbital ey.

affecting the Coulomb potential in the
metal core. We saw above that the per-
sistent pattern of chemisorption is a de-
crease of the surface d density. Thus,
our model predicts that all adsorbates
will increase core binding energy.

We tested our polarization mechanism
by experimentally measuring surface
4f5, core shifts for ordered Pt surfaces
chemisorbing diverse adsorbates such as
CO, NH;, and K (25). For each adsorb-
ate, the 4f7, surface core binding energy
increases. Final-state relaxation effects,
which are often discussed in photoemis-
sion (24, 26), cannot explain the direc-
tion of the shift. We conclude that chem-
isorption phenomena such as the surface
core shifts and work-function changes
are primarily determined by the adsorb-
ate-induced surface polarization or rehy-
bridization but not the adsorbate-surface
charge transfer.

Surface migration and dissociation of
adsorbates. Surface migration phenome-
na involving lateral motion of an adsorb-
ate along a metal surface are potentially
rate limiting in desorption of dissociated
species in many catalytic processes (2).
Experimental observations show that the
migration activation barrier AE* typical-
ly equals 10 to 25 percent of the heat of
chemisorption Q (/-3), but there were no
specific theoretical arguments explaining
this experimental range.

Migration and dissociation of adsorb-
ates involves changes in the coordination
mode of the metal site M,—A, where n is
the coordination number of adsorbate A,
and in the M-A distances. Thus, it is
crucial to choose a potential for the M—A
interaction that can reproduce the equi-
librium minima as well as other points on
the potential energy curves. We have
chosen the simplest potential, namely,
the Morse potential (Eq. 10), following
the ““Occam’s razor’’ philosophy. More
specifically, we describe each two-cen-
ter M-A interaction by Eq. 10, where the
total energy E(r, x) relates to the bond
order x (Eq. 11), which is an exponential
function of the M-A distance r. Here a is
a screening parameter, and Q, and rq are
the bond energy and distance at equilib-
rium

E(x) = Qo(x® — 2x)

x = exp[—(r — ro)la]

(10)
a1

where x = 1, by definition. Some justifi-
cation of the Morse potential curve
comes from its similarity to the universal
binding-energy plots recently demon-
strated numerically (27) and analytically
(28) for various cases of metallic binding.
We have further assumed that the multi-
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center M,~A interactions are pairwise
‘additive and that the total M,~A bond
order is normalized to unity and con-
served along a migration path up to the
dissociation point. One can add that
bond-order conservation for various gas-
phase three-center interactions is known
to be a very accurate criterion (29).

In the analytical model we have limit-
ed the M,~A interactions to nearest met-
~ al neighbors. In the straightforward com-
putations, we have treated a five-layer
metal film for which the number of metal
atoms involved exceeded 1000. Also, in
the film computations, an energy-mini-
mization criterion along with bond-order
conservation was examined. The analyti-
cal results are rigorous (29) and fully
consistent with the computational analy-
ses for a broad range of the relevant
parameters (30). Since the atomic migra-
tion patterns might differ greatly from
the molecular migration patterns, we de-
scribe them separately. Because the
model does not explicitly take into ac-
count the adsorbate-adsorbate interac-
tions, all of the results, strictly speaking,
should be assigned to low (zero) cover-
age.

Atomic Migration

The M,~A bonding energy Q, is a
monotonic function of the coordination
number n for atomic adsorbates A

On = Qo2 = 1/n) (12)

where Qg is the two-center M~A bond
energy in the on-top position. On highly
symmetric surfaces with regular unit
meshes M,, such as equilateral triangles,
n = 3 for fcc(111), or squares, n = 4 for
fcc(100), the hollow positions of the
highest coordination should always be
preferred, in full agreement with experi-
ment (I, 4). The relevant value of Q,
(Eq. 12) can be identified with the heat of
chemisorption Q4. Migration on such
surfaces is always confined to the hol-
low — bridge — hollow path with the
barrier

n—2
4n — 2

AE* = knQn,  kn =

13)

where the proportionality coefficients &,
fall well within the experimental range of
k = 0.1 to 0.3 (I-3). For the first time,
theory explained the interrelation be-
tween the migration barrier and the heat
of chemisorption mentioned earlier. A
typical energy profile computed for
atomic migration on a fcc(111) surface is
shown in Fig. 3.
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Molecular Migration

A diatomic molecule AB interacts with
a metal surface separately through the A
and B ends within the pairwise additive
scheme. Thus, the heat of molecular
chemisorption Qap includes two atomic
contributions, Q and Qgp, which may
have the same or opposite signs. The
former case (Qa >0, Qp > 0) corre-
sponds to a donor AB, with the in-phase
LCAO-MO, o or m, being responsible for
the M-AB bonding. The latter case

Surface pblarization

/
AN

d2 p

el

In-phase

A¢>in1 >0

2B

Out-of-phase

(Qa > 0, Op < 0) corresponds to an ac-
ceptor AB, for which the M—~AB bonding
involves primarily the out-of-phase
LCAO-MO, o* or w* (29-31). Similar
results were found for the cases of the
fixed and varied A-B bond order. Atom-
like migration patterns are predicted (29,
31) for strong donor molecules for which
AQ monotonically increases with n. This
leads to a preferred hollow site and a
migration activation barrier identified
with the hollow-bridge energy differ-
ence. A migration energy profile for a

