21 September 1979, Volume 205, Number 4412

Catalysis by Small Metal Clusters

Size-dependent catalytic activity can be correlated

with changes in physical properties.

J. F. Hamilton and R. C. Baetzold

Several obvious and many less obvi-
ous changes in properties occur as metal
atoms combine to form dimers, trimers,
larger clusters, and so on, until finally a
size is reached at which the collection is
identifiable in every way as the bulk met-
al. Questions of fundamental importance
have to do with the nature of the evolu-
tion of bulk metallic properties. Over
what size range are properties inter-
mediate between those of the atomic and
metallic states? Is the transition abrupt

Technological Importance

The photographic process. Our inter-
est has been attracted to this subject be-
cause of its relevance to the photograph-
ic process (/). The few photons striking a
silver halide crystal in either black-and-
white or color film produce a small clus-
ter of silver atoms on the surface of the
silver halide. Upon reaching the neces-
sary size, this silver cluster acquires cat-
alytic properties and can trigger the re-

Summary. Experimental and theoretical studies of small clusters of metal atoms are
aimed at revealing how properties change in the ultrafinely divided state. Thermody-
namic, electronic, and structural features can be size-dependent and may be involved
in determining the activity of small-particle catalysts. Correlations between these
properties give indications of the features important in catalysis.

or gradual, monotonic or discontinuous?
Do all properties change in parallel fash-
ion? Is the nature of the change the same
for all metals, or does each have its own
pattern? These and similar questions, al-
though of great technological as well as
fundamental interest, have remained in-
tractable for many years. Modern analyt-
ical techniques—principally the experi-
mental tools of surface analysis and the
improved semiempirical computational
techniques—have provided new ap-
proaches to these questions, and signifi-
cant inroads to the difficult field are being
made.
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Research Laboratories, Eastman Kodak {ompany,
Rochester, New York 14650.
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duction of the entire crystal to silver by
the reducing agent of the developer. Var-
ious photographic experiments give in-
direct evidence that the cluster, called a
latent-image center, becomes catalytic
rather abruptly, at a size of a few atoms,
but that thermodynamic stability does
not require as large a cluster. One won-
ders, of course, what more fundamental
property it is that determines the catalyt-
ic activity. Are factors involved that can,
in principle, be controlled, to optimize
the process?

Heterogeneous catalysis. Similar, al-
though not identical, questions apply to
the finely divided metal catalysts used
for petroleum refining, automobile-ex-
haust conversion, and chemical syn-
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thesis in general. The catalysts used are
frequently precious metals, and it is im-
portant, in the interest of economy, to
maximize the available surface by pro-
ducing particles as small as possible.
Over and above this straightforward de-
pendence on surface area, however,
more pronounced size effects are some-
times noted (2). For certain classes of
chemical reactions, termed demanding
reactions, the catalytic activity of small-
er particles is different—frequently much
higher—from that of larger particles, and
much effort has been spent in attempts to
stabilize the very smallest possible clus-
ters. In these applications as well,
knowledge of the reason for the high ac-
tivity might hold the key to improve-
ments in the process.

Method of Preparation

Over the past several years, we have
been investigating the questions dis-
cussed above in an experimental pro-
gram closely linked with theoretical cal-
culations.

Small metallic clusters are formed on
planar amorphous substrates (carbon,
SiO,, Al,O3, and so on) by vacuum depo-
sition (3). In the earliest stages of forma-
tion, such deposits form discrete clus-
ters, which eventually fuse to form con-
tinuous films but only at mean thick-
nesses of tens of monolayers. On these
substrates the earlier stages of the con-
densation produce particles with a nearly
random size distribution, whose mean
size increases with deposit thickness.
Figure 1 shows a family of curves giving
the logarithm of the surface density of
particles of size i or larger as a function
of the logarithm of the mean thickness.
At particle densities well below the satu-
ration value, each curve is linear with
slope i.

