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Ab initio configuration interactiofCl) calculations are performed to study the ground state of small
neutral and singly charged silver bromide clusterQB\r(f) (n,p=<2). The results are obtained at
complete active space self-consistent field and also at variational plus second order perturbational
multireference CIIMRPT2) levels of approximation. We discuss more particulary the structural
properties and the stability of the lowest isomers. Adiabatic and vertical ionization potentials and
electron affinities have also been determined. 1899 American Institute of Physics.
[S0021-960629)30843-9

I. INTRODUCTION and the necessity to describe the relativistic effects. The in-
fluence ofd electrons on stability and spectroscopic patterns
After the study of homogeneous atomic clusters, mixedsf homogeneous small silver clusters has already been dis-
clusters have been the object of recent interest. Among themgyssed by Santamaré al.in Ref. 20 and also by Bonae-
metal halide and metal oxide systems have been particularlyoutecky et al. in Ref. 21. Studies concerned with silver
considered since they are good candidates to study the buildxides were also recently published by the latter aufRors
ing of ionic or iono-covalent bonding in clusters. Stoichio- angd studies about magnesium and calcium oxides or alkali
metric alkali halides are known to be characterized by aImOSéxideS were performed by Ma”ia\ﬁ?}and Finocch?_4v25We
complete charge transfer and have been widely modelizegresent here aab initio configuration interactiofCl) study
via Coulomb plus polarization force fields added to Born—qf the ground state of small neutral and singly char(essi-
Mayer repulsive contributions:* Non-stoichiometric clus- tively and negativelysilver bromide clusters. The optimiza-
ters are also of appealing interest since they can be consigion of the geometrical structure is performed at two levels of
ered as prototype clusters to study insulator-to-metahpproximation for the electronic structure, respectively,
transitions. By varying the stoichiometiy versusp) in @  Complete Active Space Self-Consistent Fi€BASSCH and
clusterM,X,, one can change from purely ionip€n) to  variational plus second-order perturbational multireference
metallic (p=0) situation and examine changes in structuralc|, hereafter labeled as MRPT2. We will discuss more par-
and electronic propertie€s. Pseudopotentiel models for deal- ticularly the structural properties, the stabilities of the low
ing with excess electrons have been successfullynergy isomers and the character of the electronic wave
developped—*° Other metal halide clusters are of significant functions with respect to charge transfer and localization in
interest, such as halides of noble metals, which are howeveixcess electron species. Moreover, the adiabatic and vertical
more tedious to study theoretically because of the possiblgnization potentials and electron affinities are determined.
role of d electrons. Silver bromide has been highly used inThe present work reports results for trimers and tetramers but
imaging sciences for its known optical properties. EXperi-in order to check the accuracy and reliability of the used
mentally, the understanding of the elemental processes at th@|culation scheme, results on dimers are also given since
molecular scale has been undertaken in studying either thgartial experimental data and previous calculations are avail-
growth of small silver clusters in liquid phaSeor the ad-  able. The interest is also to provide dimer dissociation ener-
sorption of small silver clusters onto binder-free AgBr gies with compatible accuracy for further calculations of

H 2 . . h
microcrystals: fragmentation energetics on trimers and tetramers.
From the theoretical point of view, various works until
now have investigated AgBr lattice properfigs> A few Il METHOD

studies were concerned with the calculation of properties Both Ag and Br atoms were represented through relativ-
concerning Ag clusters on AgBr surfacé$*8and the inter- istic effective core pseudopotenti@®ECP. Silver was con-
actions of halogen atoms with silver clustéfsAlmost no  sidered as ahAg*®"] core with 4, 4p, 4d, and 5 active
theoretical study is available to our knowledge on free mol-electroné® whereas bromine was described witH Br’*]
eculelike or small AgBr, clusters. core and 4, 4p active electrond’ Calculations were