Fig. 2. (a) Mutual ori-
entation of d,2 and p,
atomic orbitals for the
surface and bulk lay-
ers. The dashed lines
show how the atomic
orbital lobes interact.
Formation of the sur-
face dipole moment
for the (b) in-phase
S4+ S, and (c) out-
of-phase Sa— S,
mixing is also shown
[from (20)]. The out-
of-phase mixing al-

+

A‘i’im <0

T
Alfcc(111), Cay

20F k=0.04

Emin
3 atoms K=o 12

40+ BOcon

@T BOcon 2OF

k=0.01 /.
B
5 layers Emin

ways prevails. See
text.
Donor Ap/fcc (111) Eo=8
Eo=15

60

k=0.05
60}
3
E L L 1 i
=0T B H T B H T
;L“), Acceptor AB/fcc (111)
o Fig. 3 (top left). Computed energy pro-
10F _BOcon(AB fixed) files for 25 uniformly spaced points de-
scribing atomic migration simulating H
15 - adsorbed on fcc(111) chemisorption (the
parameter set used gives Q = 55 kcal/
20

Emin (AB varied)

mol). The results obtained are compared
within the nearest-neighbor (3 atoms)
versus all-neighbors (5 layers) approxi-
mations and by using the energy-mini-
mum (E,,;,) versus bond-order conserva-
tion (BO,,,) criteria. T, B, and H stand

for the on-top, bridge, and hollow sites, respectively. The M,~A bond energy increases
monotonically as the effective coordination number » increases along the series T < B < H for
both Ein and BO,,, procedures, the latter giving a shallower curve. The values of k = AE*/Q

are also shown (31).

Fig. 4 (top right). Computed energy profiles for 25 uniformly spaced

points describing a homonuclear donor molecule A, on a five-layer fcc(111) film. The upright
geometry is kept throughout the migration path. The results (within the Ep, procedure) were
obtained for fixed values of ry (1.9 A) and a (0.43 A) with E, varied. The patterns are rather

atom-like (see Fig. 3) (31).

Fig. 5 (bottom left). Computed energy profiles for 25 uniformly

spaced points describing a heteronuclear acceptor molecule AB (upright configuration) on a
five-layer fcc(111) film, where A and B are different. Both the energy minimum (E;,) and bond-
order conservation (BO,,,) procedures were used. The parameters for atom Aarea = 0.271 A;

Fo = 1.9A

, and Qo = 80 kcal/mol. The parameters for atom B are a = 0.901 A, ro, = 1.0 A, and

o = 3812 kcal/mol. Nonmonotonic energy barriers are found for fixed A-B bond length.(1.178

) or variable A-B bond length (31).
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strong donor A; on an fcc(111) surface is
shown in Fig. 4. The similarity to the
atomic migration profile in Fig. 3 is re-
markable. The analytical model, in con-
trast, predicts (29, 31) for acceptor ad-
molecules a nonmonotonic AQ versus n
energy profile. The preferred site will be
typically of low coordination number,
and the activation barrier may be much
larger than the energy difference be-
tween the total energy minima, which
may not necessarily correspond to sym-
metric sites. This explains why CO usu-
ally prefers the on-top or bridge sites but
seldom the hollow sites on flat surfaces.
This puzzling observation is a reversal of
the atomic behavior. Figure 5 shows that
the M,—~CO energy varies nonmonotoni-
cally with n on an fcc(111) surface and
that a significant barrier exists between
the deepest minima. Furthermore, one of
the minima corresponds to a nonsym-
metric site. This behavior, discussed
above as a qualitative possibility, is con-
sistent with experimental data recently
obtained for CO migration on Pt(111).
The energy difference between the pre-
ferred on-top adsorption site of the up-
right geometry and bridge site was esti-
mated to be less than 1 kcal/mol (32), but
the migration barrier is 7 kcal/mol (33).

Dissociation of Adsorbates

A catalytically important chemisorp-
tion process is molecular dissociation on
a surface. Thermodynamically, for a di-
atomic molecule AB to dissociate, the
heat of chemisorption of atomic constitu-
ents A (Q4) and B (Qp) must exceed the
gas-phase dissociation energy Dag. Too
often, this necessary thermodynamic
condition is not sufficient because the
dissociation process has a large activa-
tion barrier AEXp that makes the reac-
tion rate too slow at common tempera-
tures. Again, no theoretical model has
explicitly related AE%g with QA(Qp) or
Dypg, or with other observables.