These relationships have been derived
by an extrapolation, based on a model of
the condensation mechanism, of size
data obtained from transmission electron
micrographs such as that shown in Fig.
2. The general form of the relationship
applies at least to the group IB noble
metals and the platinum-group metals of
group VIII, and probably others as well.
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Chemical Characterization

The classic problem of bridging the
gap between the ‘‘clean’’ world studied
by surface analysis in ultrahigh vacuum
and the ‘‘real’” world of a cluster or met-
al surface in the ambient or reacting en-
vironment is continually present. In this
connection, Auger electron spectrosco-
py (AES) and photoelectron spectrosco-
py (PES) have been useful in character-
izing the surface composition of the met-
al clusters (¢). Most typical metal depos-
its such as silver adsorb significant
amounts of sulfur, oxygen, carbon and
sometimes chlorine after a few minutes
of exposure to the atmosphere. For com-
parison, the techniques have been adapt-
ed to prepare clean metal deposits within
the ultrahigh vacuum of the spectrome-
ters ¢, 5) for studies of the clean sur-
faces in situ. Studies of the controlled
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Fig. 1. Typical curves of log-normalized sur-
face density of clusters of size i atoms or
larger plotted against log-nominal thickness
(corrected for volume diffusion) in monolay-
ers of a vacuum deposit.

adsorption of CO on palladium clusters
of this type have also been reported (6).
We have also probed the interaction
between metal deposits and the carbon
film supports (¢). This interaction may be
studied with AES because of the rela-

tively shallow depth analyzed (= 10

angstroms) and the known sensitivity of
the carbon KLL spectrum to oxidation
state. Carbide and graphite forms of car-
bon have different spectral shapes, as il-
lustrated by Fig. 3, which shows two
coverages of iron on carbon. At low cov-
erage (~ 8.0 x 10 atoms per square
centimeter) the carbon spectrum is like
that of graphite, whereas at greater cov-
erage (~ 1.0 x 10'® atoms per square
centimeter) a carbide spectrum is ob-
tained. The iron spectrum is unchanged.
We attribute this effect to reaction of the
iron with carbon and the associated elec-
tron transfer. A similar effect is observed
for aluminum deposits but not for gold,
silver, copper, or palladium. These ex-
periments indicate that some metals, but
not others, react with the support.

Deposits of this type have been used
to study the size dependence of catalytic
activity for certain chemical reactions,
as well as the changes in electronic and
structural properties. Promising correla-
tions are beginning to emerge.

Catalytic Activity

We have invéstigated catalyzed oxida-
tion-reduction reactions in the solution
phase that are analogous to the reactions
in the photographic development pro-
cess: the reduction of silver ions to silver
metal (7), the reduction of nickel or cop-
per ions to the corresponding metal (8)
[in processes known as ‘‘electroless plat-

ing”’ (9)], and the formation of formazan
dyes from oxidative precursors (/0). In
each case it is possible to determine a
minimum metal coverage and usually a
minimum cluster size required for the
catalyst.

For example, in the closest analog to
photographic development, the reduc-
tion of silver ion in solution to metallic
silver, the catalytic effectiveness of small
gold clusters has been compared with
that of silver clusters (7). A deposit of
the clusters with some specified cov-
erage is immersed in the reacting solu-
tion. Of the clusters over the distribution
of sizes, only those large enough to act
as catalysts have any effect. Silver is de-
posited on these particles, causing them
to be enlarged until, after some appropri-
ate time, they are easily distinguishable
by electron microscopy. A count of the
enlarged particles gives the surface den-
sity of particles above the minimum cata-
lytic size.

The data collected in this way are then
compared with the family of curves of
Fig. 1 in the manner illustrated in Fig. 4.
The data for silver catalyst clusters in
Fig. 4 fit best to the curve for four or
more atoms, whereas the gold clusters
appear to be effective at the two-atom
size. Gold is frequently used in small
quantities as a sensitizer for photograph-
ic emulsions, and the photographic re-
sults strongly suggest that the gold is in-
corporated in the latent-image centers,
rendering them more easily developable
).

Another class of reactions that are
similar to those in photographic develop-
ment are involved in the commercial pro-
cess known as electroless deposition.
These reactions include the catalytic re-
duction of nickel ion in solution by hypo-
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Fig. 2 (left). Electron micrograph of a deposit of iridium on carbon; the nominal thickness is 0.2 monolayer (magnification, x10%; 1

mm = 10A).
square centimeter).
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Fig. 3 (right). Auger derivative spectra showing two coverages of evaporated iron on carbon (8 x 10 and 1 X 10'® atoms per
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Fig. 4. Data indicating the surface density of
catalytic clusters of silver (O) and gold (@) for
reduction of silver ion from aqueous solution.
Curves are those from Fig. 1.

phosphite or amine borane reducing
agents, forming metallic nickel (8), and
the catalytic reduction of tetrazolium
salts to insoluble formazan dyes by simi-
lar reducing agents (/0). The preferred
catalysts are the platinum group metals,
particularly palladium. In either case, an
insoluble product is formed at the initial
catalyst site. Isolated films of either
product, after equilibration in the atmo-
sphere, are found to be inactive as cata-
lysts. The question therefore arises
whether the initial palladium catalyst dif-
fuses through the depositing film to
maintain contact with the solution, or is
buried under the layers of reaction prod-
uct.

