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1. Introduction

Studies directed at understanding structural and electronic properties of silver clusters
have been and remain the subject of an active theoretical [1-22] and experimental [23-
38] effort. One of the reasons is the (still) important role these systems play in the
photographic process. Investigations of interactions of silver clusters with diffenmt
atoms and molecules are motivated primarily by a possible utility of these clusters in
catalytic processes. The important role of silver in the selective oxidation of ethylene
into ethylene oxide, the feedstock for polyester production, is well-known [39].
Possible variations in chemical reactivity with the cluster size and understanding of the
mechanisms of interactions with difi%nmtIigands may lead to new and more efficient
applications. Investigations of cluster-ligand systems also contribute a great deal to a
better understanding of gas-surface interactions. Accordingly, theoretical studies of
silver clusters and cluster-ligand systems [40-44] f~ into two categories - those that
use clusters as models for silver surfaces [40], and those that target clusters and cluster-
ligand interactions as subjects in their own right [41-44]. The common goal of all

) these studies is to elucidate the nature of the interatomic interactions and bonding at
the microscopic level and thereby arrive at a fundamental understanding and description
of the various stmctural and electronic properties.

Most experimental investigations of silver cluster-lig%d systems utilize
spectroscopic techniq~es [45-51]. These were applied to examine the potential energy
surfhce and disassociation dynamics of Ag2-NHt [47], the interaction of A& with
(C6H6)m,n=3-7, m=l-4 [48], and details of the structure and bonding of the Ag.C60,
n=l-4, complex [49]. Two recent studies use a combination of infiad
photodissociation and photoionization spectroscopes to examine the efkcts of
complexation of Agn, n=3-7, clusters with Cfiq and C2H40 molecules [50] and A%,
n=3-22, with CH30H [51].

The ground (2S) state of the Ag atom with a ~]4d*05sl electronic configuration is
well-separated (AE =3.75 eV [52]) from the frst excited (*D) state with a ~]4d95s2
configuration. The d orbitals, including the 4d ones, are much more localized than the
5s orbital(s) (the average orbital radius <3_>4d=().72 & whereas <r%,=l .94 ~ [52]).
Bonding in silver clusters is dominated by the 5s electrons, which suggests that they
may, at least in some respects, be similar to those of alkali metal clusters. In a number
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of theoretical studies of pure silver clusters the atoms were treated as effectively one-
electron systems [1,2, 13,16]. The influence of the 46 inner (“core”) electrons was
represented by an efilkctivecore potential (ECP). Structural and energy characteristics
we~ computed within the Hartree-Fock @F) and configuration interaction (CJj
frameworks. CI treatments with ECPS corresponding to smaller cores, a 36-electron (11
valence electrons) [5,6,9,1 1,12] and a 28-electron (19 valence electrons) [3,4,7,8], have
also been performed. These, however, are very computationally demanding and only
small sized symmetric clusters (n=2-6) of silver were studied and often the structures of
these clusters were obtained using highly constrained minimization. An additional
problem in these studies is that despite their greater rigor, the binding energies and
ionization potentials are systematically underestimated in CI calculations for silver
clusters.

An operationally more efficient way of including electron correlation effi is to
use the density functional theory (DFT). DFT studies of silver clusters were petiormed
within the local spin density (LSD) approach [1,2] and using non-local generalized
gradient approximations (GGA) [14,15,20]. DifXerentexchange-correlation functional
were utilized, and the computations were carried out not only with ECPS [1,2,20] but
also considering all the electrons explicitly [14,15]. A recent treatment [20] is based on
a distance dependent tight-binding Harniltonian, of the type used earlier for alkali metal
clusters, with parameters fitted to data obtained through DFT computations.

Theoretical investigations of silver-ligand complexes include interactions of Ag
atoms and small Agn, n<4, clusters with H, Cl, O, 02, OH [40], CJL [40,41], H2Q

CO [41], NH3 [41,47], (C6H5)4 [42], and C.5HC[43,44]. In Ref. 40, the A& cluster is
treated within the generalized valence bond (GVB) approach and is used to study
chemisorption of ligands on (110) and (111) surfaces of silver. Agz-L, L = C2H4, HzO,
CO, NHs, complexes were treated at HF and post-HF levels using modified coupled
pair fictional (MCPF) and second-order M.aller-Plesset (MP2) corrections [41]. The
interaction of a silver atom with a benzene molecule was treated within a complete
active space self-consistent field (CASSCF) approach [43]. DFT computations wem
performed to study interactions of Ag2 with NHs [47] and Ag4 with (C6HS)4[42]. The
subjects of these investigations are geometric characteristics and bond strengths of the

) cluster-ligand complexes. Unconstrained geometry optimization give silver-ligand
distances that range from 2.19 ~ in the Ag2-NHJ system [47] to 2.72 ~ in the A&-
CJL complex. The bond strengths vary from 0.53 eV in Ag2-NH3 [47] (the
experimental value is 0.64 eV) to 0.42 eV in Ag2-CZH4[41]. w

Notwithstanding the past efforts and progress, silver clusters and silver-ligand
systems remain a subject of continued interest and active research. One of the reasons
for this is that the qwintitative, and at times even the qualitative, characteristics arrived
at withii different approaches, all of which involve approximations, do not necessarily
agree. Since the implications, especially the quantitative ones, of the approximations
involved are often unknown or are difficult to assess, the robustness of the difi?en.mt
findings can be evaluated only through carrying out complementary studies. Those,
which can be expected to be of higher accuracy - and which are, as a rule,
computationally more demanding - are especially important and should be performed as
the progress in computational capabilities makes them feasible. Another goal of the
current theoretical studies is extensions to clusters of larger sizes and new cluster-ligand
systems.



Motivated by the mentioned considerations, we performed a series of DFT-based
investigations of bare Ag., nS8, clusters and of a variety of silver-ligand systems. The
latter include the AgjCZH4 complex and stoichiometric (AgX)n, X=Cl, Br, n=l-4,
clusters. Globally and locally stable geometric stmctures (isomers) of the clusters and
cluster-ligand complexes are obtained for the neutral and charged states of the species.
The properties computed include electronic characteristics such as binding energy (BE),
vertical and adiabatic ionization potential (1P, and 1P,), vertical (electron) detachment
energy (VDE), and adiabatic electron affiiity (EA). Charge distributions in the systems
are obtained using the Mulliken population analysis and are utilized to characterize the
nature of bonding.

Our study of the A&CZH4system is motivated by recent Miared photoionization
experiments on AgJCJIJm complexes [50], which indicate that the IP.s of the
complexes are systematically lower then those of the corresponding bare Agn clusters.
One of the interesting findings of our study is that the change in the 1P, caused by the
association of AS with CZJL can serve as indicator of the structure of the A&Cm
complex. Small silver-halide systems are the subject of only a limited number of
investigations. The only experimental work we are aware of is mass-spectrometric
measurements of the abundance of A~Br. clusters in the size range 2_Q<14, m_a [53].
Earlier theoretical studies aimed at bulk and surt%ceproperties of silver-halides, which
are of relevance in photographic processes, and therefore the clusters considered wrxe
either frozen in bulk-like structures or optimized to mimic surfhce reconstruction and/or
the effect of impurities [54-56]. In contras~ the focus of our studies is on geometric and
electronic properties of small stoichiometric silver-halide clusters per se.

The paper is organized as follows. The methodology and the computational details
are presented in the next section. The results are described and discussed in section 3,
which is subdivided into three subsections devoted, respectively, to bare silver
clusters, the Ag3Cfi complex, and the silver-halide systems: A summary is given in
section 4.

