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Ab initio calculations in the framework of the density functional the@@FT) with 19-electron
pseudopotential on silver atoms are performed to study the lowest-energy isomers of silver bromide
clusters AgBrgf)(n$6, p=n, n—1). The stability, the structural and electronic properties of
neutral, and positively charged systems are examined. The B3LYP functional has been used. For the
smallest species, the DFT/B3LYP results are very close to those obtained with multireference
configuration interaction or coupled cluster methods. In,BYg_; clusters, the excess electron
density shows a picture intermediate between that observed in alkali halide clistwater or
localization on a pending alkali atgrand that suggesting partial delocalization on a dimer or trimer
silver subunit. Isomer stabilities, fragmentation energies, electric dipole moments, adiabatic and
vertical ionization potentials are calculated. The use of 11-electron pseudopotential on silver is
discussed. ©€2001 American Institute of Physic§DOI: 10.1063/1.1328396

I. INTRODUCTION Until very recently, no theoretical study was available to
o _ our knowledge on small free silver bromide clusters. In a
Small clusters often present significant physical andyrevious papet? we have reported aab initio configuration

chemical differences with respect to both the molecule anﬁinteraction(CI) study for small AgBrE)i) clusters (,p<2)

the pulk pha_se. The evolutlo.n of the propert|es.W|th Cl.USterin which we analyzed the structural and electronic properties
size is a major challenge which has become a field of inten- o - .
. . : L of neutral and ionic clusters explicitly treating 19 electrons
sive research both for experimentalists and theoreticians. on silver and 7 electrons on bromine. Unfortunately. compu-
Mixed clusters have been the object of recent interest. ' Y, P

Among them, alkali halides have received substantial experit-atlons of geometries or others properties uia initio Cl

mental and theoretical attention. Their ionic bonding characduantum chemical methods are hardly extensible to larger
ter has allowed the development of simple models to studygyStems, because of their power dependence with the number
the interaction between ions. In particular, the structural an@f electrons. To investigate larger clusters, one can try to
electronic properties of the stoichiometric,X}, systems as develop empirical models to describe the interactions be-
well as the nonstoichiometric MX,,_; have been investi- tween the constituting atoms. Model potentials were early
gated. It has been observed that the excess electron @eveloped to study solid state properties and surface defects.
M, X,-1 may either be localizetin an anion defect location, The range of validity and the limitations of additive pairwise
also known as the F-center, or on an extra alkali afan  potentials combined with the shell model were discussed.

semi-localized(in various defects such as corners, edgesFyrther works examined the improvements brought by the
steps, or irregular vacanciesr even widely delocalizeti: inclusion of three-body potentiaté-26
The ab initio study of ionic clusters involving noble

| o | imole b fth delet We have shown in our previowh initio work that, al-
metal atoms Is less simple because of the presendeigtc- though the stability of those small clusters could mainly be
trons, but it is also of significant interest. In particular, silver

. associated with electrostatic interactions, distortions were

bromide has been highly used for its optical properties i ) :
photography. Experimental investigations have shown thar}tqund from the geometries that could be expected with the

the growth of small silver clusters on AgBr microcrystals hasSMPlest pair-additive Coulomb ionic model. For instance,
a crucial role in the photosensitization procéskhe elec- A28l was calculated to be a rhombus and not a square.

tronic properties occurring with small silver microclusters Ad2Br” turned out to be bent and not linear. Such distorsions
have also been studied in solutidhd/arious theoretical are attributable to several, sometimes convergent causes. The
works ' have been concerned with the energetics and eledgnost straightforward contribution is that induced by polar-
tronic properties of small silver or mixed gold/silver clustersization forces. In the case of silver bromide, one may expect
adsorbed on surfaces and have discussed the role of size. significant distortions due to the inequivalent polarizabilies
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of the silver cation and of the bromine anion. Thus the po-and silver oxide clusters where the relationship between
larization forces tend to maximize the local electrostaticshape and electronic spectra was discu$$ét.

fields on the more polarizable ions, namely the bromine an- We summarize the results in Sec. IV and emphasize the
ions. This is a possible interpretation of the trend to bendinggeometrical and bonding features of the lowest isomers of
observed in AgBr, and AgBr*. However, other contribu- neutral and singly charged species. We examine the relation-
tions can also be invoked. One is the extra short-distancehip with the electronic structure and the nature of the orbit-
repulsion forces between the ions due to the Pauli principl@ls, with particular attention to electron localization in clus-
which usually scale according to the sizes of the ions. Fiters with one excess electron. The stabilities and
nally, another important contribution involves the amount offragmentation patterns are commented in light of recent ex-
charge transfer, namely the balance between purely ionic argerimental results. Comparison with the theoretical investi-
iono-covalent character. This latter balance is clearly relategations of the abovementioned authors is also given.

with the significant overlaps between thp 4tomic orbitals
of bromine and the 4 of silver. The results obtained for
Ag,Br") clusters withn,p=<2 should be extended to larger

_sizes in order to provide more thorough insight in the bond-  goth Ag and Br atoms were represented through relativ-
Ing. istic effective core pseudopotenti@ECP. In the small core

The development of Density Functional Thed@FT)  pseudopotentialSCP version, silver was considered an
calculations over the last few years has proved that DF'[A919+] core with 4, 4p, 4d, and S active electrorf@ as
methods may provide satisfactory results for a reasonablg, our previous work? In the large core pseudopotential
computational cost. They allow calculation of some proper{|.cp) version, an[Ag!'*] pseudopotentiat determined
ties, particularly the geometrical structures of large systemgom bothd%?! andd®s? situations was used. Bromine was
for which CI calculations are still too heavy. Very recently, described with a[Br’*] core with 4 and 4 active
this approach was used to study stoichiometric silver halid|ectron?* Calculations were achieved in the linear combi-
clusters. Zhanget al!” investigated neutral stoichiometric nation of atomic orbital$LCAO) scheme. For the small core
silver halide clusters witm=9 in the framework of all- pseudopotential calculation, the Gaussian basis set on silver
electron calculations and the B3P86 functional. While thewas &7p6d contracted into 65p3d. The influence of an
final energy of the proposed isomers was carried out wittextra f function, with exponent 1.3 from Ref. 25, was
extended basis sets, the search of the geometries only ighecked. For the large core pseudopotential calculation, a
volved rather small basis sets such as 3-21G on silver angs3p5d set contracted into2p3d was used. In both cases
3-21G" on bromine. Moreover, no account of relativistic ef- 3 5s6p1d contracted into 83pld was used on bromine.
fects was mentioned. In a review paper, Srinieaal '® pub- For all clusters the electronic calculations performed in
lished DFT/B3LYP calculations on neutrals and singly ion-the framework of the density functional theory used the
ized stoichiometric clustersn&4) using the 19-electron caussiangs packagé® and the hybrid B3LYP functional
pseudopotential of Hay and Wadiand a 33p2d basis set which involves Becke's three-parameter exchange
on silver. functional?’