To answer this question for both reac-
tions, AES has been used in connection
with argon sputter-ion etching (/7). This
technique permits continuous analysis
while the film is being etched away at a
constant rate (~ 50 A per minute). As
shown in Fig. 5 for nickel films, no palla-
dium is detected on the surface, but a
small signal due to palladium appears
when about 2700 A of the film has been
etched away. Note that the nickel depos-
it is about 3600 A thick and that as it is
removed, signals due to carbon, silicon,
and oxygen from the support begin to ap-
pear. Contaminants of sulfur, chlorine,
and carbon are also present throughout
the nickel film. Since it is unlikely that
the palladium can exert a long-range ef-
fect on the surface of the nickel film, we
must conclude that the fresh nickel film
is autocatalytic.

For the nickel-reduction reaction it is
possible to determine not only that there
is a minimum size for the catalyst clus-
ters (8) but also that some anomalies oc-
cur as the particles become larger (12,
13). Palladium continues to be an equally
effective catalyst even for continuous
films, but platinum, rhodium, and irid-
ium all show a complete loss of activity
at sizes between 10 and 20 A in diameter.
The effect is demonstrated for platinum
in Fig. 6.

Origin of Size Effects

Until very recently, suggestions about
the causes of such particle size effects on
catalytic activity have been very specu-
lative and have differed widely. Some
workers have given interpretations in
terms of the thermodynamic properties,
using a Gibbs-Thomson analysis (14, 15).
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Others have relied heavily on dis-
cussions of localized geometry and
bonding modes, reasoning that low-coor-
dination sites are more common on small
clusters than on more nearly ideal sur-
faces (/6). Structural forms other than
elements of the bulk crystal lattice, such
as polytetrahedral arrangements, have
been predicted for small clusters (/7) and -
indeed have been observed for some
metals (/8). Some such structures can
give rise to bonding sites not common on
larger crystallites.

Still other proposals to explain particle
size effects have to do with the collective
electronic strycture of the cluster (/9).
As atoms combine to grow toward the
bulk metal, electronic levels can shift
and split, symmetry effects can change in

importance, bands form and broaden,
and orbital occupancy may change sig-
nificantly. These changes can clearly in-
fluence the interactions with molecules
in the surroundings.

Experimental Studies

Thermodynamic properties. Vapor-de-
posited clusters provide a useful format
for studying some of these properties.
Silver particles in the range 10 to 100 A
in equilibrium with a solution of silver
ions have been studied by Malinowski
and colleagues (/4). The behavior agrees
with Gibbs-Thomson concepts: smaller
particles dissolve and larger ones grow,
and the transition size is related to the
ionic strength and redox potential of the
solution. Data are interpretable in terms
of a fixed surface energy.

Electronic properties. The techniques
of AES and PES have been used to
probe the density of accupied states in
clusters of various sizes. The change
from a set of electronic levels to a spec-
trum characteristic of bulk metal is grad-
ual, and the spectrum becomes in-
distinguishable from that of bulk only
when particles contain about 100 atoms.
For example, gold shows changes in the
Auger valence (NOO) transitions as a
function of particle size. In this example
the relative separation between peaks
changes 4 electron volts between the
atom and bulk size with the shift essen-
tially complete in particles of 100 atoms
@.

X-ray photoelectron spectra (5, 12, 13,
20) from silver, gold, and the platinum-
group metals show that the d bandwidth
broadens and the ionization threshold
decreases with increasing cluster size.
Typical results are shown in Fig. 7. Dif-
ferences from bulk properties vanish on-
ly when cluster sizes of 50 to 100 atoms
are attained. This type of measurement

—a
Expanded 02 W J-—Pd
scale for o e S
Pd,S,N ol =" A Nf(only presenf
on surface)
10
Fig. 5. Depth profile SN --=Ni
of nickel film showing o8l N |—cC
the atomic fraction of ; 7 \ o g
the element present, : \ -
estimated by AES, 06 \ g
plotted against the Atomic \
depth of material ion- fraction .1 \-\ h

etched away.

time (hr) o
~depth (I00A)

1215



and the AES data discussed for gold are
in good agreement as to the size for satu-
ration of these d-band properties.