2. Methodology and Computational Details
i

Our investigations are carried out within the DFT framework using non-local exchange-
correlation functional as implemented in the Gaussian-94 package [57]. In general, the
results may and do depend on the particular choice of the functional and the details of
the description of the electrons. One may partition the electrons of an atom into the
“inner” (core) ones, $hich together with the nucleus are then represented by an ECP,
and the “outer” (valence) ones, the wave fimction of which is expanded in terms of a
chosen basis set. Alternatively, one may opt for an “all-electron treatment”, i.e.,
consider all the electrons explicitly. The results are, in general, also afkcted by the
choice of the ECP and of the basis set. In the absence of general guidelines as to the
best, or at least optimal, selection of the exchange-correlation functional (the number of
these continues to grow), ECP, and/or basis set, one would have to explore all the
possible combinations. This approach, however, would not only be inefficient (or even
impractical), but also could be not very meaningfid since the choice of an ECP and of a
basis set should be inherently consistent. Apart tlom the general issue of the
transferability of ECPs, use, for example, of a HF-based ECP in DFT computations is
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a ground for additional concern [58]. As a rule, for transition and noble metals, the
larger the size of an ECP the lower the degree of its transferability [59].

The fimctionals utilized in computations on bare silver clusters and the A~~~
system are those of Becke [60] for the exchange part and of Perdew-Wang [61] for the
correlation contribution (BPW91). Becke’s 3-parameter exchange functional [62]
coupled with Lee-Yang-Pan% correlation functional [63,64] (B3LYP) is used to treat
the silver-halide systems. For Ag. clusters and A~-CZHI system, a 28-electron core
([Ar]3d1~ of each silver atom is represented by a HF-based semi-relativistic efl%ctive
core potential [65] (to be mfd to as ECP 1), which is used in conjunction with a
contracted Gaussian basis set of the form (31111 1/22111/3111) for expansion of the
wave fbnction of the remaining 19 valence electrons. For (AgCl)n and (AgBr)n clusters
an alternate 28-electron core semi-relativistic ECP [66] (ECP2) is used on silver atoms
accompanied by contracted Gaussian basis set of the form (441/321/31) for the valence
electrons. Relativistic effkctscan be expected to be significant for large atoms such as
silver and calculations employing semi-relativistic ECPS partially include these effects.

The specific functional and ECPS and/or basis sets were chosen after considering
results for the structures and electronic characteristics for Ag, A& and A& using the
two 28-electron core ECPS [65,66] and basis sets mentioned, as well as an all-electron
DFT-based set of (633321/53211/531) contracted Gaussians [67] combined with
different fimctionals. The results of the test calculations using BPW91, B3LYP and
BP86 (Becke exchange [60] combined with Perdew correlation [68]) and diftlenmt
ECPs/basis sets are presented in Tables l% lb and lC together with experimental data.
Inspection of the table shows that the results obtained using the 28-electron-core ECPS
are comparable to those following fiorn the all-electron treatment, with the particular
combination of BPW91 used with ECP1 (and accompanying basis set) and B3LYP
used with ECP2 giving the best results.

TABLE la. Comparison of computed values of IP and
EA of Ag atom obtained using different combinations
of basis sets and fbnctionals.

I Approach I P (eV) I EA (eV) I

BPW91 7.99 1.3)
AHDSP-ECP$ B3LYP 7.95 1.38

L BP86 8.18 1.54

BPW91 6.83 1.44
HW-ECP* B3LYP 6.90 1.53

BP86 7.00 1.68

BPW91 7.38 1.00
All-electron+ B3LYP 7.37 0.92

BP86 7.55 1.15

I Experiment I 7.576 I 1.30 I
$Ref. [65], : Ref. [66],+Ref. [67]

—- . ..— —.
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TABLE lb. Comparison of results for the bond lengths and binding
energies for the silver dimer, using two different 28-electron core
ECPS and an all-electron basis. combined with dflerent fimctionals.

Approach r(A) co(cm-’) BE/n (eV)

BPW91 2.58 179.7 0.80
AHDSP-ECP$ B3LYP 2.60 174.1 0.75

BP86 2.57 182.8 0.86

BPW91 2.60 169.5 0.87
HW-ECP% B3LYP 2.62 163.6 0.86

BP86 2.59 172.9 0.94

BPW91 2.68 151.7 1.01
All-electron+ B3LYP 2.70 151.6 0.92

BP86 2.67 153.2 1.10

Experiment 2.48%
2.53s

192.4% 0.83%

6--...,.-. f- 0 ../.+.. . .. . . . . .- r.... ..-. . .. . .
- KCI. LO>J, “ KeI. LOOJ, ‘ KtX. LO/J, - KIX. LL4J, - K(X. L,Z?5J

TABLE lc. Comparison of results for the geometries and binding
energies for the silver trimer, using two dtierent 28-electron core
ECPS and an all-electron basis, combined with different fi.mctionals.

Approach r(A) e“ BE/n (eV)

BPW91 2.63 70.6 0.78
AHDSP-ECPQ B3LYP 2.67 141.1 0.72

BP86 2.63 70.6 0.84

BPW91 2.65 69.6 1.03
HW-ECP$ B3LYP 2.68 74.1 0.96

BP86 2.64 69.2 * 1.11

BPW91 2.75 74.5 0.99 -
A1l-elec~n+ B3LYP 2.77 113.2 0.88

BP86 2.74 73.9 1.09

Experiment 0.87%

6n-c ,Kc’1 ! m-c r,?E, t m-c ,K-1, Y. n-e r--,
lVS1. LOJJ, KU. LOOJ, IVC1. LO/J, KG1. LQJ

As could be expected, there me variation~ in these results, which depend not
only on whether or not the calculation uses an ECP but also on the choice of the
spe;ific functional used within the DFT framework. A noticeable trend in these results
is the consistently longer bond distances obtained in all the DFT approaches with the
all-electron basis, as compared with those obtained using semi-relativistic ECPS. All-

. ..————--- ,.. .. . .. .. . .. .. . . .. . .... .. . . . . .. . . . . .



electron Gaussian basis fictions are used for all the other atoms – Dunning double
zeta [69] with a polarization fimction - (6111/41/1) basis for C, (31/1) basis for H (to
describe ethylene), (53 1111/421/1) basis for Cl and (63311/5311/411) basis for Br.

Extensive searches performed for stable (globally or locally) structural forms fix
all the systems (Agn clusters, Ag3-C2Hq,(AgCl)n and (A@r)J resulted in the isomers
described in this paper. While the searches wem exhaustive, there is no guarantee that
all the equilibrium structures of these systems were found. The opthnizations used =
standard gradient-based [70] techniques. Both symmetric and asymmetric initial
configurations wem used as inputs in the search procedure and complete optimization
(no symmetry constraints imposed) of all degrees of freedom was performed. A normal
mode analysis was carried out for each of the resulting stationary configurations to
separate the true equilibrium. structures from those representing saddle-points on the
corresponding potential energy surfaces. Results for the stable structural forms of the
clusters and cluster-ligand systems are given in the next section. The properties
investigated are the geometries and binding energies (BE) of the clusters and
complexes, their vertical and adiabatic ionization potentials (IP, and 1P,), and for the
case of pure silver clusters, the vertical (electron) detachment energy (VDE) and
adiabatic electron atlinhy (EAJ as well. The binding energy of the isomers of the
clusters are calculated as

BE [AgJ = nE[Ag] - E[Ag.],

BE [A~~ = (n-1) E[Ag] + E [Ag~ - E[A&’J
(1)

BE [Agn~ = (n-1) E[Ag] + E [Ag~ - E[A~~,

where nE[Ag] is the ener~ of n non-interacting Ag atoms, and E[AgJ the total ene~
of the Agn cluster in the equilibrium configuration of the isomer under consideration.
The computation of the binding energies of isomers of A& ions follows a similar
analogy. Alternatively, the binding energies of the cationic and anionic clusters can be
calculated in terms of the adiabatic ionization potentials and electron affinities, as