In the present paper, we present a DFT study of the In order to complement the CI data corresponding to our
lowest-energy isomers of silver bromide clusters involvingprevious work and to allow for small core versus large core
both stoichiometric AgBr, and nonstoichiometric A@8r,_;  comparison within this framework, we have achieved for
clusters with an excess metal atom. Both neutral and singlgimers large core and small core coupled cluster calculations
ionized clusters are investigated. We have considered sizesing the version involving single and double substitutions
up ton=6. In order to derive reliable reference results we(CCSD and also the CCS{) approximation taking into
have performed DFT calculations with pseudopotentials inaccount the effect of triple substitutions. On trimers and tet-
volving 19 explicit electrons on silver and 7 electrons onramers we could only perform large core coupled cluster
bromine as in our previous CI study. Those pseudopotentialsalculations involving double excitations uniquelZCD).
include averaged relativistic effects which are relevant forThose large core calculations can be compared with small
bromine and silver. We also use large basis sets than in theore calculations using a multi-reference CI plus second-
previous investigations. Details of the calculations are intro-order Moller—Plesset perturbation scheme hereafter labeled
duced in Sec. II. In Sec. lll, we first compare on dimers,MRPT22instead of the coupled cluster scheme, too heavy to
trimers, and tetramers the ability of B3LYP/DFT calcula- be achieved with 19 electrons per silver atom.
tions to reproduce CI type calculations, namely the MRPT2  In all cases, the optimization process was carried out
results published previously and also new coupled clusteusing gradient algorithms starting in each case with sets of
type calculations which we provide in the present work. Weguessed isomer structures predetermined with an empirical
then perform DFT/B3LYP studies of properties for the largerelectronictpolarization model and also with structures al-
clusters including structures, stabilities, dissociation enerready known for alkali halide systef® *Cor other silver
gies, adiabatic and vertical ionization potentials, and staticomplexes® Moreover, systematic crossed searches were
electric dipole moments. We also examine the validity ofcarried out starting either from LCP or SCP geometries and
using pseudopotentials involving 11 explicit electrons only,also starting from geometries obtained for various charges
the 4s and 4p electrons being kept in the core. Such ap-and stoichiometries. All optimizations were carried on with-
proach was indeed used recently on small pure silver clustermut symmetry constraintsQ; symmetry group In the dis-

II. CALCULATIONS
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TABLE |. Equilibrium distancesi(, in a5) and dissociation energie®¢( in eV) of dimers. Two pseudopoten-
tials on silver are compared. The Gaussian atomic basis set includé$umetion on silver, except in B3LYP

calculations.
[Ag*®*] core [Ag***] core
Species MRPT2 CCSDT) B3LYP B3LYP* CCSOT) B3LYP B3LYP* Expt.
Ag, e 4.78 4.84 4.90 4.91 4.77 5.16 5.16 £78
D 1.96 1.64 1.54 1.52 1.50 1.25 1.23 166
AgBr e 4.58 4.58 4.61 4.62 4.70 4.83 4.84 452
De 2.67 2.72 2.63 2.61 2.77 2.74 2.71 2.1
AgBr* e 5.02 4.95 4.87 4.89 5.35 5.39 5.40 -
D 0.89 0.87 1.01 1.00 0.55 0.56 0.55 141
Br, e 4.42 4.38 4.40 4.40 4.81
De 2.01 1.71 1.92 1.92 1.99

®Reference 32.
PReference 33.
‘Reference 34.
dReference 35.

®Value of DJ: Ref. 34.
fEstimation ofDJ: Ref. 36.

cussion, we report the lowest isomers obtained using 19- aand almost no modification of the angleshanges less than
11-electron pseudopotentials. 0.05 eV, for the total energies. For>4, the calculations
The use of type functions to polarize theéshell of Ag"  were carried on without functions.
is in principle suitable, although it consequently burdens the
calculation. The role of polarization functions is known to be|||. RESULTS AND DISCUSSION
extremely important in Hartree—Fock plus CI calculations.
The omission of thd function yields an overestimation of
the CCSIYT) calculated equilibrium distances by 0.3 bohr on Table | lists the spectroscopic constants of dimers calcu-
Ad,, and 0.1 bohr on AgBr and AgBr respectively. The lated in the CCSDT) approximation and in the DFT/B3LYP
corresponding dissociation energies are underestimated heme either using large core or small core pseudopoten-
0.23 eV and 0.08 eV for Agand AgBr", respectively, while tials on Ag, as well as our previous MRPT2 results obtained
that of AgBr is overestimated by 0.05 eV. We present inwith small core pseudopotentials. The B3LYP calculations
Table | the CCSIT) results for dimers involving théfunc-  are in satisfactory agreement with the CG¥Por MRPT2
tion. It can be noticed that the use of function yields very  results, whatever the pseudopotential used, except for the
small changes in the DFT/B3LYP scheme, either using smakquilibrium distance of Agusing large core pseudopotential
core or large core pseudopotenti@discrepancies less than for which the discrepancy is 0.4 bohr. The main effects of
0.02 bohr for the equilibrium distances and 0.02 eV on thesmall core pseudopotential are to generally reduce the equi-
binding energies librium distance[systematic with BSLYP, an exception for
We have further checked for ABr(*) and Ag,Br";,  Ag, with CCSIO(T)], and to increase the dissociation energy,
with n=<4 the influence of using functions on Ag atoms. except for AgBr. The effect is particularly large on the
The detailed comparison of geometries is shown in Table IAgBr™ cation since the dissociation energy goes from about
for trimers and tetramers. Even for the largest clusters ( 0.55 eV using large core pseudopotential to about 1 eV with
=4), no significant change was found as concerns the gesmall core pseudopotential, significantly improving the poor
ometries(less than 0.02 bohr for the interatomic distancesagreement of the former with the experimental value of 1.41

A. Comparison between DFT and CI calculations

TABLE Il. C,, (or D,,) symmetry optimized geometries of trimers and tetramers clusiessthe Ag—Br

bonding distancéin bohi, « is the Ag/B\rAg angle(in deg. Two pseudopotentials on sliver are compared. The
Gaussian atomic set includes oihfunction on silver, except in B3LYPand CCD calculations.

[Ag*®*] core [Ag***] core

MRPT2 B3LYP B3LYP CCD CCD B3LYP B3LYP*

Species d a d a d a d el d a d a d a

Ag,Br 500 61.0 507 617 507 614 512 578 520 621 527 635 528 634
Ag.Br* 4.80 111.0 4.79 1116 4.79 1116 4.87 1216 4.98 1296 5.04 1279 5.04 128.0
Ag,Br, 5.10 69.2 500 656 501 654 505 692 514 711 520 716 520 713
Ag,Br; 4.97 802 489 826 490 827 524 1044 536 110.7 538 107.3 5.39 105.9
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TABLE Ill. Adiabatic ionization potential in eV of Ag, AgBr, A@r, and AgBr,. Two pseudopotentials on
silver are compared. The Gaussian atomic set includef éumection on silver, except in B3LYPand CCD
calculations.

[Ag*®*] core [Ag**] core

Species MRPT2 B3LYP B3LYP CCD Ccco B3LYP B3LYP* Expt.

Ag 7.16 7.97 7.97 6.67 6.40 6.92 6.92 758
AgBr 8.84 9.60 9.58 8.75 8.59 9.10 9.08 P26
Ag,Br 5.88 6.61 6.63 5.61 5.32 5.80 5.80
Ag,Br, 8.78 8.98 8.98 8.78 8.60 8.66 8.66

aReference 37.
PEstimation, Ref. 36.

eV. For the other diatomics involving silver, the B3LYP 19- B. Lowest-energy structures and isomers
electron results are in satisfactory agreement with the experi- Structures of larger clusters were only obtained within

men_lt_?]levaslgr?]sg ﬁoglz?sdt;gcreegg fvr\;;'esna:;’gl_c\)(b;a'gﬁg c(g:ncl?)r o ;[he DFT framework. Unless explicitly stated, we always start
ency . in the following by the structures obtained with SCP calcu-
MRPT2 results for a given pseudopotential can be also ob- .. .
) ations. However, we will also compare them to results ob-
served on the structural ground state of trimers and tetramers,. .
as illustrated in Table Il where the geometrical data are de-alned using LCP.
All the lowest SCP isomers of stoichiometric /A&y,

tailed. Ag,Br and AgBr* both have isosceles geometry in clusters up tan—6 are planar or nonplanar cyclésig. 1)
all the calculations and ABr, is a planar rhombus. The use b tn= P P yclesig. 5.
The lowest-energy structure of ABrs is quasi-triangular

of small core versus large core pseudopotentials does nr?bgh symmetry with the bromine at the apexes. Deviation

yield strong morphological change, mainly a shortening o . .

the bond distances, and a significant decrease of the apé'i?r,n the hexagpnal arrapgemen&\whmh are expected in pure

angle for AgBr*. In contrast, an important difference is Ionic systems, is large since the BrBIga_ngIes are 165 deg.

