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The equilibrium geometrical structures of silver atom clusters at their electronic ground states have been theo-
retically determined by using the nonrelativistic semiempirical INDO/1 method. The clusters investigated are
Agn, Agn", and Ag~ (n=7, 8, 9). In order to find the most stable structileg,the global minimum in energy
hypersurface, geometry optimization and energy calculation processes have been repeatedly performed for all
the possible graphical models by changing the bond parameters (resonance integral values). The heptamers are
pentagonal bipyramidal-A¢Dsh), Ag7'(Dsn), Agr (Dsn); the octamers are pentagonal bipyramidal with one

atom capped-AgD2d), Ags'(Cs), Ads (D2d); the nonamers are pentagonal bipyramidal with two atoms capped
-Age(Cx), Ads'(Ca), Ady (Cov). Our structures are in good agreement with thosebbigitio calculations ex-

cept for the anionic Ag cluster. And it is noted that the INDO/1 method can accurately predict the Ag cluster
geometries when a proper set of bond parameters is used.

Introduction atom clusters, applications of various theoretical methods to
silver clusters have increased the interests in this system
Perhaps the most fundamental problem in metal clustegxplosively. Most of calculations up to how have been per-
research is to determine the cluster structures, but despitef@med usingab initio methods such as relativistic effective
considerable research effort, only in rare instances a progressre potential (RECP) method or pseudopotential method.
in this direction has been made. For example, for the alkalay and Martif®*?**made a comparison between all-electron
metals, only the trimer and heptamer structures are knowand valence-electron calculations on the Ag atom and Ag
with any certainty-* For the Group IA elements, most ex- diatomics. Silver is a Group IB metal, with ground state con-
periments have been concerned with properties such as iofiguration of [Kr]4d'%s', and the focus of their work was to
ization potentias’ and dissociation energigédwhich only  use RECP properly. The potential which explicitly considers
indirectly probes the structure of clusters themselves. Therenly the 4 and 5 electrons in the valence space [(36/11)
fore the task of determining cluster structures has fallelrRECP] adequately reproduces the results of all-electron cal-
largely to the theoreticiart8 Even in theoretical studies, the culations as far as the spectroscopic parametyste, We,
available information is relatively sparse, except for the casandD. are concerned. On the other hand, Boba i -Kowteck
of alkali trimersi'?Recently semiempiricdlandab initic'**” et al?>? have determined the ground state geometries of
calculations on alkali metal clusters have been reportedsmall silver clusters within the framework of the Hartree-
Notably the cluster size and geometries of large clusters corfrock and complete active space self-consistent field (CASSCF)
sisting of 8 alkali atoms are investigated. These theoretica@mploying the (46/1) RECP, where it includes only the 5
studies show a tendency that smaller alkali metal clusterslectron in the valence space. Even though the RECP faith-
have a planar geometry while larger (more than 7 atomslully reproduces the all-electron SCF and correlated wave
clusters have three dimensional nonplanar structure. functions, it does not always accurately reproduce the exper-
Silver atom clusters are of particular interest because dfnental bond lengths.
their role in the formation of latent photographic images, of Baetzold”?® has previously investigated isolated silver
which electronic and structural properties have been studieclusters of up to 55 atoms using the extended Huickel (EH)
at various theoretical or experimental levels. Previous workand the complete neglect of differential overlap (CNDO)
on the spectroscopy of silver dimers have suffered from serimolecular orbital theories, in which he determined electronic
ous limitations due to the presence of three isotopoliners, properties such as electron affinity, binding energy, é&nd
07Ag, (26.85%),1°'Ag %°Ag (49.93%) and®Ag, (23.32%).  orbital occupancy. However, these studies could not repro-
It causes the blending of spectral lines which makes the anatluce the geometries of Ag clusters found frarinitio cal-
ysis of spectra very complicated. Recently, gas phase specitalations.
of neutral silver dimers and trimers obtained from laser- Our purpose is to obtain the electronic ground state geo-
induced fluorescence spectra have been reported. In addnetries of Ag (n=7, 8, 9) neutral and ionic clusters through
tion, photoelectron spectra of A&gclusters have been other technique beyond such limits as the complexitgbof
reported--2? initio methods and the inaccuracy of EH method. Therefore
While there are not many experimental studies on silveanother semiempirical theory is considered to be in better
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agreement with the results froab initio calculations or  tronegativitieS! 3 Zerner useg(d) = -27.94 eV to obtain the
experiments than EH or CNDO theory. We have chosen thgeometry for silver hydride by setting the resonance integral
INDO/1 method provided in the ZINDO program pack- 8(s) = B(p) =-1.0 eV (the default value in the package) for
age?* But due to the lack of parameters for Ag transitionthe INDO/1 version of the ZINDO. However these values do
metal atom some new parameters must have been predetaot produce good geometries for Ag clusters.