>
BE [Ag;] = IPIAg] - IP,[Agn] + BE[Agn],

(2)
BE [Agn~ = BE[Agn] + EAJAgn] - EA[Ag~

where E denotes the$quilibrium total energy, IP - the atomic ionization potential, EA
- the atomic electron affinity. The II% are calculated as the diflemce between the
energies of the ground (electronic) states of the appropriate neutral and cationic species.
The difference between the energies of the neutral and anionic species, both fixed in the
equilibrium structure of the negatively charged cluster, gives the VDES of the cluster.
The EA,s are computed as a difl%nmcebetween the equilibrium energies of the ground
states of the neutral and the anionic species. The binding energy of the silver-molecule
complex is calculated with respect to the binding energies of the constituent entities
(silver tier and ethylene) as

BE [A@zHq] = E[AgiJ + E [CZH4]“-E[Ag3CzHq] (3)

. ...,. ., .,, ., .,,,. ,., .,, -. ,,,,, ,. :,,.-,,~ ,.,, .. .-,. ...i,,.-, ,,. -—--- .——— . . .. . .... ..,, .-:-,, . . .
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where E denotes the equilibrium total energy of the species within the brackets. In case
of the silver-halide clusters, the following expression is used to obtain the binding
energy per AgX pair

BE [(Agx)n] (per AgX pair)= {nE[Ag] + nE[X] - E[(&gX)J}h,x=c1orBr.(4

3. Results and Discussion

3.1 BARE SILVER CLUSTERS

The lowest energy isomers of the neutral, cationic and anionic Ag. clusters obtained in
our calculations are shown in Figs. 1,2 and 3 respectively.

3.1. I Agz, Agj+, Ag~
The dimer and tier are the most extensively studied silver clusters, theoretically as
well as experimentally, Our investigations on the ground state (1~ of the dimer give a
binding energy of 1.60 eV (0.80 eV/atom) and a bond length of 2.58 ~. The
experimentally [24] measured values for the binding energy and bond length of A& am
1.65t0.03 eV and 2.48 & respectively. A second study [28] using laser induced
fluorescence to examine the rotational states of A& infers a bond length of 2.53 ~.

The cation A%+ has an equilibrium bond distance of 2.75 ~ and a binding
energy of 1.68 eV, comparable to that of the neutral dimer. These results support the
conclusions of photoelectron spectroscopic experiments [27] that the binding energies
of Ag2 and A%+ have very similar values. The calculated vertical and adiabatic
ionization potentials (B?, and IP,) for the dimer are 7.98 eV and 7.92 eV respectively.
The experimental value of the vertical IF for the dimer is 7.56 eV [24]. Calculations
reveal that the anion A&-, with a binding energy of 1.40 eV and a bond length of 2.71
~ is less bound than either Ag2 or A&+. The experimental value for the binding energy
of Agz-is 1.37A0.16 eV [27]. Both ions have longer bond lengths than the neutral A~
cluster. The calculated vertical detachment ener~ of 1.15 eV is in reasonable

b agreement with the experimental value of 1.06*0.02 eV [27]. The calculated adiabatic
electron affinity for the drier is 1.09 eV.

3.1.2 Ag~,Agj+, Ag;
AgJ is a Jahn-Teller distorted cluster. The stable ground state equilibrium geometry fix
the neutral A& trim% is an isosceles triangle of CZ, symmetry with sides of length
2.63 & and apex angle 70.6”. The calculated binding enerW for A& is 2.33 eV, as
compared with the experimental result [23] of 2.60 eV. Our results for the neutral
trimer agree with the majority of other studies [1-6,10,13,20], which find that the
global minimum for Ags is an “obtuse” (in this context having an apex angle larger
than 60°) isosceles triangle. However, there are differences between the optimal
structures obtained using various approaches owing to the flatness of the potential
energy surface of A& and the consequent difficulty in accurately locating the minimum.
Investigations using the Becke 3-parameter exchange combined with Lee, Yang and
Parr correlation fictional (B3LYP) and the ECP1+(31111 1/22111/3111) basis [65],
result in a “bent” (with an apex angle of 141.1°) structure for A& (see table lc). A bent
structure (apex angle of 113.2°) is also obtained when B3LYP is used in conjunction
with the all-electron basis set [67].

- --7-— —--.., ,,, ,, ,.. ., > f, .>,... .. .. ... ?.., ”,. d, ..,.,,. ,. ., - . ., -,. .,,.1>$ -. . . .. . , ..! .,.
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Figure 1. The lowest energy isomers for Agn clusters (2-8).
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Figure 2. The lowest energy isomers for A~+ clusters (2SnS8).

Silver ti”er shows interesting structural changes upon ionization. The cation
AgS+in the singlet ground state, is an equilateral triangle with sides of length 2.70 &
while the anion Agj- in the S=0 state has a linear geomehy with bond lengths of 2.66
~. Both ions, A&+ and Ag;, are more strongly bound than the neutral cluster, with
binding energies of 4.40 eV and 3.39 eV respectively, and indicate a definite Prefmce
for a closed shell structure. For Agj+, a Mulliken charge analysis reveals that the
excess positive charge is distributed equally overall the constituent Ag atoms for the

..-— —r. -
—.. . . . . . I. ..... . ,,
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Figure 3&The lowest energ isomers for A~- clusters (2~<8)~ “
.~.

equilateral triangle geometry of the cation, consistent with this conformation. A similar
charge analysis for A&- indicates that the excess negative charge is localized on the two
end atoms of the linear chain, equally consistent with the fhct that repulsion of the like
charges is minimized in a conformation that maximizes the distance between the two
end atoms. The calculated vertical ionization potential for A& is 6.08 eV, and the
adiabatic IP (corresponding to a rearrangement of atoms to an equilateral triangle in the
cation) is 0.16 eV lower at 5.92 eV. Experimental measurements of the vertical IP ibr
the silver trimer give 5.6 eV [30] and 6.0 eV (upper bound [29]), significantly smaller
than that of the dimer. We obtain a vertical detachment energy (VDE) of 2.37 eV h
the ground state linear structure of the silver tier comparable to the experimental

.... ... . .. -. ..... . . .. ,..
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value of 2.43*0.O 1 eV [27]. Our calculated adiabatic electron affinhy is 2.36 eV as
compared with the experimental estimate of 2.32 eV [27].

3.1.3 AgJ, Ag:, Ag;
The ground state equilibrium structure for the neutral silver tetrarner is a rhombus with
sides of length 2.75 & and a shorter diagonal distance of 2.62 ~. The calculated
binding energy is 4.16 eV for this isomer. There is a general agreement between all the
theoretical studies [1,6,9,1 1,13,15,20] on the neutral silver tetramer, that the rhombus
is the ground state equilibrium structure.

The lowest energy isomer of the positive ion is also a rhombus and with a
binding ener~ of 5.52 eV, is substantially more bound than the neutral species. The
calculated vertical ionization potential for the rhombus structure of A& is 6.65 eV,
which coincides with the measured [29] upper bound on the IP, of 6.65 eV for Agd.
The adiabatic ionization potential is not very different at 6.64 eV and is consistent with
the fact that there is little change in structure upon ionization of the neutral rhombus to
the rhombus structure of the cation.