observed in the case of ABr;. Indeed the large core The AgBr bon_d Iengths are 4.81 bohr intermediate between
hthat in the diatomic moleculé4.62 bohy and those in

pseudopotential calculations all yield a bent rhombus wit o
the Ag—Ag diagonal longer than the Br—Br of@39 bohr Ag,Br, (5.01 bohy. A similar lowest-energy structure was

with B3LYP, 5.84 bohr with CCD and a deviation from found using LCP with slightly different angles (Brisg
planar situation resulting into a diedral angle around Br—Br@ndle of 152 deglonger AgBr distance$5.08 bohy. A sec-
of 17.7 degree with B3LYP, 17.7 degree with CCD. Oppo-Ond LCP isomeflabeled(b) in Fig. 1 and Table 1Y lying
sitely, the calculations with small core pseudopotentials yield-5° €V above the former was obtained. It was, however, not
a Br—Br distance7.36 bohr with B3LYP, 7.60 bohr with found stable using SCP. We have tried to start the optimiza-
MRPT2) larger than the Ag—Ag oné.47 bohr with B3LYP, tion with cubiclike geometries such as the bent or planar
6.40 bohr with MRPT2 In the LCP case, the electron is ladder, linear or quasi-linear geometries but those higher en-
removed from ao,-like molecular orbital localized on the €rgy starting guess structures always converged to the same
bromine dimer. This results into a quaai, unit stabilized lowest quasi-triangular one, whatever the pseudopotential
by the Ag™ cations, i.e., AGBr,Ag™ (the B3LYP equilib-  used. _ .
rium distance of isolatedr, is 5.61 bohy. In the SCP cal- Three stable isomers were obtained for,Bg. The
culation, the electron is still removed from the bromine at-lowest one(a) has a squarelike shape here also with the
oms, but which cannot any longer be considered as formin§romine at the apexes. It is significantly bent around a Br-Br
a dimer unit because of their separation. The situation cafiagonal with an diedral angle of 148 deG, symmetry.
rather be analyzed as Agr Y?Br Y?Ag™. In this latter =~ The BrAgBr side atoms are almost aligned and the AgBr
case, the g orbitals of bromine preferably interact with the bond lengths are 4.78 bohr, very close to those found in
4d shell of silver, rather than forming a bromine dimer an-AgsBrs. The Ag—Ag distances are 6.65 bohr and the
ion. The AgBr trimer has aD.., low lying isomer in the AgBFAg angles are 88 deg. A second ison{by with Cg
B3LYP calculations, 0.32 eV and 0.21 eV above the isoscesymmetry lies at 0.85 eV above the squarelike structure. It
les structure in SCP and LCP calculations, respectively. Theonsists of an AgBr tail folded above an 4By; (a) cluster
AgBr distances in this isomer are 4.91 b@dBICP and 5.14 and connected to one of the Br apexes. ThgBkgbasis is
bohr (LCP), respectively. slightly deformed with respect to the free cluster. The bond
Table 1ll shows that the adiabatic ionization potentialslength of the terminal AgBr tail fragment is 4.60 bohr, sig-
calculated with the B3LYP/DFT scheme are generally largenificantly shorter than the AgBr distances in the;Bg; basis
than the CI values. The SCP IPs are systematically largegplane (in the range 4.80—4.98 bohrThis BrAgBr tail is
than the LCP ones, the differences ranging from 0.3 eV foquasi-linear. The folding angig’2 deg is such that the clos-
Ag,Br, up to 0.8 eV for AgBr and 1 eV on the atomic est neighbor Ag—Ag distances are almost all eqta87
silver. In the SCP case, the MRPT2 and B3LYP valuesbohy. Finally aT4 symmetry isome(c) was obtained at 1.07
frame the experimental IPs available on Ag and AgBr. eV above the isomefa). It can be considered as a distorted
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Ag,ZBr2 @

(@)

Ag,Br
¢ FIG. 1. Optimal geometries of neutral
Ag,Br, clusters. The small white
spheres represent silver atoms, the

large dark spheres represent bromine

(a) () © atoms.
(a) ) © )
A B

(@) (b) © @

cube with the bromine atoms pointing outward. The AgBrAg.Br, and square Agr, units, actually deformed but re-
distances are 5.26 bohr. The Ag—Ag and Br—Br distances argjning the basic units connectivity. One characteristic ex-
5.94 bohr and 8.43 bohr, respectively. As foraBg;, no  ample is AgBrs (b) which is located 0.52 eV above structure
linear nor quasi-linear structure was found to be stable. Iso(a) and includes two deformed square cycle and one de-
mers (a) and (c) were also found stable using LCPs. Theformed triangle. Other remarkable examples argBkg ()
important difference is that the LCP’s isom@) is lower | . o0 AgBr dimer deposited on a square bags,(sym-
than isomer(a) by 0.31 eV. The AgBr distances are SyStem'metry) and AgBrg (b), 0.21 eV above isomefa) Uwhich
atically Ionge’r[5.05 for isomen'(a) and 5.42 bohr for isomer consists of two szperimposed twisted 4Bg; subur71its with

(c)] with LCP's than when using SCPs. rglobal D34 symmetry. Fom=5, only isomersa), (b), and

The trend that favors cyclic arrangements still applies fo _ - . i .
the larger sizes. The Iowe);t isomie ?or AgsBrs is aprl?on- (c) exist as stable minima when using LCP’s; that with the

planar distorted pentagon with Br apexes and BrAgBr sided?West energy is isomefc), below isomers@ and (b) by
having different AGBAg anglesrespectively, 89, 95, 99, 98, 0.44 and 0.68 eV, respectively. Fore=6, only |somer_s(a) _
and 92 deg around the cygleAll the AgBr bond distances and (b) are found to be stable, and the LCP order is again
were found strictly equal4.77 bohy. Similarly, AgBrg is a reversed(b)<(a) by 0.14 e\. An extra deformed parallepi-
nonplanar distorted hexagon with BrAgBr sides. It can padedic stable structure is foun@vhich does not exist with
considered as a trans-deformed complex of the hexagon r&CP and is degenerate with isomé).

taining the C5, symmetry. All of the AGBAg angles are From a practical point of view, computations of /&y,
identical (94 deg and such are the AgBr bond lengtf#s77  ionic clusters optimizations turned out to be more difficult
bohn. For bothn=5 andn=6, the higher isomers can be than those on neutral stoichiometric species. The chemical
viewed as grown around intricated building triangularbonding is no longer totally ionic and the presence of an
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TABLE IV. Symmetry and relative energigén eV) for neutral clusters 4.75. is very close to that of free e@ﬁ (112 deg for the

B3LYP optimized structures using two core pseudopotential on silver. A |’ d 4.79 bohr for the AaBr bond | Both i

dash means that the structure is not a minimum. an_g eand 4. : ohr for the AgBr bond lengtBo IS_OmerS
exist when using LCPs. However, the geometry of isotagr

Cluster Symmetry [Ag'**] [AgH*] is significantly changed since the Br atoms become as close
AGET, a D 0.00 0.00 as 5.40 bohr whereas the Ag—Ag distance is 8.60 bth, in-
Ag.B a Dap 0.00 0.00 verting the short and long diagonal of the rhombus with re-

b C,, - 0.55 spect to the SCP result.
Ag4Bry a Ca 0.00 0.31 The HOMO level of AgBr; is doubly degenerate and

2 (T:S 2'33 0.5 corresponds to an out-of-plane orbital wig symmetry.
AgsBr a Cdl 0.00 0.44 H_owe\_/er, anqther Ieve{hssoc_:iated with two in-plane’ or-

b o 0.52 0.68 bitals) is quasi-degenerate with the HOMO levdegeneracy

c Cs 0.75 0.00 within 10 * hartree. As a consequence, the removal of the

d Ca, 0.93 - electron induces a Jahn—Teller effect. The lowest-energy iso-
AdeBre 2 S3v 8'(2’2 8'(1)3 mer (a) corresponds to B4,— C,, symmetry lowering, sta-

c ij 028 B biIizing stateZ.Bz. The relayed geometrical configuration is

d Dan . 0.14 associated with a shortening of one Ag—Ag distafs<€0
Ag,Br a Ca 0.00 0.00 bohn and a increase of the othe(6.98 bohy. The AgBr

b Dan 0.31 0.21 lengths remain close to their value in the neutral cluster.
AgsBr2 S gZU 8'32 8'28 There is a second isomer 0.43 eV above the former with a
AgBrs a Co—Ce2 0.00 0.05 quite different topology. A peculiar feature is that it exhibits

b Co, 0.31 0.27 a short Br—Br distancég5.72 bohy comparable to that of

c Cs, 0.73 0.00 Br, (5.61 bohy. This latter structure is the lowest one when
AgsBr, a Cap 0.00 0.15 using LCPs.

b C,—Cy° 0.54 0.46

. Co 1.26 0.00 Whereas AgBr, was moderately deformed from a

d Ca, 157 0.15 square structure, ABr, is planar and ha®,, symmetry.