mined. Furthermore a search for the better bond parameterTo find the optimal3 parameters we have calculated the
set has been performed to produce the reasonable geometraggiilibrium bond length of the ground sta¥3") of Ag.

in agreement with those found in accurabenitio results. molecule which is in the range of 2.47-2.758A%2326:34-36
We carried out the INDO calculations by changing the only
Computations B parameters in the range ¢s)=-1.0~-10.0 eV and

[(d) =-10.0 ~-99.0 eV. The calculated bond length varies

To find the most stable geometrical structure of the elecfrom 2.43 to 3.43 A, which covers almost all the values
tronic ground state of Ag clusters we performed two-stefound fromab initio calculations or experiments. Hence it
calculations. In the first step, we constructed all the possibleneans that we can approach any value of interest by chang-
locally stable geometries of small A@h = 2-6) clusters by ing only B parameters. Of these values, however, it is not
using graph theory, and in the second step, carried out energgsy to select ong parameter set only from Agalcula-
and/or geometry optimization calculations for each geometions.
try (local minimum) found in the first step to find the most From the above comparisonal study we find that our cal-
stable geometry (global minimum). The second step calculaculated bond length is not significantly dependent on the
tions were performed by using the intermediate neglect ofhoice off3 parameters when tifgparameters are within the
differential overlap method in the ZINDO program package.range off(s) =-2.0 ~-5.0 eV ang3(d) =-50.0 ~-80.0 eV.

For large Ag (n=7, 8, 9) clusters the first step calculations Therefore we chose four additional setsfoparameters
were not performed. Instead the locally stable geometries fdvesides the Zerner's parametersf@) =-1.0 and(d) =

the large clusters were obtained from the analyses of the firs7.94 eV, and performed five different calculations for each
step results for the small clusters,,Ana= 2-6). These stud- silver cluster. The additional sets aredf}) =-2.0 andg(d)

ies on small Ag clusters are not presented in the present arti--60.0 eV, iii) 3(s) = -2.0 ang3(d) = -80.0 eV, iv)3(s) =-5.0

cle. andf(d) = -60.0 eV, and vJj(s) = -5.0 and3(d) = -80.0 eV.

In the second step, that is, energy or geometry optimiza- The 8 parameters influence on the bond length of geome-
tion calculations, we adopted the semiempirical intermediatéry and sometimes convert one geometry into more stable
neglect of differential overlap (INDO/1) mettfdd® at the  geometry with different symmetry. However, the chang@ of
self-consistent field (SCF) level. The ZINDO program hasparameters does not alter the relative stabilities among vari-
two kinds of parameter sei., spectroscopic gammas for ous geometries, in general. We have not found any instance
energy and theoretical gammas for geometry. There exist nguch that an unstable geometry has lower energy than the
spectroscopic gammas reported for Ag atom, which meanstable structures when tiisparameters are changed within
that ClI calculations of single point energy are not possiblehe range we considered.
using ZINDO. Hence we have performed the SCF level Using the above five sets Bfparameters along with the
INDO calculations for Ag clusters. Zerner’s original set, we performed the geometry optimiza-