For the platinum-group metals, a
rather impressive correlation has been
found between the electronic structure
and the catalytic activity for nickel re-
duction (5, /3). In the small-cluster size
range, where all four metals are active
catalysts, the density-of-states function
is consistent with a d"'s! electronic con-
figuration, whereas in the bulk metals the
d levels are more nearly filled. The tran-
sition is most clearly revealed by high-
resolution scans of the high-energy edge
of the d band, as shown for platinum in
Fig. 8. At the larger particle size, the
sharpness of the edge is limited only by
instrument resolution, whereas for the
smaller particles, the gradient of the edge
is distinctly lower. The difference is
taken to indicate less complete occupan-
cy of these states in the smaller particles.

The size range for the transition in
electronic structure coincides with that
at which the catalytic activity is lost.
Furthermore, the transition particle size
increases in the order iridium, rhodium,
platinum, which parallels the order of in-
creasing density of states at the Fermi
level, D(E\), among these metals, palla-
dium having an even higher density than
platinum.

There is probably some charge ex-
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Fig. 6 (above). Normalized reaction rate for
Ni** reduction from solution plotted against
mean layer thickness for platinum cluster
catalysts. Fig. 7 (right). Variation of va-
lence-band width [full width at half-maximum
(FWHM)], low-binding-energy valence-band
edge (threshold), core-level binding energy
(*d55), and valence-band centroid (e4) with
platinum mean layer thickness. Bulk values
are given by arrows.
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change with the substrate in these sam-
ples, and the same pattern of behavior
may not occur on isolated clusters or
even those on markedly different sup-
ports. Even if the details are not univer-
sal, however, the correlation between
electronic structure and catalytic activity
is no less impressive for these prepara-
tions, allowing a strong argument to be
made that changes in the number of
unoccupied d states and in D(Ey) are re-
sponsible for the reported size effects.

These particular features of the elec-
tronic structure have been discussed re-
peatedly as important factors in catalysis
of certain reactions (2/). The reasoning
is that covalent bonds with reactant
molecules involve electron sharing prin-
cipally in the d electronic levels of the
catalyst, owing to their localized nature.
Both the bond strength and the rate of
bonding are believed to increase with the
number of vacant d states, which in turn
is greater when D(Ey) is high. Evidence
for the importance of these factors has
come from correlations between the
rates of catalyzed reactions and the num-
ber of d holes in bulk metals and alloys.
To our knowledge, the experiments de-
scribed represent the first demonstration
of the involvement of these same con-
cepts in particle size effects.

Structure. What is not known yet is
whether there is also a change in geomet-
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ric structure in the same size range. If so,
there may be a cause-and-effect relation-
ship between the electronic change and a
structural change, and the electronic ver-
sus structural argument for catalytic ac-
tivity would be moot.

The particle size range in question ap-
pears to be one for which structural in-
formation may be obtained by either
electron diffraction or extended x-ray ab-
sorption fine structure (EXAFS) or both.
Careful Fourier analysis of background-
corrected electron diffraction patterns
has been used to distinguish poly-
tetrahedral or multiple-twinned struc-
tures from bulk cubic forms of rare gas
clusters in the vapor phase (22) and of
some metal deposits near this size range
(23). Interpretations are not always
unambiguous, but the method holds
some promise.

The EXAFS results should be more
definite, provided the sensitivity is ade-
quate and some uncertainties about
phase corrections and dynamic disorder
can be understood. Initial experiments
(24) have been done on copper and nick-
el clusters, and typical data are shown in
Fig. 9. Some structural conclusions can
be stated at this time. The data on near-
est-neighbor distance indicate a con-
traction at small sizes, approaching sepa-
rations reported for the dimers in each
case. The spectra are not yet good
enough to obtain a complete radial distri-
bution, which would reveal other struc-
tural details as well.

Stepped Surfaces

Another approach in attempting to dis-
tinguish between effects of surface struc-
tural configuration and electronic effects
due to finite size lies in the study of delib-
erately stepped surfaces of large crys-
tals. The analogy between adsorption
sites on small clusters and stepped sur-
faces has been advocated particularly by
Somorjai and co-workers (25), who in-
troduced the concepts some years ago
and have found kinetic evidence to sup-
port the claim (26, 27). On these surfaces
there are atoms with low coordination
numbers which are not affected by the
electronic perturbations associated with
a cluster of limited size.