- — The HOMO of the neutral cluster is nondegenerate and the
“The structure of Agrs (a) has Cy, symmetry using th¢ Ag™] core  yamqgyg| of the electron increases the repulsion between the

eudopotential. With thpAg!'*] core pseudopotential, the symmetry i . : . . .
ES ucopotent ith theAg™] pseudopotent S Vs edge silver atoms which rationalizes the flattening of the

bThe structure of AgBr, (b) is planar using thgAg'**] core pseudopoten-  Cluster. The electronic state hdB,, symmetry. The next
tial (C,, symmetry. With the[Ag'®*] core pseudopotential, the geometry isomer (b) is 0.47 eV higher and ha®\” symmetry. It is
is not planar and the symmetry G . clearly related to the neutral isom@). The missing electron

is removed from the terminal bromine atom of the tail. This

results into a larger angle between the tail segment and the
open shell seems to make convergency of both SCF anplane(109 deg. Finally, isomer(c) results from a distortion
geometrical optimizations more tedious. Thus we have lim-of neutral isomer(c) due to a Jahn—Teller effect since the
ited our search for siza<4. HOMO of the latter is three-fold degenerate. The electron is

Up to that size, the removal of one electron essentiallremoved from two bromine atoms, and the corresponding

yields the lowest structures which resemble those of the neuhomboidal face almost transforms into a slightly bent
trals with various generally small deformatiofiSig. 2 and  square. The symmetry is lowered froly to C,, and the
Table V). The AgBr, case was already analyzed in our electronic state i$B,. This evolution is very similar to the
previous paper at the MRPT2 leVélAs quantitatively illus- ~ situation in AgBr, where, due to the unscreening, the
trated higher, the present B3LYP/DFT result is consistenBr—Br distance is shortened. Again the LCP calculation in
with the former. The cluster remains a rhombus with lengthwhich isomer(c) is the lowest fails to reproduce the correct
ening of the Ag—Ag distancé6.37 bohy with respect to the isomer order.
neutral clustel5.41 bohy, the electron being removed from We now discuss the singly charged nonstoichiometric
the b, ,HOMO which is essentially an antibonding combina- clusters AgBr,._; (Fig. 3 and Table Y. Comparison can be
tion of the 4p atomic orbitals of the bromine atoms along the made with previous calculations concerned with some alkali
Br—Br axis. This simulatenously reduces the antibondinchalides clusters, namely Na&'_,,?® Na,li_,, or
character between the bromine atoms as well as their ele€s,I_;.*°
trostatic repulsion. It also reduces the screening due to the Ag,Br* is an obtuse triangle with an apex angle of 112
HOMO between the silver atoms. Consequently, thedeg. As in our previous study,this structure differs from
AgBIAg angle opens from 65 to 83 deg. The AgBr bondthat of the MX ™ alkali halide trimer which has a line@..,
lengths are slightly reduced from 5.00 bohr to 4.90 bohr. Asymmetry. The larger polarizability of Brversus that of
second chainlike isomer is found lying 0.13 eV above theAg™ tends to bend the cluster in order to maximize the elec-
former. It is not linear C; symmetry, the terminal BrAg trostatic field on bromine. However, analysis of the two
segment having an AgBg angle of 109 deg. The electron highesta, orbitals shows a propension for three-body bond-
spin density is 0.83 on the terminal bromine showing thaing mixing involving the 4 orbitals of Br and the 4 orbit-
this cluster can be mainly described as (AgByABr. The als of Ag, mixing which is clearly favored by bending. Si-
geometry of (AgBrAg*, with AgBr distances of 4.80 and multaneously the @ orbitals pointing along theC, axis
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AgZBr; @Q@ i

(@) )

AgsBr;
FIG. 2. Optimal geometries of cationic ABr, clus-
ters. The small white spheres represent silver atoms, the
large dark spheres represent bromine atoms.

()
Ag4Br:
(@ (b) ©
screens the positive charges on the silver atoms. mine in the latter is essentially neutral and does not play a

Isomer(a) of AgsBr; is an alterant extension of the pre- strong role in the bonding. Isoméc) results from another
vious unit. We have checked the fully linear geometry and garent cluster, Agr, (c), in which one bromine ion was
W-shape chain where both terminal silver atoms are on theamoved from one th€,, axis. The AgBr distance linking
same side. None of them were found stable, converging (ane axis Ag atom to the three equivalent bromine is 5.58 bohr
ward geometry(@). The linear chain is a stable minimum \;qreaq the peripheric ones are 4.95 bohr. The peripheral
pnly W'th LCPs. .TWO ot_hers isomers were obtained, e BrAgBr angle is 111 deg instead of 107 in the parent cluster.
's a triangular bipyramidsymmetryCs,), the next onec) It is interesting to remark that the distance between the three

consists of an Ag atom appended to ABr,. It is not pla- . .
nar, the BrAg tail having an angle of 49 deg with the thom-/\d atoms around the defect is large52 hohy, which can

bus plane. Isomec) is the lowest one when using LCPs. We be. corre'lated vyith the apsence of the stabili.zing bromine
notice here a difference with the geometry of alkali halide@nion. Finally, isomer(d) is the next member in the serie
ions which often occur to b€, linear chains. In the case of including AgBr™ and AgBr, (a). It is again alternant, and
Cs;l5 , the bi-pyramid structuréb) is, however, degenerate the AgBIAg angles are further decreasé@d deg for the
with the linear chairf® center angle, 103 deg for the other anglegh respect to the

The lowest isomer of A@r; hasC,, symmetry and can smaller species. It is interesting to notice that this structure is
be obtained from cyclic Agr;(Dg) by substituting one  also a constituent linearized piece of cyclic fBgs(a) (the
edge by a slightly folded rhombus bridge. The AdBr  equivalent angles are 94 deghe Ag—Ag distances tend to
angle opposite to the bridge is 75 deg, the AgBrM anglegjecrease with size for the chaing7.93 bohr in
(where M is the middle of the AgAg bridgeare 76 deg. aq.Br* 7.62bohr in AgBr;, 5.73 for the central one and
Hence, the replacement of a single atom by a pair does NQ.65 bohr for the two others in ABr3). This reflects a col-
strongly distort the cycle and the AgBr distan¢és/9, 4.92, lecti . 3 .

ective effect along the axis containing the silver atoms, en-

and 5.13 starting 1_‘rom the Br atom opposite to the bridge hanced by the participation ofp4orbitals of bromine as
are close to those in tHes;, AgsBr; structure. The geometry di dab ‘ +(a). The Ad—Ad di is 6.96
of the bridging rhombus dugag=5.67 bohr, AgBAg iscussed above for ABr; (8). The Ag—Ag distance is 6.