In any case, electronic structure calculations are not easy duhieved in the linear combination of atomic orbitals
to the difficulty of correlating properly thd shell of silver (LCAO) scheme. The gaussian type basis set veadp8d1f
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TABLE I. Gaussian atomic basis set for Ag and Br. without including thed orbitals in the active space.
Orbital Contraction -G.eometry optimization was further. performegl with a
Atom symmetry No. Exponent coefficient variational and second-order perturbational multireference
g s 1 9,088 442 oea813 Cl cglculatlon. folewmg the .above-mfantloned CASSCF. cal-
7540731 2733219 culatlor?, electronic correlatlon. was introduced at a higher
2.794 005 0.199115 level with the three-class multireference perturbative CIPSI
2 1.480158 1.0 package® Namely, a variational calculation was achieved
i 8'(1522 igé 1'8 including the CAS subspace determinants built with molecu-
5 0.049 264 10 lar orbitals generated from thesSunctions of silver and g
6 0.016 1.0 functions of broming(class 1, augmented by all single ex-
p 1 4.451 240 —6.083378  cijtations from the 4 shell of silver towards these active
) i'%iigz g";égg?j orbitals and the single and double excitations from active
0.652 578 0273060 Orbitals to the virtual molecular orbitals built frompSunc-
3 0.367 036 1.0 tions of silver(class 2. Cl in the so-defined multireference
4 0.075 694 1.0 subspace generated a zeroth order wave function, the energy
d i 3'832 ;gg 701626 388 of which was perturbed up to second order of perturbation
2784773 0281411 theory(MRPT2 using a Barycentric Maller—Plesset zeroth
1.209 744 0486326 order Hamiltoniar?* All single and double excitations from
0.505 393 0386726  that multireference CAS subspace were generated in the per-
2 0.198 851 1.0 .
3 0.066 1o turbation(class 3 _ _ _
f 1 113 1.0 The calculations for trimers were carried out in t0g,
symmetry group at all levels of energy calculation and those
Br s 1 4721881 0.108 20 . :
2 957 555 04373 for tetramers involvedC,, constraint at the CASSCF level
0.75 ~0.0088 and D,,, at the MRPT2 level of approximation. For each
2 0.42 1.0 symmetry point group, CASSCF calculatiofisvolving ge-
i g-i 1-8 ometry optimization were performed for electronic states
: ’ belonging to various irreducible representations in order to
p 1 8.01 0.002 70
1.896 942 ~0.1798 check the symmetry of the ground state. Mgller—Plesset
0.910 899 0.2431 (MP2) and local densityfLDA) calculations were simulta-
g 8?2 1-8 neously achieved without symmetry constraif;) which
4 0.055 10 confirmed the symmetry of the structures investigated in the
d 1 0.389 1.0 present work.

In most cases, the equilibrium shapes obtained with the
CASSCF and the MRPT2 scheme were found similar, except
for the AgBr, and AgBr, tetramers.(See discussion in
contracted into 65p3d1f on silver and 86p1d contracted Sec. |V)
into 4s4p1d on bromine(Table ). The atomic basis set for In all calculations, spin—orbit coupling was neglected. It
Ag was that of Andraet al*® in which coefficients of th@ s not expected to play a crucial role at equilibrium for the
orbitals were uncontracted, and ofisymmetry function  ground state of clusters except in the case of dimers where a

8 .
taken fron?® was added to account for correlation of the 4 gpift is expected for the dissociation energy, essentially due
shell. Moreover, two otherfsfunctions(optimized exponents -y, yhe fine structure splitting on Br and Batoms. Our large
of 3.8 and 0.5pand oneg function (optimized exponent of o oy the silver atom, with sonse p andd diffuse func-

1.6 I\IN'e re tested otn dgntirs but th?.’ occdurgd to yield Verytions, was tested on its electron affinity: we found 0.72 eV in
smat improvement and they were discarded. the CASSCF calculation and 1.37 eV in the MRPT2 Mgller—

In a first calculation, a gradient-driven optimization of Plesset calculation, to be compared with the experimental
geometry was performed at the CASSCF method with the ) P P