Chemisorption on stepped and low-in-
dex surfaces of silver has been studied
by low-energy electron diffraction
(LEED). This technique is useful for
such studies since the elastically scat-
tered electrons are diffracted from or-
dered surface structures. As an example,
the LEED pattern resulting from a
stepped surface of silver consists of split
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spots arranged in a hexagonal pattern. A
surface such as [3(111) X (100)], in the
notation of Somorjai, consists of terraces
containing three rows of atoms in the
(111) orientation separated by steps one
atom high with the (100) orientation. A
number of gases including O, C,H,, and
Cl, have been chemisorbed at room tem-
perature on this surface and on the (111)
surface of silver, which lacks steps. With
C,H,, no ordered adsorption on the
stepped surface takes place, as evi-
denced by an unchanged spot pattern. A
somewhat higher background is ob-
served after C,H, exposure, indicating
perhaps some disordered adsorption.
Similar effects are found on the (111) sur-
face. A more spectacular effect occurs
upon aging the stepped surface overnight
in the spectrometer.

After the stepped surface has aged, the
pattern of the (111) surface appears, and
AES confirms the presence of small sul-
fur, oxygen, and carbon impurities on
the surface. Cleaning and annealing
cause the pattern to revert to that of the
stepped surface. Apparently, low levels
of impurities are responsible for the mo-
tion of surface atoms to form extended
(111) areas on the silver surface which
are larger than the coherence diameter of
the spectrometer (200 to 500 A). Thisis a
surprisingly high mobility of atoms and
indicates the sensitivity of surface struc-
ture to environment. Such effects should
be important in catalysis by small metal
particles and are similar to the rearrange-
ments recently reported by Blakely and
Somorjai (28) for platinum surfaces.

Calculations

We began a study of the electronic

properties of small metal particles in’

1970, using molecular orbital theory to
better understand the relationship be-
tween cluster size and electronic proper-
ties. Throughout these studies we have
benefited greatly from the advice of
Roald Hoffmann, who has maintained an
active interest in this area. We employ
the extended Huckel (EH) (29) and com-
plete neglect of differential overlap
(CNDO) (30) methods in this work.
These methods are useful for perceiving
cause-and-effect relationships without
becoming involved in a great degree of
complexity. We have also found that
they accurately predict trends and values
of a number of quantities before experi-
mental measurement. A number of these
cases will be discussed. Our primary
goal has been the prediction of trends
and effects rather than the precise calcu-
lation of some particular variable. A re-
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Fig. 8 (above). High-resolution spectra of va-
lence-band edge for platinum clusters of two
sizes. Fig. 9 (right). X-ray absorption
spectra at the L edge for copper clusters of
various mean layer thicknesses. The EXAFS
structure on the high-energy side of the edge
becomes more pronounced as the cluster size
increases.

cent review (31) of clusters and surfaces
provides a comprehensive overview of
various types of calculations that have
been applied to this problem.

Semiempirical molecular orbital theo-
ry can be criticized on the grounds that a
parameter choice is involved in its appli-
cation. It should be pointed out, how-
ever, that some form of parameter
choice is also involved in most methods
of present-day calculation. This may in-
volve basis set selection in ab initio cal-
culations, sphere radii or alpha coeffi-
cients in Xa calculations, or ionization
potential and orbital exponents in EH
calculations. In these EH calculations,
orbital exponents are taken from atomic
Hartree-Fock calculations (32), and ioni-
zation potentials are derived from tables
of atomic spectra (33).

Silver and copper. The binding energy
per atom of a metal cluster is determined
by calculating the energy as a function of
bond length for various assumed geome-
tries. We have found that the small neu-
tral clusters of silver and copper prefer a
linear as opposed to a two-dimensional
or three-dimensional structure (34). The
bonding orbitals of silver (copper) are
primarily the 5s (4s), although hybridiza-
tion with the Sp (4p) and 4d (3d) orbitals
definitely takes place. A recent ab initio
calculation (35) supports these geometric
findings for small copper clusters. This
geometric effect may be understood in
terms of the antibonding 4s molecular or-
bitals, which are occupied in the neutral
cluster and are destabilized in high-sym-
metry structures. In addition to this geo-
metric effect, we note that the binding
energy per atom increases with cluster
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size, but that there is an oscillation lead-
ing to relatively greater stability at even-
sized rather than odd-sized neutral clus-
ters. The equilibrium bond length calcu-
lated for these clusters shows an elonga-
tion with increasing size. This effect is al-
so traced to the antibonding orbitals,
which become occupied in the larger
clusters to a greater extent.