—72deg is similar to that of AgBr, (5.41 bohr and 65 deg, bohr i_n the hexamer cycle. AII of these isomers for,Bg;
respectively. Isomer (b) results from parent A@r, (b) in do exist in the LCP calculations; the lowest one corresponds
which the tail Bf ion was removed. It is actually geometri- to structure(c).

cally extremely similar to structuréd) of Ag,Br, (the angle Only isomers(a), (b), and(c) were found stable in the

of the Ag" tail with the AgBr; plane is 114 deg The simi-  SCP calculations for Ar,. The lowest one is an open
larity of the two clusters is understandable since the tail brodiedral structure consisting of two ABr; subunits sharing
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Ag,Bg C@ g ( )

(@) (b) © (d)

o L

@ (b) (c)

Ag,Br

FIG. 3. Optimal geometries of cationic ABr,_, clus-
ters.

(d)

+
AgSBr4

@) ) ©

@ ©

an edge. The bond distances and the angles are very closette BrBr diagonal of the square is 121 deg. Structojehas
those of the isolated constituert s, =4.77, 4.95, and 4.97 C3, symmetry and results from the addition of a silver ion to
starting from the apex bromine and going to the central sil-Ty neutral cluster AgBry(c). In the LCP calculations, four
ver). The diedral angle is 100 deg which yields a separationsomers[(a), (c)—(e)] are almost degenerate within 0.3 eV,
of 7.41 bohr for the opposite silver atoms of the triangularthe lowest one being isoméd).

units. The in-plane Ag—Ag distances are 5.92 bohr and 6.11 Ag,Br,_; clusters were found to exhibit an electronic
bohr (the latter involving the axis atomTwo isomers are behavior essentially similar to that observed for alkali halide
located at 0.72 eV and 1.30 eV aboi. Isomer(b) hasCj clusters with one excess metal atom, in the sense that all
symmetry and results from the addition of anAign to the  external electron of the metallic site are mainly transferred to
Ag4Br, square which is distorted into a rhombus with thethe halogens except that of the extra silver atom. One is thus
Br—Br distances of 13.33 bohr in th@; plane versus 9.83 left with a so-called excess electron which occupies the
bohr for the transverse one. The angle of the"Agil with HOMO orbital. The localization of this excess electron in
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AgZBr
O—@—0
(a) (b)
Ag3Br2 &
(@ (®)
Ag Br
e FIG. 4. Optimal geometries of neutral
Ag,Br,_, clusters.
(a) (b)
AgSBr4 . : |
(@ (b)

various clusters, whose density contour plots are shown itrostatic stability. One can notice that the Ag—Ag distance is
Figs. 5 and 6, will be discussed hereafter. Before examiningignificantly shorter than the second neighbor Ag—Ag dis-
this point, one should mention that the actual geomefses  tances in regular cluster ABrs, for instance (5.28, instead
Fig. 4 and Table 1Y should turn out to differ significantly of 5.86,). The presence of the excess electron in;BYg
since the basic structures of stoichiometric \Bg, and  occurs to screen the Ag-Ag™ repulsion, accordingly short-
Ag,Br._, are very different from those of the equivalent ening the inter-silver distances. A second isoftigiis found
alkali halide system$?° with a relative energy above structu@ of 0.72 eV. It has
The lowest-energy isomer of ABr, is a planar penta- Cgsymmetry and consists of a silver atom nonsymmetrically
gon (a) in which the excess electron localization is interme-capping an AgBr, rhombus. This is one rare case where
diate between two situationé) the first one where the elec- SCPs and LCPs yield the same geometries and energetical
tron would replace the missing bromine with respect toorder. The structural LCP excitation energy is, however, half
AgsBr3; (ii) the second one where it would localize between(0.30 e\ that obtained with SCPs.
the two connected Ag atoms, forming an Adjke bond. The Ag,Br; isomers exhibit two variations for an extra
Thus one can only partially consider it as an F-center localsilver atom added to A@rs(a). In isomer(a) with Cg, sym-
ization. This is certainly due to the rather large strength ofmetry the extra silver atom lies on the axis above the trian-
the Agy bond and its balance in the cluster with purely elec-gular basis unit. The excess electron is essentially localized
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hexagonallike pattermsDue to the screening, the AgBr tail

occurs to be significantly longéb.97 bohy than the AgBr
N _ ///\§ lengths in the slighthC,, distorted AgBr; subunit(respec-
\Q@/ﬁ—@@}w tively, 4.85, 4.83, and 4.83 bohr starting from the tail bro-

- - mine atom. This distance can also be compared to the

AgBr @ AgBr v equivalent length(4.85 bohy in Ag,Br; (b). Finally, a third
isomer (c) is found 0.73 eV above structui@), which is
obviously related to th& 4 stoichiometric species ABr,(c)

//@a !@ or to the ioni_c speci_es_A@r;(c): Here again, the excess
Z . \ @D/ electron localization is intermediate, between that of a me-
& @0 = (.

e

= o8

N tallic three-center bond and that of an F-center situation

, @ where the electron would replace the missing bromine. The
S O inter-silver distance of the three Ag atom neighboring the
electron is 5.42 bohr, much smaller than the equivalent dis-
AgBr, @ Ag.Br, &) tance (7.52 bohy in Ag45r3+ (c), clearly illustrating the
screening role of the added electron. When LCPs are used,
L 7= isomer(c) is the lowest, whereas the next one energetically is
//@N @ isomer(a), 0.05 eV higher, and the highest one is isortiBr
\) J at 0.27 eV.

The lowest isomer of AgBr,(a) can be viewed as the

‘@ o PO addition of a silver atom on the axis of ABr,(a) and has
@ e O ’ thereforeC,, symmetry. Its distance with the four neighbor-
ing silver atoms is 5.55 bohr. The f8r, basis of this pyra-
AgBr. @ AgBr, ) AgBr, © mid is now almost planar. The AgBr distances in the square
473 473 473 are 4.83 bohr, instead of 4.78 bohr in the parent stoichio-

FIG. 5. Density contour plot of the excess electron orbital in,Byg_, metric cluster. The AgAgg angle In. the med.lan plane is
clusters fom=2, 3, and 4. 111 deg. The extra electron essentially localizes on the top

silver atom. As for AgBr;, a second isometh) with the

same parent is found with a side-appended silver atom. The
on the capping atom with very small tails on neighboring AgBr distance is rather long, 6.19 bohr, instead of 4.86 bohr
silver atoms of the triangular basis. In ison{éy, 0.31 eV in the similar ionic cluster AgBr, (b). The cluster is, how-
above the former, the extra atom is appended to a bromingver, not planar. The angle labeling the deviation from planar
apex and is the equivalent of the so-called alkali atom taikhape is 29 deg. The AgBr distances in the almost square
demonstrated in studies for alkali halide clustf$The ex-  unit, starting from the bromine tail atom, are 4.79 and 4.77

cess electron is completely localized on the Ag tail atombohr, respectively. The electron, as in the,Bg(b) cluster,
This is similar to what has been described elsewhere for Nepcalizes completely on the silver tail. Isom@ of AgsBr,

tail electronic localization in Nd&, 1, either in cubiclike or has C,, symmetry. It lies 1.26 eV above isoméa) and
consists of a silver atom capping one face of a distorted
Ag.Br, cube. The excess electron is essentially localized on
this extra Ag atom. The distances of the latter with the two
silver atoms of the face are 5.38 bohr, close to those between

s the three Ag atoms around the defect in,Bg(c). Finally, a
e fourth structurgd) was found withC5, symmetry formed by
an Ag tail attached to a distorted 48y, T4-like unit. This
AgBr, @ AgBr, ®) configuration, similar to the structural ground state of the

fluorine sodium cluster Ng&,,? lies here at rather high en-
ergy (1.57 eV) above isomefa). The length of the AgBr tall
is 5.61 bohr. When LCPs are used, the energetical ordering is

//
‘ ® ﬁ?mhp'ﬂe'%cfhaf}?eg an% oceurs toéb)a (@), and(d) 0.15 eV
=0 P igher, and finally(b) at 0.46 eV abovec).
i /1&7 Ce - - o
e
Vo C. Stabilities

The binding energy of stoichiometric ABr, clusters
can be defined with respect to the free "Agnd B ions,

AgBr, (© AgBr, (@ namely

. - . 1
FIG. 6. Density contour plot of the excess electron orbital inBg iso- S + -
s, Aq(n) n[ E(Ag,Br,)+nE(Ag™)+nE(Br7)].
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FIG. 7. Binding energy per ion in A@r, clustersA; as a function of size. FIG. 8. Binding energy per atom in ABr, , clustersA, as a function of

SB;YP (SCP: filled circle; B3LYP (LCP): cross; MRPT2from Ref. 12: 70 g3y vp(sCP: filled circle: B3LYP (LCP): cross; MRPTAfrom Ref.
’ 12): star.