MOLCAS4 packagé® The complete active space included \t/)all;]e r? f1.302 Ie\?. dTherefpreI, th;]S bas(,jls set can _?r? scrltl)e
all molecular orbitals built from d,5s,5p on silver and 4 oth the neutral and negatively charged species. The values

on bromine. The &,4p orbitals of silver and thegtorbital of ~ Of the ionization potential are 6.37 and 7.16 eV in the
bromine were kept inactive in the CAS but were allowed toCASSCF and MRPT2 calculations respectively, to be com-
relax in the SCF process. It was checked on trimers thapared with the experimental value of 7.57 &V, _
inclusion of 4d orbitals in the CAS was not essential in the ~ The electron affinity of Br was found to be 2.53 eV in
structural optimization and they were kept inactive on tet-the CASSCF calculation and 3.02 eV in the MRPT2 calcu-
ramers. As an indication, the dimensions of the CASSCHation. The last value is in decent agreement with the experi-
spaces were 7312 and 6968 configurations fogBkgand  mental data of 3.36 eV The ionization potential was found
AgBr,, respectively, inC,, symmetry group. In the case of to be 10.72 eV and 11.19 eV in the CASSCF and MRPT2
tetramers, this dimension increases very quickly, up to morealculations respectively, to be compared with the experi-
than 5x 10 in D,;, symmetry and 19in C,, symmetry even mental value of 11.81 e¥?

Downloaded 05 Apr 2005 to 134.214.98.247. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 19, 15 November 1999 Silver bromide clusters 8927

TABLE Il. Spectroscopic constants {,D,w,) for the neutral and singly = TABLE Ill. Adiabatic/vertical ionization potential&n eV).

charged(positively and negativelydimers.

IP (eV)

Species Method/Ref. re(ag) De(eV) o (cm™h Species CASSCF MRPT2 Expt.

Ag, (12;) CASSCF this work 5.16 111 Ag, 6.29/6. 38 7.58/7.68 7.86
MRPT2 this work 4.78 1.96 199.9 Br, 9.87/9.94 10.20/10.25 10.%2
CI(SD) Ref. 38 4.90 1.00 176 AgBr 8.39/8.57 8.84/9.00 9.96
CI(SD)+Q Ref. 38 4.87 1.20 180 Ag,Br 4.75/5.58 5.88/6.46
CEPAL Ref. 38 4.88 1.36 176 AgBr, 6.78/7.87 8.02/8.83
LMRCI Ref. 28 4.88 1.43 198 Ag,Br, 7.67/9.49 8.78/9.15
MP4(SDQ Ref. 41 4.82 1.48 179
CPF Ref. 42 489 148 178 zReference 26 in Ref. 40.

MCPF Ref. 39 5.02 1.34 162 _Reference 47.
Expt. 4.78 1.66 192 .4 Estimate value in Ref. 46.

Ag, (320) CASSCF this work 5.52 1.09
MRPT2 this work 5.00 1.43 153.7
CI(SD) Ref. 38 5.18 0.93 123 )
CI(SD)+Q Ref. 38 514 1.06 128 knpwn fqr Ag, Bry, and_AgBr. The present CASSCF opti-
CEPAL1 Ref. 38 5.14 1.16 127 mized distancegrespectively, 5.16, 4.45, and 4.243) are
MCPF Ref. 39 5.32 1-;2 118 overestimated with respect to the experimental val{ries
Expt. 1.3 ; 35 36 37 R

spectively 4.78a,,” 4.31 ay,”” and 4.52a which is

Ag; (’S7)  CASSCF this work 570 124 P babl yd ¢ Oth lnck Of lect OI )t' q
MRPT2 this work 5.15 1.69 135.3  Probably due to the lack of electron correlation and may
CI(SD) Ref. 38 536 1.33 108 pro_\/ld_e a scaling error for the geometries of larger clusters
CI(SD)+Q Ref. 38 5.30 1.39 114 optimized at the same level of accuracy. The MRPT2 calcu-
CEPAL Ref. 38 5.27 141 116 lations provide a significant improvement, yielding values