The ionization potential (IP) and elec-
tron affinity (EA) of the silver clusters

-vary as a function of cluster size. This

behavior is shown for three-dimensional
clusters of silver in Fig. 10 (a cluster of 3
atoms is a triangle; 4, a tetrahedron; 5, a
bipyramid; 6, a square bipyramid; 7, a bi-
capped pentagon; 8, a cube; and 9 and
larger, a face-centered cubic structure).
The IP decreases as size increases,
whereas the EA increases as size in-
creases, and these quantities tend to con-
verge as would be expected for the bulk
metal. There is, however, a sizable dif-
ference between IP and EA at 13 atoms,
providing a considerable deviation from
bulk properties. Oscillations in stability,
similar to the ones described earlier for
linear structures, are noted in Fig. 10 for
three-dimensional structures. This is
caused by the relatively greater stability
of closed-shell than open-shell configura-
tions in CNDO. These effects are also
observed in EH calculations, where the
point of convergence of IP and EA (bulk
work function) is shown to be dependent
on geometry. Linear clusters have a cal-
culated work function 1.5 eV larger than
that of three-dimensional face-centered
cubic clusters.

Extended Hiickel calculations show
that the IP of silver clusters decreases
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from 8.60 eV for Ag, to 6.17 eV for the
bulk (36). This decrease of 2.4 eV is a
consequence of the spreading of the 5s
band and the occupation of antibonding
states in the larger clusters. This effect is
in accord with ionization threshold mea-
surements by ESCA (electron spectros-
copy for chemical analysis) for silver
clusters on carbon film (5). As size in-
creases the threshold decreases 2.5 eV,
moving toward the vacuum level, in
close accord with our calculation. In ad-
dition to this effect, the odd-even oscilla-
tions reported earlier for silver clusters
have been observed in experiments.
These include IP measurements on so-
dium clusters (37) and secondary-ion
mass spectrometry measurements on sil-
ver anion clusters (38).

The occupied density of states calcu-
lated for the valence orbitals of silver
clusters is shown in Fig. 11. The molecu-
lar orbitals obtained from the non-
iterative EH calculation are broadened
by a Gaussian and a lifetime function to
simulate experimental density-of-states
curves. Although we note certain simi-
larities between the 13-atom cluster and
bulk densities of states, considerable
changes occur as size increases, particu-
larly when clusters having incomplete
shells of nearest neighbors are consid-
ered (for example, 39 atoms). Small clus-
ters in the size range considered here
have not attained a bulk density of
states. The portions of Fig. 11 having
most intensity comprise d orbitals,
whereas the s orbitals lie on the low-en-
ergy side of these peaks. The bulk calcu-
lation for silver bears strong similarity to
the density of states calculated by solid-

Table 1. Comparison of calculated and ob-
served (40) values of the energy gap (AE) be-
tween the highest occupied molecular orbital
and the lowest unoccupied molecular orbital
for silver clusters in low-temperature matri-
ces.

AE (nm)
Cluster Ob- Cal-
served culated
Ag, 387, 412 404
Ags 440 489
Ag,y 490 517
Ags 505 581
Ags 520 664
Ag; 536 800

state physics techniques, such as the
augmented-plane-wave method (39). The
two curves are similar in shape and in the
position of portions of the spectrum rela-
tive to the Fermi energy. The largest
clusters containing 39 atoms do not pos-
sess the bulk d bandwidth, but other EH
calculations (20) show that 85 to 90 per-
cent of the bulk d bandwidth is attained
at 79 atoms.

Thus we conclude that rather large
clusters, having about 100 atoms or
more, are required to achieve essentially
bulk bandwidths. From our reported IP
and energy-gap calculations (36), this
size is also required for convergence of
the latter properties to bulk values.

The energy gap between highest oc-
cupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital
(LUMO) is a measure of the first optical
transition in small clusters. Our calcu-
lations show that this gap decreases with
increasing size of the cluster, as is true

for silver and copper clusters. Recently,
Ozin and Huber (40) measured this quan-
tity for silver clusters in low-temperature
matrices, and their data are shown in
Table 1 along with our calculated values.
Clearly the trends agree, and the calcu-
lated values are not too far from the ex-
perimental values. The deviations at
larger sizes may be due to the fact that
HOMO-LUMO gaps do not necessarily
correspond to transition energies, owing
to intensity considerations.