The details of calculations are as follows. The Ag atontion for starting geometries obtained from the graph theory.
has the ground state configuration df%s'(°Sy.,), therefore ~ From these initial calculations we obtain several structures
open-shell (odd number of Ag atoms in cluster) and closedwhich lie in local minima of energy hypersurface. For each
shell (even number of Ag atoms) electronic configurationsstructure the INDO energy calculations are performed to
are compatible. The stability of the different spin multiplici- find the structure having the lowest energy. After finding the
ties for a given cluster size has been investigated by compapewest energy structure, the INDO geometry optimization is
ing various searches (starting from different initial geometriesagain performed to determine the accurate structural geome-
which are associated with the different symmetries) with thery that lies in the global minimum,e., the equilibrium
number of atoms that define the cluster. The 11 electrons istructure of Ag Ag." and Ag™ (n=7, 8, 9). We focused
both of 41 and 5 orbitals are considered to be the valenceonly on the electronic ground state of each cluster.
electrons. The optimization of the interatomic distances and
angles was performed without any constraints on their varia- Results
tion. For the numerical method of optimization the Newton-

Raphson algorithm was used. Convergence to a stationaryFor Ag;, the selection of starting geometries is based on
point on the energy hypersurface is assumed when the maxaur previous unpublished studies omAg= 2-6) clusters as
mum component of the gradient is less thanlD™ har-  well as the studies of Bodat i -Koutgckt al?>2°Bonet it -
trees/bohr. Koutecky et al. have considered several possible structures-

The bond parameterg)(used in calculating resonance pentagonal bipyramid®§y), capped trigonal antiprisnts,),
integrals are characteristics of an atom, so they are chos@amd other structures. In addition to their choices, we consider
according to formulas that take into account of different elecmore similar structures. Our calculations indicate that planar
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Figure 1. SCF optimized geometries for Ageptamers.

or linear geometries are unstable. The six choices of oL

starting geometries are drawn in Figure 1.

For neutral Ag clusters, the original parameter set does
not distinguish one geometry from the other effectively. The

pentagonal bipyramid, Ag), is the most stable structure for
all parameter sets, which is in good agreementatitimitio
calculation by Bona § -Koutegket al?® The second most
stable structure is AfJl) for all parameter sets except the
original set, in which Aglll) is found to be slightly more
stable than Agll) by ~0.002 eV. In the case Bfparameters
with B(s) =-2.0 eV, Ag(lV) is more stable than Afll), but
Ag(1l1) is stabilized more than A¢lV) with the increase of
B(s) parameter. Both of A¢V) and Ag(VI) geometries
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Figure 2. SCF optimized geometries for Agctamers.

IX

though it has higher energy.

For Ags, the starting geometries for the octamers were
selected based on the studies by HBoba i -Koyteek
al.?®% and our current optimization results for the,fy=
2-7) clusters. The stable geometries we selected are shown
in Figure 2.

have higher energies than the others. In the parameter set ofThe Ag(V) geometry is the most stable structure in the

B(s) =-5.0 andB(d) = -80.0 eV, the AgVI) geometry is sta-

original parameter set, but in oth@rparameter sets the

bilized considerably, which means that this geometry is conAgs(ll) geometry is the most stable structure, where this

verted into more stable geometry of/Ap form.

The pentagonal bipyramidal geometry of/Af is the
most stable structure for @lparameter sets except the orig-
inal set, in which Ag(lll) is the most stable structure. As
Bonat it -Kouteck/ et al. reported, Ag(l) is more likely to
be in the global minimum rather than A@ll). Unlike the
neutral heptamers, the A@l) geometry has very high energy.
The second most stable structure is the*@¢) geometry
for all B parameters. The A{1V) geometry is no more sta-
ble than Ag'(lll) for the parameter sets ¢(s) =-2.0 eV,
which is less stabilized as the negatig@l) parameter
increases. The AYVI) geometry which is considerably

structure is converted into the similar form ofgfy The
Ags(l) geometry is theDyy structure which is a deformed
section offcc lattice. In case off(s) =-2.0 eV, Ag(ll) has

the same structure as £, but its Cy, structure is slightly
distorted from Ag(l) as increasing the negatiygs) value.
Therefore the most stable structure for the neutral octamers
is the Ag(l) geometry. The square antiprism ofsf) has
considerably higher energy than thes@gor Ags(V) geo-
metries. The second most stable structure is the pentagonal
bipyramid of Ag(lll) with a face capped atom. Among the
geometries of AgV), Ags(VI), and Ag(VIl), the Ags(V)

form is the most stable.