Although our aim is to present only the lowest energy isomers of neutral,
cationic and anionic silver clusters in this paper it is worthwhile to make an exception
for cases where two (or more) isomers are very close in energy, as in the case of Ag~.
We fmd tsvo (energetically) close-lying isomers for the negatively charged tetramer - the
rhombus and a linear chain structure. The Iiiear structure is 0.0004 eV higher in
energy than the rhombus, and is degenerate for all practical considerations. The binding
energies of these two isomers are 4.56 eV. The third isomer of Agi is a Y-shaped
structure with a CZ, symmetry, and with a binding energy of 4.51 eV is only 0.05 eV
higher in energy than the two lower energy structures. This close proximity in energy
of all three isomers of Ag; has also been noted in previous all-electron DFT
calculations [14] on Agd-. In contrast, the HF/CI investigations [16] on this system
fmd an energy difference of 0.45 eV between the rhombus and the linear chain at the HF
level and AE=O.57 eV for the CI ener~ calculation on the HF optimized geometries.
The larger binding energy for the ionic species (as compared with the neutral) in the
case of the silver tier and tetramer has also been seen in previous studies [1,6,13] on
silver clusters. The calculated vertical detachment energy (VDE) for the rhombus is

8 1.79 eV, approximately 10% higher than the experimental result of 1.65*0.05 eV [27],
while the calculated adiabatic electron affity is 1.71 eV. All the equilibrium structures
obtained for the tetramer (neutral, anion and cation) are planar geometries.

3.1.4 Ag5, Ag5+,Ag;
The lowest energy ghome~ of the neutral Ags cluster is a planar W-shape structure,
similar to that found for Lis, Nas and CU5.While there are small differences in the bond
distances, there is a general agreement between our results and previous theoretical
investigations [9, 13, 15,20]. Recent Rarnan spectra experiments [38] on Ag5clusters
isolated in solid argon matrix find, by comparing their data to theoretical ftequency
calculations on this system, that the structure most consistent with the analysis of the
observed frequencies and their intensities is the planar trapezoidal (W-shape) form cf
Ags. The binding energy for this isomer is 5.71 eV. While the lowest ener~ geometry
associated with the ground state is still planar for the neutral Agn cluster at n=5, 3-
dimensional isomers do begin to emerge at n=5, as higher energy isomers for the
neutral pentamer, and as the lowest energy isomer for the cation.

--—---- -..—.,, ,, .,. . . ,. ... L ., ., - >.. .---Y?%??,! ,41. . t . . ..-. . - ,,% :-, . ...’=-.. .... . > 4.’.., . .
~—---- -— --
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The lowest energy structure of the cation in the singlet spin state is a 3-
dimensional one, made up of two non-planar triangular units in a DZdsymmetry. This
structure has a binding energy of 7.63 eV. The calculated vertical IP for Ags is 6.32 eV
- experimental results are 5.75 eV [30] and 6.35 eV (upper bound, [29]). The calculated
adiabatic IP is 6.08 eV.

The ground state of the anion has a planar W-shaped struclyre, with a binding
energy of 6.48 eV. The calculated vertical detachment energy for the lowest energy
geometry is 2.10 eV, while the experimental value [27] for Ags is 2.11+0.05 eV. The
calculated adiabatic electron affiiity is 2.08 eV.

3.1.5 Ag@Agd+,Ag;
There is considerable disagreement in literature about the ground state geometry of
neutral Age. Four independent theoretical studies have been carried out previously on
Ag.5.The f~st study, using CI calculations with a 36-electron core ECP [12] and a five-
fold symmetry imposed on the Ag6 structure, finds that the lowest energy isomer of the
hexarner is a pentagonal pyramid. A second investigation [13] uses an optimization at
the Hartree-Fock level with a 46-electron core (l-valence electron) ECP and finds two
isomers very close in enerW. One isomer is a pentagonal pyramid with the apex Ag
atom located very close to the plane of the pentagon and the other is a tetrahedral Cz,
structure, only 0.06 eV higher in energy. The tlequency analysis for these structures
was not considered very reliable for the flat potential energy suri%cesthat resulted. The
third study, a DFT calculation [15] with an all-electron basis, finds the lowest energg
geometry of Ag.5to be a planar trigonal structure, 0.15 eV lower in energy than the
pentagonal pyramid. A recent calculation [20] using a tight-binding Hamiltonian to
describe Agc also finds the planar structure as the lowest energy one, the other two
isomers found in this work are 0.18 eV higher in energy. Our results are similar to the
last two studies - we fmd that the lowest energy isomer is a planar trigonal one with a
binding energy of 7.86 eV. The pentagonal pyramid is 0.28 eV higher in energy than
the planar structure, indicating that the lowest energy isomer of neutral silver cluster
still has a planar geometry at n=6. In terms of the diffenmt calculations on the lowest
isomer of Age, all the Hartree-Fock and HF-based calculations predict that the lowest

* energy isomer structure of the neutral hexamer is 3-dimensional, while all the DFT and
DFT-based calculations predict a planar lowest energy structure.

The lowest energy geometry of the Ag6+ cation is a tripyranid with Czv
symmetry. The binding energy of the cation is significantly larger than that of the
neutral species, at 8.90 eV. The calculated vertical IP of Ag,5 is 7.19 eV and the
computed adiabatic @is 6.68 eV, as compared with the experimental upper bound of
7.15 eV [29] on the IP, of Age. For the anion, we find a planar CZ, lowest energy
structure similar to that of the neutral geometry. This isomer has a binding energy of
7.96 eV - only slightly larger than that of the neutral cluster. A tripyramid structure,
similar to that of the cation, emerges as the next higher enera structure, fairly close in
energy with AE=O.1 eV. Other groups [8,13,14] find that the tripyramid structure is the
lowest energy isomer of the anion. In fat< the ordering we obtain for the isomers of
Ag; is opposite to that obtained in the all-electron DFT [14] study of this system,
which finds that the planar structure is 0.06 eV higher in energy than the tripyramid
isomer. HF/CI ECP calculations [16] on this system also find the tripyramid structure
to be energetically more favorable. Although our calculations favor the planar structure
over the tripyramid structure as the likely candidate for the lowest energy isomer, the 3-
d isomer appears to be more consistent with photoelectron spectroscopy measurements

- .-T -- q:-. . . . . . > ,,,. . . ,>. ,, ,,...i~, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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of the vertical detachment energies of Age-. The vertical detachment energy calculated
for the planar isomer is 1.48 eV substantially smaller than the observed experimental
value [27] of 2.06*0.05 eV - a notable exception to the even-odd alternation trend in
the variation of VDEs with cluster size. In fact, this experimental value is closer to our
calculated VDE of 2.20 eV for the higher energy tripyrarnid isomer. The calculated
adiabatic electron affinities for the two isomers mentioned are 1.41 eV and 1.59 eV
respectively.

3.1.6 Ag7, Ag7+,Ag;
The lowest energy structure of AgT is a pentagonal bipyramid. This result is in
agreement with the other theoretical studies [13,20] on this system. Hyperfine structure
calculations [21] also indicate a pentagonal bipymmid geometry for neutral AgT. The
binding energy of thk isomer is 9.22 eV. The lowest energy structure of the cation
shows the same packing as the neutral and has a binding energy of 11.28 eV. The
calculated vertical II?for the pentagonal bipyramid is 6.07 eV (the adiabatic l? is 5.94
eV) continuing the even-odd alternation trend in ionization potential.

We fmd that a tripyramid-type C, structure is the lowest energy isomer for the
anion, with a binding energy of 10.00 eV. The vertical detachment energy calculated
for this isomer is 2.43 eV. The experimentally measured [27] VDE for AgT is
2.55+0. 10 eV. However, the authors point out in their paper that the tail on the right
shoulder of the photoelectron spectra could be associated with a separate transition, in
which case, the vertical detachment energy could be approximately 2.3 eV-2.4 eV,
closer to our calculated value of 2.43 eV. The adiabatic EA obtained in our
investigations is 2.21 eV.