Within our Morse potential approach
based on M,~-AB bond-order conserva-
tion, the dissociation activation barrier
AEXg reads as follows (34)

Oa0p
Qs + OB
14

where D4p is the gas-phase dissociation
energy and Q,(Qp) is the heat of atomic
chemisorption. In the homonuclear case
A, (A = B), we have

AEX, = Da, — kQp for k =32 (15)

that is, AEY, is linearly dependent on Q,
with slope k = 3/2. For H;, O,, and N,
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AEXg = Dap — (Qa + Op) +

on various surfaces of Fe, Ni, Co, W,
and Pt, the experimental values of % lie
within the range 1.4 to 1.7 (3, 35) close to
the theoretical value of 1.5. Unfortunate-
ly, almost no experimental data on
heteronuclear AEXp are available, so
that Eq. 14 cannot be directly verified.

Equations 14 and 15 predict atomic
heats of chemisorption to be the only
variable components of the dissociation
barrier. Thus, periodic regularities of
AE%g can be deduced from the periodic
regularities of Qa (Qp), discussed in de-
tail above. The results correlate well
with the experimental observations (/-3,
34, 35).

The value of AE%p (Eq. 14) does not
explicitly depend on the molecular heat
of chemisorption Qap. Although Qap
may somehow affect AEXg [which may
be the reason for the observed 1.4 to 1.7
range for k (3, 35) rather than the con-
stant value of 1.5 (Eq. 15)], the Qagp
contribution appears to be minor. We
stressed above that molecular heats of
chemisorption (unlike atomic ones!) vary
slightly from left to right along the transi-
tion series. Moreover, they vary non-
monotonically and can even increase
(Table 1), which shows no correlation
with the periodic trends in AE%g.

Atomic versus Molecular Chemisorption

It is common to talk about the gas-
solid phase interactions without specify-
ing the atomic or molecular state of the
adsorbate. One tacitly assumes that the
general regularities of the metal-adsorb-
ate interactions are qualitatively similar
for the atomic and molecular species. As
aresult, many generalizations about che-
misorption phenomena have been made
(and are still being made) by extrapolat-
ing atomic chemisorption findings to mo-
lecular chemisorption, and vice versa.
We saw, however, that differences be-
tween the atomic and molecular chemi-
sorption patterns are typical, whereas
similarities are rather exceptional. Ex-
amples we have discussed are periodic
changes of the heat of chemisorption,
adsorbate registry, the migration energy
profile, and the nature of the migration
barrier. Although this pattern was well
known from experimental work, its im-
portance was underestimated because
there was no theoretical explanation for
the occurrence of such differences.

In constructing our theoretical model,
we tried to account for the differences in
atomic and molecular chemisorption pat-
terns. Our general conclusion is that
strong donor admolecules may closely
mimic adatoms in their relatively simple

behavior, but acceptor admolecules will
typically show distinct and complicated
patterns. Our model resolves many
seeming contradictions with the predic-
tion that on metal surfaces (unlike clus-
ters!) most molecules, including even
saturated molecules, will behave as
effective acceptors.

Concluding Remarks

Although the conclusions based on our
model are contrary to some commonly
held perceptions, the picture as a whole
fits experimental findings well. Our goal
was a broad and coherent understanding
of a variety of chemisorption phenomena
with considerable relevance to heteroge-
neous catalysis (36). The new develop-
ments we have described constitute a
first step in this direction. We hope that
our findings will stimulate further theo-
retical and experimental analyses of this
area of important industrial applications.
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erties and to testing theoretical predic-
tions. A brief overview of these activities
is given in this article.

To review in detail the recent chemical
progress made by the host of excellent
research groups working on conductive
molecular and polymeric substances is
not possible in the space available here.
Thus, we have chosen to be selective
and to illustrate current strategies, ap-
proaches, and problems by focusing on
work performed in this laboratory on a
new family of materials which is at the
crossroads between molecular and poly-
meric conductors and which embodies
characteristics of each. Our long-range
goal has been to develop rational, flexi-
ble syntheses of low-dimensional, metal-
like molecular assemblies and, through
correlated physical and theoretical in-

Summary. The design, synthesis, and study of electrically conductive molecular
and polymeric substances constitute a new scientific endeavor involving the interac-
tion of chemists, physicists, and materials scientists. The strategies, developments,
and challenges in these two closely related fields are analyzed via a class of materials
that bridges both: assemblies of electrically conductive metallomacrocycles. It is seen
that efforts to rationally synthesize tailored, “metal-like” molecular arrays lead
logically to structure-enforced polymeric assemblies of linked molecular subunits
such as metallophthalocyanines. The properties of these assemblies and fragments
thereof provide information on the relationship between atomic-level local architec-
ture, electronic structure, and macroscopic transport properties. Electrically conduc-
tive, processable polymeric materials also follow from these results.

Despite the impressive advances that
have been achieved in the fields of mo-
lecular and macromolecular electrically
conductive materials, it is fair to say that
our current level of physical understand-
ing of and chemical control over such
systems is at a rather rudimentary level.
From a synthetic chemical standpoint,
the ability to tailor charge-transporting
microstructures at the atomic level rep-
resents an exciting challenge and a key
both to manipulating macroscopic prop-

vestigations, to understand the proper-
ties of these assemblies as a function of
architecture and electronic structure.
This approach leads quite logically from
rather simple systems composed of ag-
gregated single molecules to more elabo-
rate, structure-enforced polymeric ar-
rays of covalently linked molecular sub-
units.
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