Palladium. Palladium clusters offer
some interesting contrasts to the silver
and copper clusters discussed earlier.
The atomic electron configuration is
4d", so we are dealing with closed
shells. The bonding in palladium clusters
is due, for the most part, to the Ss orbit-
als, which overlap strongly and form a
molecular orbital that is more strongly
bonding than the 4d molecular orbitals
and leads to a 4d°5s' configuration in Pd,.
This configuration approaches 4d%*5s%¢
at eight to ten atoms, where only minor
changes take place with size increases.
This electron configuration compares fa-
vorably with the value 4d°%5s%¢ deter-
mined from bulk experimental measure-
ments on palladium ¢/). The odd-even
oscillations in IP, EA, and binding ener-
gy of silver and copper clusters are not
found for palladium clusters.

The local density of states shows some
interesting effects that are dependent on
coordination number 42). For clusters
having incomplete outer shells of atoms,
the density of states at the Fermi energy
is largest for atoms with a coordination
number of 7 to 9. Atoms having fewer or
more nearest neighbors exhibit a smaller
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Fig. 10 (left). Ionization potential and electron affinity of three-dimen- /\ M
sional silver clusters calculated by CNDO. Fig. 11 (right). Occu- v . - L /\1 h .
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D(Ey). Such a variation in small clusters
may point to an electronic effect related
to site geometry. These effects could
play an important role in bonding of
molecules and catalysis and may in some
way be related to the experimental ef-
fects on stepped surfaces that Somorjai
reported (26).

The cause of the high D(Ey) for atoms
of intermediate coordination can be
traced to a balance between surface po-
tential and band-broadening effects. Pos-
itive charges build up on atoms of high
coordination because their projected
density of states is spread over a greater
energy range as a result of more nearest
neighbors. Thus a relatively greater frac-
tion of states lies above the Fermi energy
and is unoccupied. Opposing this separa-
tion of charge, a surface potential devel-
ops that shifts orbitals on surface atoms
about 1 eV closer to the vacuum level
relative to bulk. We calculate this shift in
potential to be 0.89 eV for s electrons
and 1.75 eV for d electrons in a fully
symmetric Pd,y cluster. These opposing
forces lead to a positioning of orbitals on
atoms with intermediate coordination
near the Fermi energy. This particular
balance achieved for palladium clusters
does not necessarily lead to the same
D(Ey) behavior for other elements.

Photographic Models

Models for the photolytic formation of
silver clusters in silver bromide are very
important in planning and interpreting
photographic experiments. In the Gur-
ney-Mott model (43), the silver clusters
that are the latent-image centers grow by
alternating photoelectron and interstitial
silver ion trapping at a site in the crystal.
We have modeled latent-image forma-
tion by using CNDO methods to calcu-
late electronic properties of silver clus-
ters adsorbed to a small silver bromide
support (44).

Silver atoms are placed successively
on a 14-ion model of the silver bromide
support. Relaxation of the atoms to their
equilibrium position is allowed, but the
ions are fixed in the lattice position. This
small model for the semiconductor is
simplified in many respects, but it pro-
vides the neighboring ions to the cluster
to treat this interaction.

A donation of electron charge from sil-
ver atom to silver bromide support is
found in our calculation. The magnitude
to this charge varies with the geometry
of the site of adsorption but is about 0.5
for one atom. This partial positive charge
remains on larger clusters and makes
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IP and EA of Silver Clusters
on AgBr

cB

ceee EA
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Size
Fig. 12. Ionization potential and electron af-
finity for adsorbed silver clusters compared

with the silver bromide conduction band (CB)
and valence band (VB).

them similar to cations. The electron af-
finity and ionization potential of the ad-
sorbed clusters may be compared with
the calculated values for the silver bro-
mide support to obtain the values shown
in Fig. 12. This is a plot on a relative en-
ergy scale which shows the stability of
neutral and anionic clusters with respect
to loss of an electron to the conduction
band. These data show that the neutral
clusters are stable, but that Ag,™ is un-
stable by 0.02 eV with respect to this
process. Thus, such a species would be
short-lived and would require capture of
a silver ion for stabilization. The other
neutral clusters could capture photoelec-
trons which would make it coulombically
favorable for them to capture an inter-
stitial silver ion. These effects are due in
part to the partial positive charge which
we find on the small adsorbed silver clus-
ters, and this charge should extend to
larger silver bromide models. The pic-
ture that evolves from the CNDO calcu-
lations is in close accord with models de-
rived from coulombic considerations
“5).