s Expt. _ 1.66 (4.78, 4.42, and 4.58,, respectivelyin much closer agree-

Bry(*2y) CASSCF this work 4.45 1.36 t with th . tal data. O K that th
MRPT2 this work 442 201 300.9 ment wi e experimental data. One may remark that the
MRD CI Ref. 44 4.39 231 309 CASSCEF error is much Iarger on /L\gwan on AgBr or Bs.
CASSCF/FOCI Ref. 45 4.42 1.88 319 The MRPT2 optimized equilibrium distances for the charged
CASSCF/SOCI Ref. 45 4.40  1.87 321 dimers are 5.00, 5.15, 5.42, 4.25, 4.92, and &Q%r Ag, ,

e Expt. _ 43t 199 3253 Ag,, Br,, Bry, AgBr, and AgBF, respectively. The

Br; (°,) CASSCEF this work 5.46 1.19 CASSCE val b ide di | to th
MRPT2 this work 5.42 110 155.0 values on bromide dimers are very close to the
MRD CI Ref. 44 5.31  1.34 178 MRPT2 values. It appears that thig values of ions are
Expt. 115 longer than those of neutral dimers except fop §6.19 a,

Br; (°I1g) CASSCEF this work 4.26 2.70 shorter than that of By. The CASSCF dissociation energies
MRPT2 this work 425 261 3425 are generally underestimated with respect to experimental
CASSCF/FOCI Ref. 45 4.35 2.7 343 . .

Expt 308 376.6 values. Again, the MRPT2 calculations are very close to the

AgBr(13*)  CASSCF this work 473 313 experimental data with however the exceptions of, Br
MRPT2 this work 4.58 2.67 243.8 AgBr, and AgBr*. The present dissociation energies for,Ag

el Expt. _ 45% 3.1 247.F and Ag, are of comparable or usually better accuracy than

AgBr™ ("X7)  CASSCF this work 515 079 those of previous sophisticated calculations dealing explic-
MRPT2 this work 4.92 1.03 157.6 . . . 8_40 .

Expt ity with dimers®=%° In the case of Agthe perturbation

AgBr* (2IT)  CASSCF this work 534 0.82 contribution exaggerates the dissociation energy. When the
MRPT2 this work 5.02 0.89 140.9 CASSCF space is increased, the results improve. However,
Expt. 1.41

aReference 35.
PReference 43.

‘Reference 4 in Ref. 39.
dvalue of DJ: Ref. 26 in Ref. 40.

®Reference 36.
Reference 37.

%alue of DJ: Ref. 36.
"Estimation ofDJ: Ref. 46.

Ill. RESULTS ON DIMERS

we have kept here the results obtained by a method consis-
tent with those presented below on larger clusters. The val-
ues for B, Br, , and Bi, are also in good agreement with
previous theoretical determinatioffs*®

In MRPT2 calculations, the spectroscopic constagt
are found to be in good agreement with the experimental
data when available. The relative errors vary from 2% for
AgBr to 9% for By . The w, value on silver dimers are
slighty larger than those of previous calculations and slightly
smaller on bromide dimers.

The adiabatic and vertical ionization potentials and elec-
tron affinities for the neutral dimers are shown in Tables Il

Results on silver and bromine dimers, for which partialand 1V. The CASSCF values are about 1 eV smaller than
theorical and experimental data are available, allow us tdéhose of the MRPT2 calculations. The MRPT2 adiabatic ion-
check the accuracy of the present calculations. The calcuzation potentials for the dimers AgBr,, and AgBr(respec-
lated spectroscopic constants are shown in Table Il at bottively, 7.58, 10.20, and 8.84 g\agree within 5% with the

CASSCF and MRPT2 levels of approximation.

experimental ionization potentialsespectively, 7.56, 10.52,

The experimental dimer equilibrium distances are onlyand 9.26 eV. The calculated adiabatic electron affinities for
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TABLE IV. Adiabatic/vertical electron affinitiegin eV). TABLE V. CASSCF and MRPT2 optimized geometries and dissociation
channels of trimerX,Y in the ground stated is theX—Y bonding distance
EA (eV) in ay, a is theXYX angle in degrees.
Species CASSCF MRPT2 Expt.
CASSCF MRPT2