This binding energy is reported in Fig. 7 together with the . L o
previous MRPT2 result® At all levels of approximation, markable point is that symmetric dissociation into two

the binding energy increases rather quickly umte3 and AgsBrs unit_s occurs to be the lowest channel with a weak
seems to show a slower increase as a function of size for ffagmentation energy of 0.42 V. One can furthermore stress
>3. No size appears to be particularly stable with respect t§1€ Particular stability of the Agrs cluster O.=2.30eV),

the neighboring ones, except=3 which would be favored 2&/Mmost as stable with respect to /&y,+AgBr than the
considering the second differencé ,(n+1)—2A,(n) dimer itself with respect to AgBr. For this family of clus-

+A;(n—1). This is much more prononced with SCPs. Theters, the use of LCPs yields a qualitatively equivalent order-

stability is larger with SCPs, apparently reaching 8.4 eV for"d Of the fragmentation channels with, however, an impor-

n=6 whereas the LCPs value is only 7.5 eV. One should@nt quantitative difference for the stability of A&r;, only

note that in each case, the curve has been determined usiffy 1-66 eV in the latter, a result correlated with a higher

the respective structural ground state isomers. The experiradmentation energy of ABre into two trimer units.
mental bulk value is 9.32 e%? The situation is much simpler in the case of neutral

We now discuss the stability properties of /85, ; Ag,,Br,,_ clusters for which evaporation of a single Ag atom

clusters. The binding energy per atom is hereafter defined &4Ways turns out to be the lowest chanfiel the range 0.3—
1.1 eV). The next fragmentation channels lie about 1 eV

Ay(n)= 1 higher. The lowest dissociation energy is reached fo/Bkg
2n—-1 (silver tail casg the largest one for A@r,. The LCP calcu-
lations provide a very similar picture, even quantitatively.

X [~ E(AgnBry-1) +nE(Ag)+(n—1)E(BN], Singly charged AgBr. clusters also display a rather
and is shown in Fig. 8. Both SCP and LCP results present aimple fragmentation scheme in which this time the evapo-
continuous increase as a function of the size between 1.0 anidtion of Br is energetically more favorabléragmentation
1.8 eV. Although the structural isomers are strongly differ-energies in the range 1-1.5 g\lhe ordering of the chan-
ent, both curves show a similar quantitative behavior. nels is the same using LCPs. One may, however, recall that

From the present calculated data, one can consider fraghe SCP fragmentation enerdgt eV) of AgBr* is about
mentation into a number of channels implying smaller sto-twice the LCP valug0.55 eVj.
ichiometric or nonstoichiometric clusters with one excess sil- ~ The fragmentation of Agr,_, clusters appears to be
ver atom. The corresponding fragmentation energies fomore contrasted. For ABr* and AgBr, fragmentation into
Ag,Br, or Ag,Br,_, and Ag,Br, or Ag,Br,_, are given in  neutral AgBr is the lowest channel. However, for the largest
Tables VI and VII, respectively. sizes investigated here, fragmentation into neutrajBhg

For neutral stoichiometric A@r, clusters, fragmenta- appears to be favored, by 0.1 eV in the case ofBg and
tion into AgBr is often one of the lowest channdla the 0.6 eV in the case of A@r,. This is certainly correlated
range 1.3—-1.6 el Nevertheless channels implying larger with the particular stability of AgBrs. Although we have not
fragment units such as ABr, or even AgBr; also lie at investigated larger clusters of this family, the present results
rather low energy. For instance, in &y, the two channels provide the ordering of the channels involved foresgg.
yielding AgBr and AgBr, are close, with respective frag- Two of those channels are quasi-degenerates within 0.02 eV,
mentation energies of 1.37 and 1.17 eV. Moreover, the renamely AgBr, +AgBr and AgBr, +Ag3Br; slightly higher.
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TABLE V. Symmetry and relative energiém eV) for positively charged

Rabilloud et al.

TABLE VII. B3LYP fragmentation energiesin eV) for the energetically

clusters B3LYP optimized structures using two core pseudopotential on sillowest dissociation channels of Agr and AgBr’_, clusters. Calcula-

ver. A dash means that the structure is not a minimum.

tions have been performed using two pseudopotential on silver. We also
report the fragmentation rates, when available, observed in recent experi-

Cluster Symmetry [Ag*®H] [Ag*T] ment (Ref. 39.
Ag,Bry a D2y —Ca° 0.00 0.00 Parent Fragments [Ag*] [Ag*] Expt.
b Cq 0.13 0.38
AgBrs a Cy, 0.00 0.18 AgBr* Ag*+Br 1.00 0.55
b Cs 0.43 0.00 Ag,Br;  Ag.,Br'+Br 1.07 0.81
Ag,Br; a D 0.00 0.74 AgBr*+AgBr 2.16 2.10
b C, 0.47 0.83 AgsBr;  AggBr; +Br 1.21 0.79
c Cy, 0.74 0.00 Ag,Br; +AgBr 1.79 1.59
Ag,Br* a C,, 0.00 0.00 Ag,Br,+AgBrt 2.39 2.01
AgsBry a Con 0.00 - Ag,Br;  Ag,Brs+Br 1.48 0.76
b Ca, 0.20 0.00 AgzBr; +AgBr 1.91 1.77
c C, 0.33 0.21 AgsBry+AgBrt 1.99 2.13
d D..h - 0.32 Ag,Br,+Ag,Br; 2.14 1.69
AgBrs a C,, 0.00 0.20 Ag,Brt  AgBr+Ag* 2.10 1.85 100%
b Cs 0.15 0.63 AgBrt+Ag 3.70 4.01
c Cs, 0.15 0.00 Ags:Br;  Ag,Br'+AgBr 1.65 1.60 100%
d Cay 0.29 0.72 Ag,Br,+Ag* 2.18 1.78
AgsBr; a Cy, 0.00 0.19 Ag,Br; +Ag 3.19 3.51
b Cs 0.72 - Ag,Br;  AggBry+Ag” 1.66 1.92 45%
c Ca, 1.30 0.28 AgsBr; +AgBr 1.78 1.81 55%
d Cs - 0.00 Ag,Br,+Ag,Br* 1.87 1.74
e Cay - 0.13 AgsBri +Ag 3.18 3.73
+ + 9
The structure of AgBr; is a planar rhombus using tHeAg'®*] core AgsBIs ﬁgaBr#AgiBr 166 159 100%
: _ _ g4Br,+Ag 2.21 1.81
pseudopotential[§,, symmetry. With the [Ag'**] core pseudopotential, Ag.Bri +AgBr 295 151
the geometry is not planar and the symmetrZis . AgaBr; +Ag,Br, 232 1.65
Ag,Br; +Ag 3.37 3.47
AgeBrs  AggBr, +AgBr A® A'?+0.16 84%
AgzBr; +AgsBrs A+0.02 A’+0.15 16%
Ag,Brt+Ag,Br, A+0.11 A'+0.13
Ag,Br; +Ag,Br, A+0.53 A’
Ag*+AgsBrs A+0.84  A'+0.64

TABLE VI. B3LYP fragmentation energie§n eV) for the energetically
lowest dissociation channels of neutral /g, and Ag,Br,,_, clusters. Cal-
culations have been performed using two pseudopotential on silver.