3.1.7 Ag,, Ag8+,Ag;
The silver octamer is remarkable in that all three species - neutral, cation and anion
have several isomers that lie very C1OSC?in energy. The lowest energy isomer of Ags is a
Td structure with a binding energy of 11.32 eV. A dodecahedron Dzd stic~e is only
0.06 eV higher in energy. The Hartree-Fock/CI studies [13] (using a 46-electron ECP)
on Ags fmd the Td structure to be the lowest energy structure at the Hartree-Fock level,
with the DZdstructure 0.11 eV higher in energy. However, in the same work, a CI

, calculation on the Hartree-Fock optimized geometries, revered this ordering rendering
a lower energy D2dWucture and a higher energy Td structure, with an energy dif&ence
of AE=0.08 eV. A recent work [20] that employs a tight-binding Hamiltonian finds the
D2disomer to be the lowest energy structure, however, it is nor clear whether the Td ‘
structure was investigated in this study.

The lowest eri&gy isomer for the cation is a C, structure closely related to the
highest (fourt@ energ isomer of neutral Ags. This observation is in agreement with
HF/CI calculations [13] on Ags+.The three isomers we have obtained for Ags+- the C.
structure, a Cz, structure at AE=O.05 eV, and another (dMerent geomehy) CW structure
at AE=O.08 eV - all lie within a very small energy range. We find a binding energy of
12.92 eV for the C, isomer of Ag8+,a vertical IP of 6.94 eV for the Td isomer of neutral
Ags. The adiabatic ionization potential corresponding to the change in structure fim
isomer 1 of neutral Ags (Td structure) to the Cz, structure (the third isomer of Ags+), is
found to be 6.48 eV.

We fmd that the lowest ener~ structure for the anion is a D2disomer, which has
a binding energy of 11.50 eV, comparable to that of the neutral cluster. The second
higher energy isomer for Ag; is a close lying double-capped CW structure with

- —--. --T?,-. . . . . . . . . . . . . ,.
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AE=O.02 eV. The third isomer is a C, structure with AE=O.06 eV. Our finding of three
isomers of Agg-that are very close in energ is in contrast to the HF/CI calculations on
this system, which find that these three isomers lie over a 0.3 eV energy range. The
calculated VDE for the Dti isomer is 1.70 eV. The experimental value [27] of the VDE
for the Ags cluster is 1.65+0.05 eV. Our calculated adiabatic electron affinity for the Da
isomer is 1.54 eV.

The structural and electronic characteristics (binding energies, ionization
potentials, vertical detachment energies and electron aflinhies) of the lowest energy
isomers for A% (2SnS8) clusters are given in table 2. The trends in binding energies,
ionization potentials and electron ai%nities are shown graphically in Fig. 4. The odd-
even trend of ionization energies and electron affinities with respect to cluster size fix
silver clusters is clearly apparent. The trends of the vertical and adiabatic ionization
potentials are similar. The larger ditlierences between vertical and adiabatic II%
correspond to cases where a large structural change occurs on ionization, e.g. in the
case of the pentamer and the hexarner, where there is a structural change from the planar
geometries of the neutral cluster, to the three-dimensional geometries of the cation. The
vertical detachment energies (VDE) and the electron affinities follow each other closely
except in the case of Ags, which has been discussed earlier.

TABLE 2. Electronic characteristics of the lowest energy isomers of A% clusters.

Cluster BWatom (eV) IPv (eV) IP. (eV) VDE (eV) EA (eV)

Calc.
‘g2 Expt.

0.80 7.98 7.92 1.15 1.09
0.825t 7.56* - 1.06*0.02S

Calc.
‘g3 Expt.

0.78 6.08 5.92 2.37 2.36
0.87” 6.0+ - 2.43ML01S 2.32s

Calc. 1.04
‘& Expt. -

6.65 6.64 1.79 1.71
6.65+ - 1.65*0.05S -

Calc. 1.14
‘gs Expt. - I 6.32 6.08 2.10 2.08

6.35* 2.11A0.05S -

Calc. I 1.31
‘g6 Expt. -

7.19 6.68 I 1.48>,Z.20
7.15* - 2.06A0.05$ I141:-159I

Calc.
‘g7 Expt. ‘~2 I :~:$I 5:4 2“43I 2~1I2.5553.1s

I 6.94 1-6.48 I 1.70
7.1O* I

I 1 , t

* Ref. [23],t Ref’ [24],$Ref. [27], $ Ref. [29]

There is some disagreement between our work and others [13,15] about whether
or not certain structures are minima or not. The root of this disparity lies in the I%ct
that the potential stim of silver clusters is very flat and some of the isomers of A&
clusters have very low frequencies associated with them. Although we have used a tine
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grid for the energy and frequency calculations in all our investigations, there is room ti
errors in frequency calculations using diffenmt fhnctionals and difFenmtECPS. Hence, a
structure thought to be a true minimum in one approach may not be so in another.
Indeed, this may be the case for Ag6+and Ag;, where we find that the planar trigonal
geometry for the Age+cation, and the pentagonal bipyramid for the Agi anion are each
characterized by small negative frequencies (less than 30 cm-*,despite being repeated fix
various distortions) whereas others [13, 15] fmd these structures to be minima.

.,

Figure 4. The behavior of the binding energies py atom, “
ionization potentials (vertical and adiabatic), vertical detachment
energies and electron affinities, as a function of cluster size.
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3.2 Ag3C2H4COMPLEX
.

We first present and discuss results of our investigations for the C!ZH4molecule. These
are followed by results for the cluster-ligand complex.

3.2.1 CZH, molecule
Our calculations for the C&L molecule, with double zeta basis sets for C and H, give a
C-C distance of 1.35 ~, C-H distances of 1.09 ~ and C-C-H angles of 121.6°. These
results compare well with the best estimates (1.3307 ~, 1.0809 ~ and 121.47”
respectively) obtained from high-level ab initio calibration studies [71] on this system.
Figure 5 gives the ground state geomehy of the C2H4molecule. The binding ener~ fm
the ethylene molecule is 24.40 eV compared with the experimental value [71,72] of
23.06 eV. The vertical ionization potential for ethylene is 10.44 eV, substantially
larger than that for the silver trimer. Calculations with a double zeta basis on C and a
6-31 lG-+F basis set on H give a binding energy of 24.30 eV and a vertical ionization
potential of 10.55 eV. The bond lengths and the bond angles remain essentially the
same.

b

Figure 5. The structure of C2H4.

3.2.2 AgBC,H,complex -R

The two stable isomers of the Ag3CJI.I complex obtained in our calculations ar6 shown
in Fig. 6. Both. isom~s of the AgqC2H4complex involve bonding with the Ag3 plane
perpendicular to the C&It plane, rather than the parallel-plane [73,74] or near parallel-
plane [75] conf@rations predicted for ethylene on silver surfaces. In fac~ extensive
searches for this configuration ruled out the possibility of an attractive interaction
between the cluster and the Iigand in this orientation. A possible explanation is that
the bonding in the Ags cluster is predominantly s-like, with a small hybridization cf
the s-orbitals with the 5px and 5pYorbitals that lie in the plane of the silver cluster. (In
this picture, the silver tier lies in the xy-plane, while the ethylene molecule is in the
yz- plane). The 5p. orbitals of silver do not hybridue significantly with the 4s orbitals.
As a result of this small sp-hybridization in the plane of cluster, the overlap of these
hybridized orbitals with the n-orbitals of ethylene is maximized in a side-on type
configuration, thus preferring thk to the parallel-plane configuration.