Ag, 0.48/0.44 0.84/0.81 1.62

Br, 1.75/0.72 2.55/1.56 2.85 Species d a d a

AgBr 0.59/0.48 1.50/1.41

Ag,Br 1.17/1.11 1.77/1.63 AgoBr 5.2 64 5.0 61

AgBr, 4.44/1.77 4.85/2.23 AgBr 5.5 63 5.6 53

Ag,Br, 1.45/0.37 0.79/0.78 AgoBr 5.0 127 4.8 111

AgBr, 51 66 51 67

aReference 48. AgBr, 4.9 180 4.7 180
PReference 47. AgBry 5.8 45 5.6 47

Ag,, Br,, and AgBr are 0.84, 2.55, and 1.50 eV, respec-

tively, experimental data are only available forA@nd B, the energies of all systems studied are given in Table VI. The
(respectively, 1.02 and 2.55 ¢VThe vertical electron affini-  conformations of the lowest neutral and charged trimers
ties, which correspond to the geometries of the neutral speshow that isosceles triangular shap€s, symmetry group
cies are close to the adiabatic values except fordBie to a  were found in all cases except for AgBm which the equi-

0.8 ay equilibrium distance shift between Band B, . librium geometry is &D.., linear structure. Thd®..,, linear
structure is found as a saddle point for AgBrAg,Br,
IV. TRIMERS AND TETRAMERS Ag,Br~, and AngrJr_
Now, we will discuss the structurdFig. 1) and elec- The shape of AgBr is an isosceles triangle with an angle

tronic properties of stable trimers. We will be interested inAgBrAg of 61 degrees. The electron density analysis can be
the stability of the lowest isomers. A CASSCF electroniccompared with that of an alkali halide trimer Mafor which
density study(density contour plotenables us to discuss the the Na—F bondings are ionic and where the excess electron is
ionic character of the bonding. A few but characteristic or-localized at the apex of a rhombus, replacing the missing
bital density contour plots are shown below. The CASSCHluorine atom with respect to NE,..° The NaF cluster can
optimized geometries will be compared to those of thethus be described symbolically as N& Na* plus one elec-
MRPT?2 calculationgTable V). The nature of the states and tron. In the AgBr trimer, the situation is slightly different in

4. 4.92 d
AgBr .i. AgBr- .=9. AgBrt .i.

4.8

Ag,Br Ag,Br- 56 Ag,Br* 11
5.0
FIG. 1. Optimized geometrical struc-
ture of Ag,Bri”) clusters. Distances
47 are in Bohr, angles in degrees.
AgBr, AgBr; *—0—0 AgBr}

Ag:Br; Ag,Br]
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TABLE VI. MRPT2 energy of the ground staten Hartree. (8)al (7)b2
Species Symmetry State MRPT2 energy
Ag ’s —146.333 042
Ag~ s —146.383 317
Ag* s —146.069 875
g::, 212 :iggi(l) igg FIG. 3. Density contour plots of representative orbitals ofByg.
Brt 3p —12.819 098

1+

232 2?% _ggg:;?g 23421 bonding, except 'for electrosta'tic contribptions. The bond
Ag; 25 —292.463 981 length between silver and bromine atoms is smaller than that
Br, sy —26.522 914 in AgBr* (4.8 versus 5.02,).
Br, N —26.616 724 The CASSCF optimization of the negatively charged
Br; 1, —26.148242  c|yster AgBr~ yields two isosceles triangles with a relative
AgBr D —159.660 534 . :
AgBr~ s+ _150.715 777 engrg)l/ of 0.01 eV belonglr_1g to the same electror_nc represen-
AgBr* 2qp —159.335 623 tation “A;. The conformation of the lowest one is an acute
Ag,Br Coy 2p, —306.028 115 isosceles triangle in which the AgBg angle is 63 degrees
AgoBr- Cay Ay —306.092 991 and the bonding distance between Ag and Br is&,5The
AgBr* Cay iAl —305.811939  gecond one is an obtuse isosceles triangle with a AgBr
AgBry Cov B ~172.926962  4ngle of 110 degrees and an Ag—Br distance of&,.3In
AgBr, Coy A —173.105 200 ; . : .
AgBI; Cor 1A, _172.632 370 the MRPT2 calculation, the_o_btuse isomer dlsa_lppears while
Ag,Br, Doy 1A, —319.394 415 the apex angle of the remaining acute isomer is _redgced by
Ag,Br, Doy, 2A, —319.423 409 10 degrees. The shape is close to that ofBxgwith in-
Ag,Bry Do, 2B,u —319.071 660 creased AgBr distances. The electronic charge density allows