unstable in the other sets is stabilized greatly in the beta For the cationic Ag clusters, the most stable structure is

parameter set ¢8(s) =-5.0 and @) = -60.0 eV. the pentagonal bipyramid of Aglll) with a face capped
The anionic Ag cluster shows a tendency similar to the atom in most of parameter sets, which is in good agreement

neutral heptamers. Especially, the ordering of relative stabilwith ab initio calculation by Bona & -Koutegket al?® The

ities is in good agreement withb initio calculation by  Ags‘(ll) geometry is converted into AH{l) as increasing the

Bonac it -Koutecly et al. The most stable structure is the negativeB(s) value. Unlike the neutral case, fRestructure

pentagonal bipyramid, AJ1) and the Ag (Il) geometry is
the second most stable structure for flparameter sets
except for the original set. Like the neutral heptamers, Ag
(IV) is destabilized more than A@ll) with the increase of
B(s) parameter. To the contrary, the /AY¥1) geometry is
stabilized more than AQV) with the increase gB(s) para-
meter, which means that the Ag/1) form may exist even

of Ags'(V) has higher energy than the &g/1) geometry.

For the anionic Ag clusters, the lowest energy structure
changes as the parameters change. In the cagéss ©F2.0
eV, the capped pentagonal bipyramid otAll) is the most
stable structure, but this structure is destabilized more than
Ags (1) as theB(s) value increases. The A@VIl) geometry
is more stable than AgVI) in the parameter sets §{s) =
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-2.0 eV, but has higher energy thangA¥l) in the parame-
ter sets of3(s) =-5.0 eV. Comparing witlab initio calcula-
tion,?® the parameter set wi{s) = -5.0 andg(d) = -60.0 eV
gives the best agreement in relative stability. Therefore th
Ags (Il) geometry is the most stable structure, andThe
structure of Ag (V) has lower energy than AgVI) or Ags
(V.

For all the parameter sets used, the most stable structure
the Cy, structure of Ag(l), which is a pentagonal bipyramid
with two atoms capping two neighboring faces of the one
pyramid, as found inab initio calculation by Bonad -
Koutecky et al?® The Agy(ll) geometry is also the second
most stable structure for all the parameter sets. Ghe
structure of Ag(lll) is the most stable next to A@l) in all
parameter sets except tha{dé) = -2.0 and3(d) = -80.0 eV, v
in which Agy(lll) has higher energy than AY). So each
graph for theB parameter sets does not have similar ten-
dency to each other, which means that each structure is :
weakly bonded as to be affected easily. Especially for th
Agy(IX) structure, thegB parameters g8(s) = -5.0 and3(s) =
-60.0 eV stabilize this geometry to convert into more stable
geometry. TheC,, structure of Ag(VIII) is less stable than
the Agy(VIl) geometry Cs,), but is stabilized as the negative
beta values increase. From theo®d), Ago(IV), Age(V),
Age(XI), and Ag(XIl) geometries having the pentagonal
bipyramid, it is found that the A@ll) structure is easily
formed from the energy point of view.

From the relative stabilities of the optimized geometries
(Figure 3) for the cationic Af clusters, thé€€,, geometry of
Ago*(l) is the most stable structure and estructure of
Ago*(ll) is the second most stable as the neutral nonamer.
The third most stable structure is thesAll) geometry, but

X XI XII
Figure 3. SCF optimized geometries for fAgonamers.