I,.7-. . ,,. . . . ... . . . .. . .. . .. . . . . . . . .... . .. . . . . .——.. .. .. . .
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In the lowest energy isomer (isomer 1) for A&C& the A& component of the
complex has an isosceles triangle structure with sides of length 2.67 ~ and an apex
angle of 62.5°. The apex silver atom is in turn bonded to the ethylene molecule, with
the Ag atom forming the apex of another isosceles triangle with the two carbon atoms,
with Ag-C dktances of 2.29 ~. The C-C bond length in ethylene increases from 1.35
~ to 1.39 ~ with a 12° out-of-plane distortion of the hydrogen atoms. There is little
change in the C-H bond lengths or the H-C-H bond angles. The bond-lengths and
bond angles of the A&CJI.I complex are indicated in Fig. 6. The binding energy of the
complex (as defined by Eq. 3) for this isomer is 0.82 eV. Zero-point vibrational
contributions are neglected in the calculation of the binding energy of the complex, wc
estimate that these effects contribute less than 0.02 eV to the energy. It is interesting to
note that the AgJ cluster maintains its isosceles triangle structure, with the two silver
atoms that form the base of the triangle moving closer to each other, so that there is a
net reduction in the apex angle. The vertical ionization potential for the A~CZH4
complex (calculated by constraining the cation to the equilibrium geometry of the
neutral complex) was found to be 5.72 eV. These results are summarized in table 3.
Since the IPv for ethylene is significantly larger than that for the silver cluster, the loss
of the electron takes place primarily from the silver cluster. This is also apparent tim
the Mulliien charges on the ditlerent atoms, which reveals that the loss of an electron
upon ionization takes place predominantly tlom the Ag atoms in the cluster. The
reduction in the vertical ionization potential for the silver trimer upon forming a
complex with ethylene is 0.36 eV for the lower energy isomer. This net reduction in
the vertical IP has been observed in photoionization- spectroscopy experiments [50] on
the AgnC2H.4(n=3-7) system. In particular, a net reduction of approximately 0.4 eV
occurs for the A&m complex, which agrees well with our theoretical calculations fir
this isomer. Results for the electronic characteristics of the two configurations of the
silver-ethylene complex are given in table 3.

Figure 6. The two kOIIM3rSfOr A&c2H4.
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The second (higher energy) isomer has the silver atoms forming an equilateml
triangle structure of sides of length 2.70 ~. The bonding in this structure is side-on,
with two Ag atoms bonded to the carbon atoms of the ethylene molecule, at Ag-C
distances of 2.35 ~. The structural change in ethylene is greater for this isomer- the C-
C bond length increases from 1.35 ~ to 1.42 ~ accompanied by a 28° out-of-plane
distortion of the hydrogen atoms. As in the fwst isomer, there is little change in the C-
H bond lengths or the H-C-H bond angles. The binding energy of the complex in the
higher energy configuration is 0.47 eV. The vertical ionization potential for isomer 2 is
6.24 eV, i.e. 0.16 eV larger than that for the pure silver trimer.

TABLE 3: Binding Energies and ionization potentials for the two isomers of
the Ag3Cd4j complex.

Isomer I BE (eV) II?, (eV) I II?.(eV) I

I Lowest Energy Isomer I 0.82 I 5.72 I 5.62 I

Higher Energy Isomer 0.47
I

6.24 I 5.26 I

A graphical representation of the higher ener~ levels for the non-interacting Ag
cluster and ethylene molecule as well as the two isomers of the silver-ethylene complex
is given in Fig. 7. A comparison of the highest occupied molecular orbital (HOMO) in
the two isomers with the HOMO for bare Ags, reveals that the HOMO in the case of
isomer 1 is higher in energy while the HOMO in the case of isomer 2 is lower in
energy with regard to AgJ. A direct application of Koopman’s theorem for the silver
component leads to a lowering in the vertical ionization potential of 0.32 eV in the
case of isomer 1 of the complex (as compared with the bare silver cluster) and an
increase in the IP. of 0.04 eV in the case of isomer 2. These results are consistent with

) those obtained from our (more rigorous) calculations for the vertical IP. A comparison
of the shift in the molecular orbital energies between the isolated species and the
isomers of the cluster-molecule complex shows small shifts in the energies of the inner
orbitals, an indication that the charge transfer in the complex is shall.

We also examine the magnitude of the charge transfer that occurs in this” system
as measured indirectl~ through Mulliken charges as well as the net dipole moment of
the complex. While neither in itself is an exact measure of the charge transfer taking
place in the system [76], we use a comparison of the two properties for each of the two
isomers as a tool to estimate the magnitude of the charge transfer occurring in this
system. The Mulliken charge for the lowest energy isomer for the silver-ethylene
complex shows a small, negative charge of 0.02 on the cluster. It also has a net dipole
moment of 2.35 D (1 au= 2.54 Debye) directed along the two-fold symmetry axis and
pointing from the Ag3 cluster towards the ~Hq molecule. This corresponds to a charge
transfer of approximately 0.13 electrons (as compared with the 0.02 obtained fium
Mulliken charge analysis) in a point charge approximation where we use the distance
between the centers-of-mass of the ethylene molecule and that of the silver cluster as the
effwtive distance of separation. Mulliken populations for the second isomer show a
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small positive charge of 0.04 on the silver cluster. This isomer has a net dipole
moment of 1.21 D, pointing from the silver cluster to the ethylene, contrary to the
polarity obtained from the Mulliken charges. The effective charge corresponding to this
value of the dipole moment is 0.08 electrons, with the charge tmnsfer occurring fi-om
ethylene to the silver cluster. It should be noted that the effkctive distance of sepamtion
between the centers-of-mass is larger for isomer 1 (3.70 ~) than that for isomer 2 (3.04
@. We have also studied the effect of applying a small external electric field (0.01 au in
magnitude, directed along the cluster-molecule axis and pointing towards the cluster)
on the bond-lengths in the complex. While this does result in an increase in the charge
tmnsfer and a larger dipole moment (as could be expected), the overall change in the
intra-cluster and cluster-ligand distances is only about 1.50A,which also points [54] to
an overall small charge transfer.

Figure 7. A comparison of the highest occupied molecular orbital (HOMO)
for A&, w and the two isomers ofA&m. The HOMOS are denoted by
an asterisk.

R

An interesting~question that arises is the origin of the dill%nce between the
ionization potentials’ of the two isomers of the complex. This di&emwe can be
explained in terms of the bonding in the system. As mentioned, the bonding between
ethylene and the silver cluster is a covalent one with the in-plane sp-hybridized orbitals
of the Agl cluster overlapping with the n-orbitals of Cm. Additionally, there is a very
small mixing of the 5s orbitals with the 4d orbitals in the silver cluster. In the lower
energy isomer of the complex, the mixiig is that of the s orbhals with the d.2 orbitals
i.e. out of the plane of the silver cluster. In the higher energy isomer there is a slightly
larger mixing between the 5s orbitals and the dw as well as the d~.Y2orbitrds in the
plane of the silver cluster. The d orbitals are repulsive and their presence in the plane of
the cluster results in a smaller charge tmnsfer tlom the ethylene molecule to the silver
cluster for isomer 2 (the higher energy isomer of the complex). This explains the larger
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ionization potential for the second isomer as well as the larger bond lengths, as
compared with the lower energy isomer.

3.3 (AgX), CLUSTERS (X=C1, Br; nS4)

While silver clusters and silver-ligand systems have been investigated through a large
number of theoretical and experimental studies, there is disproportionately little
information available - experimental or theoretical - on silver-halide clusters. On the
other hand, bulk AgCl and AgBr (which are light-sensitive over a wide spectral range)
are fairly well-investigated systems because of their relevance to photography. Both
AgCl and AgBr we ionic solids whose structures are similar to that of sodium
chloride, with lattice constants of 5.55 ~ and 5.77 ~ respectively. Mass spectra
measurements [53] on non-stoichiometric Ag,Brm clusters find that the spectrum is
dominated by Ag.Brn.l+ clusters with peaks at n=5, 14, 23 and 32, indicating an
exceptional abundance of the clusters for these n values. (There is no data available fbr
AgCl clusters), While we will concentrate on stoichiometric (AgX). clusters in the
sections that follow, our results for (A~Br.)+ cations also explain the reason for the
dominance of the A&Brn.l+clusters in the mass spectra.