to analyze it as BrAg,. The two electrons in the (@)
orbital (similar to that of AgBr), essentially spanned by

o ) Ag,, yield a further screening and a correlative increase of
so far that the electron density is intermediate between thg,q AgBr bond length.

former case and an A@r~ configuration. The single elec- The shape of AgBris again an acute isosceles triangle.
tron is localized closer to_the Ag—Ag b_ond as shown in Fig.The electron density analysis reveals it as'Bg; . The oc-

2 where the HOMO (83, is plotted. This can be due to the ¢nieq orbitals are close to those of,Brslightly distorted.
scaling of the AgBr and Ag/Ag, distances resulting in an The ransferred electron occupies molecular orbitalbgs)
almost equilateral triangle, while in & the Na-Na bond 4 re|ated with ther, valence orbital of Bf . This is con-
length is longer than that of NaF resulting in an obtusegisient with a Br—Br distance of 54, as compared with the
Na F Na angle(105.7 degre€s and a four-center charge equilibrium distance of Br(5.5 ao).

electrostatic stabilization. The others molecular orbitals re-  AgBr) can be analyzed as Agr, with a Br—Br dis-

semble very much those of isolated Agr Br~ with perhaps  tance close to that of the dimer Band an apex angle of 47
a weak delocalization of the, orbital (8)a; of bromine  degrees. This electronic configuration is not unexpected
(Fig. 2). since the ionization potential of Ag is lower than that of, Br

Interestingly in AgBr", the Ag'—Ag" repulsion is no  (The MRPT2 values are 7.16 eV and 10.20 eV, respectively.
longer screened by the excess electron, yielding an open tr p_, linear isomer is also found with an AgBr bond of
angle with an apex angle of 111 degrees. The electron denr.g a,, and a relative CASSCF energy of 0.73 eV with re-
sity analysis shows that the structure is ionic, namely close t@pect to the ground state. This structure can be analyzed as
Ag'Br Ag". The orbital plots of the in-plane orbitals (8)  Brag*Br.
and (7, (Fig. 3 show that some significant delocalization Finally, the negative AgBr trimer has aD..;, linear ge-
however subsists along the AgBr bonds in the latter Orbitalometry and Corresponds to an electronic Configuration
The others electrons do not participate significantly in theBFAg*BF and an almost complete localization of the elec-
trons on bromine and a clear charge transfer. The Ag—Br
distance is close to that of the neutral dimdi7 versus
4.6 ay).

We now discuss the tetramer case. The rhombus is the
most stable geometry of ABr,, both at the CASSCF and at
the MRPT2 optimization level. Comparing CASSCF versus
MRPT2 calculations, the AgBr distances remain about the
same (5.4,), while the AGBAg is reduced from 72.7 to
69.2 degrees. From the orbital density plots of Fig. 4, it
appears that the cluster can be considered as essentially
ionic. The main deviations from this situation should appear
for the in-plane orbitals without nodal perpendicular plane
FIG. 2. Density contour plots of representative orbitals ofBxg containing the Ag—Ag axis, namely (&), (3)bsy, and
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(6)a9 (3)b3u
(3)b3g (Z)bly
FIG. 4. Density contour plots of rep-
resentative orbitals and total density
contour plot(bottom of Ag,Br,.
(5)b14 (4)b2,

(5)by,. As a matter of fact in the inner orbital (&) the
lobes of thep orbitals of bromine which point inwards res-
taure some electronic density around and between the two

Ag™ cations.
The situation is more contrasted in the case of ions. At
the CASSCF level, the lowest isomer of By, has a linear (T)a
9