Parent Fragments [Ag*®'] [Ag'tt]
AgBr Ag+Br 2.61 2.71
Ag*+Br- 7.06 6.12
Ag,Br, 2X AgBr 1.56 1.68
Ag,Br+Br 3.42 3.65
AgsBr; Ag,Br,+AgBr 2.30 1.66
AgsBr,+Br 3.80 3.72
Ag,Bry, Ag3Bry+AgBr 1.55 1.62
2X Ag,Br, 2.29 1.61
Ag,Br;+Br 4.43 3.94
AgsBrs Ag3Br;+Ag,Br, 1.35 1.29
Ag,Br,+AgBr 1.36 1.34
AgsBr,+Br 3.40 3.78
AgeBrg 2X Ag3Br; 0.42 1.45
Ag,Br,+Ag,Br, 1.17 1.49
AgsBrs+AgBr 1.37 1.83
AgeBrs+Br 3.81
Ag,Br AgBr+Ag 0.75 0.73
Ag,+Br 1.84 2.21
Ag3Br; Ag,Br,+Ag 111 0.65
Ag,Br+AgBr 1.92 1.59
Ag,Br; AgsBry+Ag 0.35 0.39
AgsBr,+AgBr 1.54 1.40
Ag,Br,+Ag,Br 1.90 1.32
AgsBry Ag,Br,t+Ag 0.57 0.27
AgsBrz+Ag,Br 1.37 1.16
Ag;Br,+Ag,Br, 1.75 1.23
Ag,Brz+AgBr 2.39 1.50

aThe energy of AgBr: is not known, nevertheless we can calculate the
dissociation energy to a constafitin SCP andA’ in LCP calculations,
respectively.

It is to be noted that the LCP ordering is significantly differ-
ent forn>3.

D. lonization potentials

We now discuss the ionization potentials. We provide
both the vertical(when the ion is at the geometry of the
neutra) and the adiabatitincluding the relaxation of the ion
geometry ionization potentials, hereafter labeled IPv and
IPa, respectively, for A@r, and AgBr,_; clusters(see
Table Il and Figs. 9 and 10

We start with stoichiometric A@r, clusters(Fig. 9).
The IPv values obtained with SCPs decrease from 10.40 eV
for n=1 to 9.09 eV forn=6, with a strong increase for
= 3. Although naturally lower, the adiabatic values IPa show
the same trend almost merging with the vertical values at
=4. This is in line with the fact that the global geometries
are not strongly affected by the change in the number of
electrons, presenting only small quantitative interatomic re-
organization. The LCP IPv’s values show a general identical
behavior except for the enhancemenmnat3 which is less
marked. Thus the special stability of the 48y cluster is
correlative of a large ionization potential. One may remark
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FIG. 9. B3LYP adiabatiqlPa) and vertical(IPv) ionization potential of  FIG. 10. B3LYP adiabati¢IPa) and vertical(IPv) ionization potential of
Ag,Br, clusters. Dashed lines refer to IRfilled circle: SCP calculation;  Ag,Br,_; clusters. Dashed lines refer to Iffilled circle: SCP calculation;
cross: LCP calculation Continuous lines refer to IPdilled square: SCP  cross: LCP calculation Continuous lines refer to IPdilled square: SCP
calculation; cross: LCP calculatipn calculation; cross: LCP calculatipn

the enhanced one-electron level stability of the one-electrodistance 4.6, to compute the net charge of ions, one ob-
HOMO when using SCPs, 0.22 eV below the LCP value. tains a charge of 0.45, which is to be compared with corre-
Those valuegTable Ill) can be compared with the pre- sponding Mulliken chargg0.39. Almost all the lowest-
vious MRPT2 calculationgTable Ill), yielding namely IPv/  energy stoichiometric a clustefa) have a vanishing dipole
IPa values of 9.00/8.84 eV far=1 and 9.15/8.78 eV for moment with the exception of ABrs(a) where it is induced

n=2. An experimental estimate of 9.26 s also avail- by the out of plane distorsion and anyway remains extremely
able for AgBr, this latter between the SCP and LCP adiabatismall. It is interesting to analyze the influence on the dipole
DFT values. moment of the excess electron in /&y, clusters. We

The IPs of nonstoichiometric ABr,_; (Fig. 10 are have already discussed that the electron localization in
about 2-3 eV lower than those of stoichiometric ,Bg,  Ag,Br(a), AgsBry(a), and AgBrs(c) was intermediate be-
clusters. This reflects, whatever its detailed localization, théween that of an F-center type localization and a partial two-
lower binding energy of the excess electron with respect ta@enter or three-center metallic bond. Those clusters result
the case where the electron is involved in an ionic bondingfrom a defect in an initially perfectly symmetric stoichio-

In both DFT calculations, IPv shows maxima foe=3 illus-  metric structure. The significant dipole moments for those
trating a stronger electronic localization on the Ag—Ag bondthree cluster$2.75, 2.82, and 2.23 Debye, respectiyelpn-

for this species. The maximum at=3 is significantly firm that, from the electrostatic point of view, the electron
smoothed in the adiabatic IP curve due to a complete geondoes not fully replace the missing bromine atom. Of course
etry reorganization in the charged cluster with respect to théhe extension of the electronic cloud with respect to a point
neutral species. charge might also be used as an argument in the same direc-
tion. Another effect influencing the dipole moment is the
residual distortion of the remaining ions with respect to the

) ) ) ~ perfectly symmetric structure. The dipole moments of clus-

The dipole moments are interesting observables, sincgrs AgBr, (a and b, AgsBr, (a—d, are noticeably smaller
they could in principle make possible discrimination betweenyjjystrating the important screening of the excess Agn by
different isomers. For neutrals, the dipole moments correthe electron. It lies in the range 1—1.6 Debye when the extra
sponding to the low lying isomers are given in Table VIII. atom caps a face, whereas it is even sma0e2—0.6 Debyp
The clusters not reported in the table, namely,Bg(@,  when one has a silver tail appended to an apex.

AgsBrs(@), AgsBr, (a) and(c), AgeBrg(a—0, Ag,Br(b) have
a zero dipole moment due to symmetry.

The most important dipole moment is that of the AgBr
dimer (5.34 Debye with the exception of AgBr,(b) and The present calculations show that on the smaller clus-
AgsBrs(d). The dimer value can be compared with the deterters Ag,Br,(n,p=<2), neutral or singly charged, the DFT-
mination obtained using CC3D) calculations in large basis B3LYP calculations provide results comparable to more so-
namely 7.13 Debye. We were unable to find any experimenphisticated methods belonging to the configuration
tal value. Experimental data are, however, available for AgHnteraction class, such as multi-reference CI plus second-
and AgCl, respectively, 6.2 Debye and 5.73 Debye. Usingorder Moller—Plesset perturbation scheme or the coupled
the B3LYP dipole moment and the equilibrium internuclearcluster method. This conclusion occurs to be true whatever

E. Dipole moments

IV. CONCLUSION
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TABLE VIIl. B3LYP dipole momenty of neutral silver bromide clustersin - thus has a geometric influence in this case similar to that of
Debye. Calculations have been performed using two pseudopotential 0fq|arization contribution. The interaction yielding molecular
silver. The cluster not reported in the table, namelyByg (a), AgsBrs (a), . ' : .
AgBr, (3) and(c), AgeBrs (a—d, and AgBr (b) have a zero dipole moment o'rbltal (4)a; tends to restaure some dens@y betwegn pairs of
due to symmetry. A dash means that the structure is not a minimum. silver atoms. Even three-center cooperative bonding can be

obtained such as for instance in orbital €5)