The geometries of the isomers of (AgCl)” and (AgBr)n clusters obtained in our
calculations are shown in Fig. 8 and Fig. 9 respectively.

3.3.1 AgCland AgBr
AgCl cluster. The diatomic AgCl has a silver-chlorine bond length of 2.36 ~. This is
substantially smaller than the d~tance of 2.78 ~ between the ions in bulk AgC1. The
experimental value [77] for the bond in the gas phase diatomic AgCl molecule is 2.28
~. Examination of the highest occupied molecular orbitals reveals covalent as well as
ionic contributions to this bond, with sigrd5cant overlap between the s-d hybridized
Ag orbitals and the p orbitals of Cl. A Mulliken charge analysis for AgCl gives an
effective charge of +0.5 on Ag and -0.5 on Cl for the diatom case. While Mulliken
charges are not reliable as tools to measure the absolute ionicity in these systems, they
are useful in analyzing the trends in bonding within a series of clusters. The calculated
binding ener~ of the AgCl pair is 3.08 eV as compared with the experimental [77] onei

of 3.40 eV. To put this value of the bond strength into perspective, it should be noted
that our calculated value for the binding energy of the Ag2 dimer is 1.60 eV. It is also
usefid to compare this value with the cohesive energy for bulk silver chloride. The
cohesive energy in ionic solids is usually expressed in terms of ion pairs. For bulk
AgCl this value is 9~7 eV/ion pair. We present all our results in terms of AgCl pairs
(the molecule rather than the ion pair). To obtain the binding energy per AgCl
molecule for bulk AgCl, we would need to subtract the J.P for the Ag atom from the
sum of the cohesive energy for AgCl and the electron aflinity for Cl. Using a value of
7.57 eV for the IF’of the Ag atom, and 3.62 eV for the electron affinity of Cl, we obtain
a binding energy per AgCl pair of 5.32 eV for bulk silver chloride. The vertical II? fdr
AgCl is 9.66 eV, and the adiabatic IT of 9.44 eV corresponds to a longer bond length
of 2.72 ~ in (AgCl)+.
AgBr cluster. The Ag-Br bond length and binding energy/AgBr pair obtained for the
diatom are 2.45 ~ and 2.90 eV respectively. These compare well with the experimental
results [77] of 2.39 ~ and 2.97 eV respectively. The bulk binding energy per AgBr
pair is 4.92 eV, given a cohesive energy of 9.12 eV/ion pair for silver bromide and
using a value of 3.37 eV for the electron affinity of Br. The bondhg in AgBr cluster is
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very similar to that in AgCl and a Mulliken charge analysis for this diatom gives
effective charges of Mt47 for the constituent entities. The calculated vertical IP for the
AgBr cluster is 9.29 eV, with the adiabatic 1P of 9.12 eV corresponding to a
rearrangement to an Ag-Br bond distance of 2.78 ~ in (AgBr)+.

3.3.2 (AgCJ),and (AgBr),
(AgC~j cluster. (AgCl)~ is a rhombus with Ag-Cl bond distances of 2.62 ~. The
shorter diagonal of the rhombus has two silver atoms at its ends separated by a distance
of 3.08 ~, This separation is significantly larger than typical Ag-Ag distances of 2.5 ~
to 2.8 ~ seen for pure silver clusters. The two Cl atoms in this cluster are 4.23 ~
apart. The binding energy of (AgCl)z is 4.08 eV/AgCI pair as compared with 3.08 eV
for the AgCl cluster. A Mulliken charge analysis for this cluster gives effective charges
of +0.38 on Ag and -0.38 on Cl. The vertical 1P for (AgCl)z is 9.24 eV. The geometry
of the cation (AgCl)z+is also a rhombus. The Ag-Cl distance of 2.67 ~ in the cation is
only marginally different from the neutral case but with a dramatic change in the Ag-Ag
and Cl-Cl distances. The two Ag atoms in the cation are 4.45 ~ apart and lie on the
longer diagonal of the rhombus (in the neutral, they formed the shorter side), while the
Cl atoms now lie on the shorter diagonal at 2.96 ~. The rearrangement energy
corresponding to this rather significant structural change is 0.4 eV - the diftknmce
between the vertical and adiabatic II%of this cluster.
(AgBr), cluster. The (AgBr)z cluster is also a rhombus with Ag-Br bond length of 2.69
~. The binding ener~ per AgBr pair for (AgBr~ is 3.97 eV. The shorter diagonal of
the rhombus has two silver atoms at its ends at 2.99 ~ separation, while the Br atoms
are 4.46 ~ apart. The calculated vertical IP for the (AgBr)2 cluster is 9.34 eV and the
adiabatic IP is 0.44 eV lower at 8.90 eV. As in (AgC1)z, there is a reversal of the Ag-
Ag and Br-Br distances in the rhombus structure of the cation. Mulliken charges fbr
(AgBr)z also show a trend similar to that of the silver chloride cluster with efikctive
charges of +0.31 and -0.31 on Ag and Br respectively.

3.3.3 (AgC~, and (AgBr)~
(AgC/), cluster. The (AgCl)~ cluster is a planar ring shaped structure. The inner silver

, atoms are arranged in the form of an isosceles triangle, but it should be noted that the
Ag-Ag distances for this triangular armngement are 3.34 ~ and 3.56 & and are not
representative of Ag-Ag bonding. Cl atoms are outside of this triangular core with Ag-
C1distances of 2.53 ~ and 2.55 ~. The binding energy per AgCl>pair for this cluster is
4.48 eV, continuing the upward trend in this quantity with increasing cluster size. The “
charge analysis for this cluster gives avemge Mulliken charges (this structure has
inequivalent atoms) of +0.33 for the Ag atoms, and -0.33 for Cl atoms. The vertical
ionization enerfg of (AgCl)s is 9.81 eV. There is little change in the interatomic
separation of Ag and Cl in the cation, the overall ring geometry of the neutral cluster is
unchanged upon ionization. However, the Ag atoms in the cation are fkr from bonding
distances of each other, with average Ag-Ag distances of 4.02 & The adiabatic IP h
the cluster is 8.86 eV, corresponding to a rearrangement energy of 0.39 eV.
(AgBr), cluster. The structure of (AgBr)s is also a planar ring structure - similar to that
of (AgCl)s, the only diffenmce in this case is that the three Ag atoms form a smaller
equilateral triangle core with Ag-Ag distances of 3.28 ~. Br atoms are outside this Ag
core with Ag-Br distances of 2.60 ~. The binding energy per AgBr pair for this cluster
is 4.39 eV. The Mulliken charges for this cluster are +0.27 for the Ag atoms, and -0.27
for Br atoms. The vertical ionization energy for (AgBr)s is 9.64 eV. The cation also
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has a ring shaped packing, and there is little change in the Ag-Br distances on
ionization. Unlike the case of the (AgCl)J cation, the change in the Ag-Ag distances on
ionization is less dramatic, and the adiabatic IP for the cluster is only 0.16 eV smaller
than the vertical II?.