Ag, {Ag,

Figure 4. The most stable geometries for the neutral and ionicAggand Ag clusters.
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the Ag"(V) in the parameter sets wifl(s) = -2.0 eV. The All charged heptamers have the pentagonal bipyramidal
Cay structure of Ag'(VII) is more stable than thBs, struc-  structure withDs, symmetry as an equilibrium structure. The
ture of Ag*(VI) in the case of3(s) = -2.0 andB3(d) = -60.0 interatomic distance between atom 1 and atom 7 decreases
eV, but is destabilized more as the beta values increase. Threthe order of anionic, neutral, and cationic heptamers. The
D4q structure of Ag'(IX) is highly unstable, but stabilized silver atom octamers have the structur®gfgeometry for
by being converted into the more stable structure with thdoth neutral and anionic clusters and€Ceofjeometry for cat-
same symmetry. ionic cluster, respectively, shown in Figure 4. All charged
The tendency of the relative stabilities for the anionig’ Ag nonamers have the equilibrium structure W@th symmetry,
clusters is similar to that of the cationic nonamers. In thewvhich is formed by a pentagonal bipyramid with two capped
original parameter set, the &gll) geometry is the most atoms.
stable structure. However in the other sets, thg (Ag Overall, the parameter set Bfs) = -5.0 andB(d) = -80.0
geometry is the most stable structure as the neutral and caV always gives the same geometry for the neutral and the
ionic nonamers. The A{lll) geometry is more stable than anionic systems. The cationic system has also the same
Agy (Il) in the B parameter set @(s) = -2.0 ang3(d) = -60.0  geometry except for the case of octamer. In all charged spe-
eV, but has higher energy with the increase of beta valuesies, silver clusters of up to 9 atoms have the same geometry,
The Agy (V1) geometry has lower energy than A/11) in but do not have the same symmetry all the time for all clus-

all the parameter sets except tha3d) = -2.0 andg(d) = ter sizes.

-60.0 eV. Unlike the neutral and cationic nonamers, the

geometries of Ag(X) and Ag (XI) have relatively lower Conclusions

energies. In the case Bfs) = -5.0 andB(d) = -80.0 eV, the

C; structure of Ag(X) is the fourth most stable structure. The equilibrium geometries of Adn=7, 8, 9) clusters

Figure 4 shows the most stable geometries for the Ag cludiave been determined using the intermediate neglect of dif-
ters studied and the detailed geometrical parameters aferential overlap (INDO/1) method with the parameter sets
listed in Table 1. Our INDO calculated structures are in goodietermined fromab initio theoretical calculations for Ag
agreement with thab initio results by Bona § -Koutegket  atom and Agdiatom. Since silver atom has many low-lying
al.>>% except for the Ag ion. This work does not produce states, silver clusters have also many geometries (in local
the more exact equilibrium structures for the silver clustergninima of energy). The number of locally stable geometries
thanab initio studies. However, it strongly suggests that theincreases significantly as cluster size increases. Hence in
computationally simple semiempirical theories like INDO order to find the most stable structure of global minimum, it
might be helpful in investigating the transition metal systemss best to choose an initial geometry nearest to the global
when the parameters are carefully chosen. minimum structure. So it is needed to consider all possible

Table 1. Equilibrium geometrical structures of Ag clustarss the bond length in A, a is the bond angle in degreesl @the dihedral
angle in degrees. The numbers in parenthesis indicate the atoms as shown in Figure 4