Conclusion

The questions we posed in the in-
troduction have many facets, and full an-
swers will require the collection of a
large body of experimental and theoreti-
cal evidence. Many academic and indus-
trial laboratories worldwide have de-
vised their own approaches to these
questions, however, and there is reason
to expect that a period of improved un-
derstanding lies not too far ahead. The
importance of optimizing catalyst per-

formance to the problems of energy con-
servation, productivity, raw-stock diver-
sification, and innovation, coupled with
the empirical nature of the whole history
of the practice, makes it almost certain
that technological advance will accom-
pany increased understanding.
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Psychotropic Drugs as
Behavioral Teratogens

Charles V. Vorhees, Robert L. Brunner, Richard E. Butcher

Prenatal exposure to certain drugs,
such as thalidomide, and environmental
agents, such as methylmercury, can
cause abnormal embryonic development
that results in major physical malforma-
tions, that is, teratogenesis. Recently, it
has been recognized that some agents
may also induce abnormalities in the be-
havioral capacities of offspring (/). Ex-
amples of such abnormalities are the fe-
tal alcohol, fetal hydantoin, and fetal

the case of medications used during la-
bor, by their documented use during de-
livery. It is questionable whether a pure
behavioral teratogen, unaccompanied by
overt congenital malformations, could be
successfully uncovered in the human
population. Behavioral deficits are usual-
ly recognized only at school age, at
which time it is too late to establish a
causal relationship with drug administra-
tions that might have occurred before

Summary. Three psychotropic drugs were administered to pregnant rats and were
then evaluated for their behavioral and reproductive effects in the offspring. Control
rats received either saline or vitamin A. Prochlorperazine had the most disruptive
effects on reproduction and growth, but had the least effect on behavior. Propoxy-
phene had no apparent effects on reproduction or growth, but produced a variety of
behavioral changes. Fenfluramine was intermediate in its effects on reproduction and
growth and had behavioral effects that were revealed in tests of preweaning develop-
ment. The data suggest that systematic tests of behavior add important information to
evaluations of reproductive toxicity that cannot, at present, be obtained by other

means.

trimethadione syndromes (2), as well as
long-term effects of fetal methadone or
heroin withdrawal and of some medica-
tions used during labor and delivery (3).
The agents causing these syndromes
may be classified as behavioral terato-
gens.

The consequences of prenatal expo-
sure to behavioral teratogens were rec-
ognized initially only through the accom-
panying physical abnormalities, or, in
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birth. One solution would be to develop
animal models that could be used for
screening for the effects of drugs and
other chemicals on behavior, in a man-
ner similar to the screening systems that
have been developed for teratogenesis,
mutagenesis, and carcinogenesis.

In the study described here we used
pregnant rats and their offspring to
screen for the effects of three psycho-
tropic drugs that are known to produce
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little or no structural teratogenicity even
when administered at very high doses.
We found that one of these drugs may
fulfill the criteria for being a pure behav-
ioral teratogen in rats. The three psycho-
tropic drugs were prochlorperazine, fen-
fluramine, and propoxyphene. Pro-
chlorperazine has been compared to oth-
er phenothiazines of the piperazine type
). Prochlorperazine was shown to have
low teratogenic activity when cleft palate
was used as the index of abnormality.
Fenfluramine is widely prescribed as an
appetite depressant, but has recently
been incriminated as a potential neuro-
toxin (5). Fenfluramine and propoxy-
phene have been shown to be non-
teratogenic in rodents, rabbits, and mon-
keys, although limited clinical data sug-
gest a link between propoxyphene and
cleft palate in humans (6).

Adult Sprague-Dawley rats (Laborato-
ry Supply, Indianapolis) were used for
breeding. Males weighed about 400
grams and females about 260 grams at
conception. The date of conception was
determined by expelled vaginal plugs,
and was considered day 0 of gestation.
All females were primiparous. Daily on
days 7 to 20 of gestation females were
given, by stomach tube, one of the fol-
lowing: prochlorperazine edisylate (Pz,
25 milligrams per kilogram of body
weight), fenfluramine hydrochloride (Ffl,
20 mg/kg), propoxyphene hydrochloride
(Pp, 75 mg/kg), vitamin A palmitate
(40,000 international units per kilogram,
or 12 mg/kg), or saline. All drugs were
given in saline in a volume of 5 milliliters
per kilogram of body weight except vita-
min A, which was solubilized with 12
percent sorethytan oleate and given in a
volume of 1 ml/kg. Vitamin A was in-
cluded in this study as a ‘‘positive’” con-
trol or reference treatment because of
its well-known adverse effects on behav-
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