# (Debye Clearly, this important mixing is mediated by the pres-
Cluster B3LYP [Ag'®] core B3LYP[Ag'*] core ence of the inner semi-cores4and 4p electrons of silver,
AgBr a =34 10 explicit in the SCP scheme, which play here a quantitative
AgsBrs b . 6.46 role, although the intervention of those semi-core orbitals is
Ag.Br, b 6.32 - not directly visible in the orbital pictures. Actually the SCP
AgsBrs a 0.16 0.27 calculation yields a stability for Aggr; much larger than that
b 6.52 8.76 obtained with LCPgdissociation energy of 2.30 eV versus
g é:gg 2'_18 1.66 e\j. Therefore, the strongemp4dd mixing enhances the
Ag,Br a 275 4.02 strength of the bonding character of the MOs and decreases
Ag4Br, a 2.82 3.60 that of the antibonding ones, resulting in an increase of the
b 211 2.47 total stability of the cluster.
Ag4BIs a 1.57 227 For larger stoechiometric clusters My, (n<6), the or-
b 0.22 0.38 . . . i
c 293 311 dering of the geometries obtained with 19-electron pseudo-
AgsBr, a 1.06 0.95 potentials are very different from those obtained with 11-
b 0.45 0.26 electron pseudopotentials. It appears that cyclic
g é-éz 8-;3 arrangements are favored. However, exceptrfer3, those

cycles are not planar and the silver atom tend to shorten their
interatomic separation$6.65 bohr in AgBr,, 6.82-7.25
bohr in AgsBrs, 6.96 bohr in AgBrg) with respect to what it

the pseudopotential used, SCP with 19 explicit electrons o#ould be in planar cycles. Oppositely the bromine atoms
silver atoms or LCP with 11 explicit electrons only. generally point outward. There is a strong BrAgBr alignment
On those small clusters, only minor geometrical differ-which is due to the samepg,4d,4pg, interaction whereas
ences were found when using LCP or SCP, except in théhe AgBrAg angles are always in the range 90-110 deg. The
case of AgBr; With LCP, this cluster occurs to be rhombus same features can be found in the next stoichiometric iso-
with longer AgAg diagonal, whereas the SCP calculationmers with geometries in which the previous #8g; and
yields a rhombus with larger BrBr diagonal, close to aAgiBr, can often be identified as building units. Thus the
BrAg, Br configuration in agreement with the MRPT2 SCP stoichometric clusters found here exhibit very different geo-
finding in our previous work. An important effect of using metric and electronic properties than those reported in alkali
SCP is to yield a dissociation energy of the AgBpn (1  halide clusterggenerally exhibiting cubiclike or hexagonal
eV) much closer to the experimental value 1.41 eV than thearrangemenisAs an example, isomer ABr, (c) which cor-
LCP value(0.55 e\). Therefore, it is expected that the SCPsresponds to &4 distorted a cube, and which is energetically
will provide more accurate values of the fragmention enerthe lowest one with LCPs is only the third one with SCPs at
gies, in particular for ions. SCPs also yield shorter AgBrl1.07 eV above isome).
distances, in average by 0.2 bohr with respect to LCP calcu- The global shapes of the lowest stoichiometric clusters is
lations. This SCP shrinking of the AgBr bond length is gen-only poorly affected by the removal of one electron. The
eral for most clusters investigated here. result is generally to increase the AgAg separatifrom
AgsBr; appears of particular significance in the present5.41 to 6.47 bohr fon=2, from 6.65 bohr to 7.04 bohr for
study. The shapes obtained with SCPs or LCPs are rather=4). In casen= 3, the situation is complicated by a Jahn—
close, namely a deformed triangle. The silver atoms form aeller effect.
inner triangle with 5.86 bohr side whereas the bromine atoms  The Ag,Br,,_; clusters with an excess electron show es-
point outward. One could assign this effect to polarizationsentially geometries corresponding to the addition of the ex-
forces due to the large polarizability ratio of Biversus tra silver atom to one of the existing stoichiometric /8g,
Ag*. However, the SCP calculation shows an interaction andsomers. In the lowest-energy isomers, againsBxg and
mixing between the d orbitals of silver and the @ orbitals ~ Ag,Br, are important basic supports for such addition. Al-
of bromine much larger than when LCPs are used. though one often observes an apparent innercluster segrega-
Figure 11 illustrates such interactions. In the case otion of the silver atoms, the excess electron essentially local-
Ag,Br*, molecular orbital (4), shows the bond overlap of izes on the extra silver atom. Some isomers exhibit situations
the 4pg, and 4,y between Ag and Br. Orbital (%) is a  closer to those observed in alkali halide clusters with one
three-center molecular orbital with bonding interaction ofexcess alkali atom, such as silver tdifsy,Br; (b), AgsBr,
two silver d orbitals and one of th@ orbital of bromine. (b) and(c)], appended, however, here on a different support-
Those two molecular orbital situations can also be observeihg subcluster. Finally F-center type defects where the elec-
on AgsBr; [see molecular orbitals (8 and (4)a;]. It can  tron replaces a missing bromine atom also exist such as in
be noticed that the interactionpg,4da,4pg, Yielding mo-  AgsBr, (a) and AgBr; (c). However, the situation is some-
lecular orbital (9, tends to favor BrAgBr alignment and what more complex in silver bromide since the extra electron
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AggBI‘3

FIG. 11. Molecular orbitals contour
plots of AgBr", AgsBrs, and AgB;.

Ag;Bry

tends to be closer to the two or three neighboring silver atlisted in Table VII, together with the calculated fragmenta-
oms, thus presenting an intermediate case between a putien energies. AgBr* and AgBr, yield a unique fragmen-
F-center(electrostatic stability and a two-center or three- tation channel, respectively, Agand AgBr* (only the frag-
center metallic bond. ment ions are detected in experimenFor the former
AgyBr,_; exhibit a systematic and important relaxation fragmentation, both SCP and LCP favor a single channel
with respect to the neutral species. Triangular subunits stilhround 2 eV. In the latter case, the LCP calculations predict
play an important role. A peculiar geometry is obtained foryywo channels to be very closd.60 and 1.78 eV, respec-
AgsBr, (a) consisting of two connected ABrs units. How- tively), whereas the SCP calculation find the observed ex-
ever, the_ ori_gi_nal!ty lies in the optention+of open zigzag perimental channel A@rt+AgBr to lie 0.53 eV below
chains with rigid linear BrAgBr unit§AgsBr, (a), Ag,Br; Ag,Br+Ag™. In the case of AgBr}, two channels are ac-

; +
(d], extending the AgBr™ structure. tually observed, with rates around 45/55. This agrees better

The fragmentatlop energies of the glusters appears to b[% the energetical ordering predicted by the SCP calculation.
dominated by essentially one channel in two cases,BAQ In AgsBr7, the SCP calculation predicts A8y +AgsBr; as

clusters almost always evaporate a neutral bromine atom .
y P the lowest channel, 0.5 eV below the next higher ones,

AGnBIy -1 clusters evaporate a silver atom. The situation is hereas in the LCP calculation, three and even four channels
more complex for stoichiometric clusters where several” ’

channels may be in competition from an energetical point of'® close Iylng. The experiment only exhibits one crlannel
view. Dissociation into AgBr is the lowest for<4, that into ~ €0ITesponding to the lowest SCP one. In the case gBAg
AgsBry is lower forn>3. Such competition is also observed WO channels are observed with rates around 84/16. Again,
for Ag,Br!_, clusters. It must be emphasized that in thethis agrees better to the energetical ordering predicted by the
latter case, SCP calculations provide for-3 the lowest SCP calculation. Thus it seems that, as already shown on
dissociation channel as that corresponding taBkg con- AgBr™, the fragmentation energetics is better obtained in the
trary to the LCP calculations. Interestingly, fragmentation ofSCP calculation. One should, however, remain aware that the
Ag,Br._, clusters has been investigated very recently bypresent analysis neglects possible kinetic effects in the frag-
some of us in mass-selective supersonic beam experiment®entation processes.

Those investigations will be the object of a specific ~ The present work has illustrated that the conformations
publication®® However, the fragmentation rates obtained areand stability patterns of silver halide clusters is not reductible
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to those found for simpler ionic systems such as the alkalels to describe the forces and to be used in extensive dynami-
halide clusters. For the smallest neutral stoichiometric spesal or thermodynamical simulations.
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