Figure 8. The isomers of (AgCl)n clusters (K&l).
R

>
3.3.4 (AgCl)j and ~AgBr),
For each of the sizes of (AgX)n clusters described so f%, only one isomer emerged as a
stable isomer despite conducting several gradient-based searches for optimal
geometries, starting with different symmetric and non-symmetric config.umtions. While
we do not claim jhat no other isomers exist for the smaller clusters, our searches
(though extensive) have been unsuccessfid in obtaining other structures. For the n=4
clusters however, we fmd two isomers both of which are 3-dimensional.
(AgC~, cluster. The two isomers we obtain for (AgCl), lie 0.6 eV apart in ener~. The
lower energy isomer can be visualized as a distorted cube-liie structure. The Ag-Cl
distances in this isomer are 2.74 & while the four Ag atoms are 3.42 A apart. This
isomer has a BE/pair of 4.64 eV. The second isomer of (AgCl)d is a 3-dimensional
capped relative of the ring-shaped two dimensional (AgCl)J one. This isomer has a
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binding ener@AgC1 pair of 4.49 eV, comparable to the BE/pair of 4.48 eV ibr
(AgCl)3. The Mulliken charges obtained are +0.23 for Ag and -0.23 for Cl in isomer 1,
and +0,30 to +0.36 for Ag and -0.28 to -0.32 for Cl in isomer 2. The vertical IP
calculated for the (AgBr)q clusters are 9.00 eV and 8.96 eV for isomers 1 and 2
respectively, and the adiabatic IPs are 8.86 eV and 8.71 eV respectively. There is little
change between the neutral and cation geometries upon ionization.

b

Figure 9. The isomers of (AgBr)n clusters (l&4). .
.+~

(AgBr), cluster. The two isomem of (AgBr)q once again follow a pattern similar to that
of (AgCl)q, with some noteworthy differences. The lowest energy isomer is once again
a distorted cube-like structure, the distortion is more pronounced in the case of (AgBr)l
than for (AgCl)q. Second, the Ag-Br bond lengths in (AgBr)q are 2.82 ~ and the Ag-
Ag bond lengths are 3.25 ~. The diflenmce between the bond distances of these two
species is less pronounced than in (AgCl).4and while a Ag-Ag distance of 3.25 ~ does
not necessarily promote strong metal-metal bonds, this type of bonding is certainly of
more significance in (AgBr)q as compared with (AgCl)q. The BE/pair for this isomer is
4.51 eV, with calculated Mulliken charges of +0.21 for Ag and -0.21 for Br. The
second isomer is 0.52 eV higher in energy, and has a structure related to the planar
structure of (AgBr)s and has a BE/pair of 4.38 eV. The effkctivecharges of Ag and Br
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for this isomer range tlom +0.22 to +0.26 for Ag, to -0.2 to -0.27 for Br. We obtain
vertical IPs of 9.17 eV and 9.04 eV, and adiabatic IPs of 9.02 and 8.88 eV for the first
and second isomers of (AgBr)q respectively. There is little change in the structure of
either of the isomers on ionization, consistent with the fact that the rearrangement
energies in the two cases are 0.15 eV and 0.16 eV respectively.

3.3.5 (Ag.Br..J+mars spectra
Last, we examine the Iiiely reason for the dominance of (A~Br..l)+ clusters in the mass
spectra of non-stoichiometric Ag”Brmclusters [53] in terms of the ener~ required to
detach a Br from the rest of the cluster, once the cluster is ionized. We study the series
of (AgBr).+ clusters (ns.3), and calculate the energy required to detach a Br atom iium
each of these clusters. We find that while the energy required to detach a Br atom from
neutral (AgBr)z is 4.1 eV, only 1.0 eV is required to disassociate (AgBr)2+into Ag2Br
and Br figments. Our results for the detachment energy of a single Br atom from the
(AgBr)~series are summarized below.

(AgBr)2° + (Ag2Br)++ Bq AE= 1.0 eV

(AgBr)~ + (A&Br,)+ -I-BE AE= 0.96 eV

(AgBr)i + (Ag4Brq)++ BG AE= 0.84 eV

This low detachment energy for Br (tlom the stoichiometric ionized cluster) is
consistent with observations of (A~Brn.l)+ dominated mass spectra for Ag.Br~ clusters,
and our calculations on (Ag.Cln.l)+ indicate a similar behavior for other silver-halide
clusters as well.

Key features of the structural and electronic characteristics of (AgX)n clusters m.
summarized in table 4.

TABLE 4. Calculated binding energies and effective charges for (AgX),
clusters. Average values of the Mulliken charges are given for clusters
with inequivalent atoms.

I 1 1 I I
Cluster BE/AgCl BE/AgBr MuWcen Charges (ev

( ev) (eV) -a

L Ag, Cl Ag, Br

AgX “i 3.08 2.90 0.50,-0.50 0.47,-0.47

(Am 4.08 3.97 0.38, -0.38 0.31,-0.31

(AgX), 4.48 4.39 -0.33,-0.33 -0.27,-0.27

(AgX)4 4.64, 4.49 4.51,4.38 -0.30>-0.30 -0.25,-0.25
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4. Summary

6

Bonding in silver clusters is dominated by the 5s electrons, accounting for a
preponderance of cluster structures similar to that of alkali metals, especially for the
lowest energy isomers. This, in part, explains the success that one valence electron
ECP based studies [1,13,16] have had in obtaining many of the lowest energy isomers
found in our study. The semi-core p and d-electrons do however have significant
hybridization effkctswhich can be important. Our investigations as well as those of
other groups show that the energy landscape of small Ag. clusters is rather flat.
Replacing the semi-core electrons with ECPS (ii the very large core ECP calculations)
causes a lack of directionality in binding due to the absence of the semi-core d-orbitals.
The difilcuky of accurately locating and characterizing minima (local and global) and
saddle-points on this flat potential energy is compounded when semi-core p and d
electrons are replaced with large core ECPS.

In the preceding sections we presented results of our investigations of the
interaction of silver trimer with an ethylene molecule. Two isomers were identified h
the Ag3C2H4complex, both of which involve bonding in an orientation where the
metal cluster plane is perpendicular to the plane of the ethylene molecule. The
preference for thk configuration is explained in terms of the overlap of the sp-hybridized
orbitals of the cluster with the morbitals of ethylene. The strength of the interaction
between the cluster and the molecule is significant, and the bonding between the silver
cluster and the ethylene molecule is predominantly covalent with binding energies of
0.82 eV and 0.47 eV for the two isomers. (It should be noted that the binding ene~
of the silver trimer is 2.33 eV or 0.78 eVlatom). We found a decrease of 0.37 eV in the
calculated vertical iontition potential (as compared with the pure silver cluster) for the
lower energy configuration of the A~CJ-L complex, which agrees well with
experimental observations on this system. We also find a small increase in the vertical
1P for the higher energy isomer and have explained this in terms of the details of the
bonding in the system.

Our calculations for stoichiometric (AgCl). and (AgBr)n clusters show that the
bonding in these clusters is strongly dominated by the Ag-X @=Cl, Br) interaction,

t with Ag-Ag distances larger in AgCl clusters than in AgBr clusters. We also find that
the bonding in (AgBr). clusters is less ionic than in (AgCl). clusters. There is evidence
of significant overlap between the s-d hybridized orbitals and the halide p orbitals,
indicative of some covalent contribution to the bonding. The isomers we obtain tbr .
(AgX)2 and (AgX)J are planar, and three-dmensional isomers make their appearance fbr
n=4 in these clust$rs with the beginning of cube-type structures. The binding
energylpair for the (A@)n clusters show a monotonic rise in the range studied reaching
85% of their bulk value by n=4. Finally, we explain the observed dominance of
(AgnBr..l)+clusters in the mass spectra of non-stoichiometric A~Br~ clusters in terms
of the energy required to detach a Br from the rest of the ionized cluster.
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