Ag7 Ag ra Ag 7 Ags Ag R Ag s Agg Ag o Ag 9

Dsn Dsn Dsn Dzg D2d Cs Co Co Co
r(1,2) 2.78 2.80 2.77 r(1,5) 2.82 2.75 r(1,2) 279 r(1,2) 2.82 2.82 2.82
r(1,3) 2.78 2.80 277 r(4,7) 2.82 2.75 r(1,3) 279 r(1,3) 2.76 2.76 2.76
r(1,4) 2.78 2.80 277 r(2,3) 2.74 2.75 r(1,5) 2.82 r(1,8) 2.93 291 2.95
r(1,5) 2.78 2.80 2.77 r(3,6) 2.74 2.75 r(1,8) 2.77 r(3,4) 2.84 2.84 2.84
r(1,6) 2.78 2.80 2.77 r(6,8) 2.74 2.75 r(2,3) 2.83 r(6,8) 2.78 2.81 2.76
r(2,3) 2.79 2.83 2.76 r(8,2) 2.74 2.75 r(2,6) 2.80 r(2,7) 2.81 2.83 2.80
r(7,2) 2.78 2.80 277 r(1,2) 2.78 2.78 r(5,6) 2.83 r(5,9) 2.80 2.81 2.80
r(7,1) 2.90 2.87 2.93 r(5,6) 2.78 2.78 r(6,8) 2.79 r(8,9) 2.80 2.77 2.84
a(3,1,2) 60.2 60.6 59.8 r(5,8) 2.78 2.78 r(3,7) 279 a(3,1,4) 61.9 61.8 62.0
a4,1,2) 108.5 1095 1075 a(1,2,3) 60.5 60.5 r(4,7) 281 a(2,1,5) 106.6 107.6 105.5
a(5,1,2) 108.5 1095 1075 a(1,2,4) 120.0 119.3 r(6,7) 2.80 a(8,1,9) 57.1 56.8 57.5
a(6,1,2) 60.2 60.6 59.8 a(2,3,5) 99.3 98.2 a(2,1,3) 61.0 a(2,1,3) 60.5 61.0 60.1
a(7,2,1) 62.6 61.7 64.0 a(2,3,6) 80.1 80.7 a(2,1,4) 110.1 a(5,1,6) 60.5 61.0 60.1
d(1,2,3,4) 37.0 36.4 37.7 a(3,6,7) 99.3 98.2 a(1,6,5) 60.0 a(6,8,7) 61.3 60.6 62.1
d(1,3,4,5) 37.0 36.4 37.7 a(1,2,8) 60.5 60.5 a(1,3,7) 62.5 a(1,3,9) 63.8 62.92 64.6

d(1,237) 741 729 754 d(1234) 1682 1664 d(23,14) 1392 d(2,314) 1373 1380 136.6
d(1,347) 741 729 754 d(2135) 1217 1222 d(26,18) 1503 d(34,15) 137.3 1380 136.6
d3,158) 946 948 d(34,15) 1381 d@3941) 680 683 676

d3,21,8) 954 961 d(2,675) 1386 d(2895) 137.0 137.0 1375

d(3,6,47) 1217 1221 d(7.658) 142.8 d(6589) 140.8 140.7 140.8

d(4,1,9.8) 1429 1433 1424
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geometries as starting geometries for each size of cluster. We
have simplified this problem to an extent by using the

Hiickel graphs from graph theory. We obtained and studied®-

all simple graphs for Ag clusters of up to 6 atoms. For the
Agn (N=7, 8, 9) clusters, initial geometries were chosen
from the studies on smaller Agh = 2-6) clusters as well as
from the previous studies @b initio calculations. SCF
geometry optimization within INDO/1 was performed for |
each Huckel model of starting geometries. Through a series

of semiempirical calculations, we obtained the most stablg 3,

geometries for each cluster.

From the five tests (five parameter sets), generally wed4.

obtained the same global minimum structiuee, the equi-

librium geometry of a cluster. However, for some clusterslS.

different equilibrium geometries were obtained depending

on the choice of parameter set. The parameter sets with tHé-
17.

greater beta valueg,, B(s) = -5.0 and3(d) = -80.0 eV, gave
the most stable structures in better agreementakitimitio

calculations, which means thétorbitals play an important
role in forming silver atom clusters. For ionic clusters,’Ag

and Ag-, the INDO/1 calculations also have been per-19.

formed. Itis found that A and Ag™ have a similar equilib-
rium structure as the neutral Agusters.
From this work for Ag clusters, we have found a way of

extending and, consequently applying the semiempirical INDC1.-

method to the transition metal systems like silver whose

parameters are rarely found in the literatures. With the new?:

set of 3 parameters the structures of the larger Ag clustera3
will be investigated in the future.
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