C.., Symmetry corresponding to an ABr-Ag*Br configu-
ration (with respective interatomic distances 4.99, 4.97, and
5. 32 Bohj. The second isomer has a rhombus shape and lies
1.40 eV higher. Interestingly the Br—Br distance (5&y) is FIG. 5. Density contour plot of the excess electron orbital inBxg.
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smaller than the Ag—Ag distance and close to that ofthe Mulliken analysis, such an incomplete charge transfer is
Br; (5.46ap). This is consistent with the fact that the elec- to be attributed to non vanishing overlaps. Starting from the
tron is removed from the (4}, orbital (correlated with the separated ionized fragments this would appear as resulting
o, molecular orbital of By), yielding an electronic configu- from non orthogonality in a nonorthogonal valence-bond
ration close to AgBr,Ag”. However, the situation is scheme, or alternatively from orthogonalization of the
strongly changed in the MRPT2 calculation. At the CASSCFatomic orbitals in a orthogonal valence-bond scheme. This
geometry, the MRPT2 calculation yields the rhombus 1.69spect is closely connected to the limit of the Mulliken
eV below the linear structure. The geometry was further opanalysis. Such a valence-bond analysis would be interesting
timized at the MRPT2 level withD,, symmetry constraint. in further work. It may be more pertinent to analyze the
This results into a considerable decrease of the Ag—Ag disMulliken population in the 4 orbitals of silver, since the
tance which now becomes the shortest diagonal of the rhonlatter are more localized. Actually, for most clusters, the
bus and a AgBAg angle of 80.2 degrees. The AgBr dis- variation of the population of the CASSQF orbitals with
tances are reduced from 5.34 to 4.97a,. One should respect to the isolated atom situatitmwo electrons ped
however be aware that the rhombus MRTP2 energy changerbital) is extremely weak, usually less than one percent,
between the rhombus CASSCF optimal geometry and thwith two exceptions. The first one is AgBin which orbital
latter one is onlyAE=0.25eV. We have performed DFT d, has 1.96 electrons, and the second case isBAgin

type calculations which yield the opposite result witEE=  which the population of orbitatl contributing to theb,,
—0.54 eV (B3LYP functiona).*® representation is 1.95.
Again in the case of Afr,, the linear shape in the We now discuss the ionization potentials and electron

CASSCF approxima’[ion is lower by 1.62 eV with respect toaffinities of clusters. The CASSCF ionization potentials and
a rhombus isomer. The linear geometry Corresponds to Co@lectron-affinities calculated for trimers are systematically
figuration BF Ag*Br-Ag. The Ag'Br~ interionic distances smaller than the MRPT2 valug3ables Ill and I} because
in this cluster (4.84 and 4.92,) are close to that in ©f lack of correlation. The MRPT2 adiabatic ionization po-
AgBr, (4.89a,), whereas the BrAg distance is 5.6@, to  tentials of AgBr and AgBe are, respectively, 5.88 and 8.02
be compared with that of the AgBrdimer (5.15a,). The €V, illustrating the reorganization of the geometry of ions
geometry of the rhombus is close to that of the neutral tetVersus neutrals. Still more striking is the different behavior
ramer and corresponds to the addition of an electron in orof the electron affinities between Agr and AgBp. For the
bital (7)a,, essentially extending away from the cluster onformer, the vertical and adiabatic electron affinities, are al-
each side of the silver atoni§ig. 5. When MRPT2 calcu- Most identical(1.77 and 1.63 eV, respectivelyor the lat-
lations are considered for the same CASSCF structures, tHgl they are significantly different, respectively, 4.85 eV and
order is reversed and tH,, rhombus appears as strongly 2.23 eV. This illustrates further the geometrical S|m|Ia}r|ty
stabilized lying now 2.64 eV below the linear chain. MRPT2 between AgBr and AgBr-, the added electron completing
further optimization slightly shortens the AgBr distance from the last occupied Agorbital, and oppositely the strong reor-
5.26 to 5.08a, and the AGBAg angle from 74.9 to 64.3 9anization occurring between AgBand AgBp (change
degrees. from almost equngteral to Im_ear gegm@tryn the case of
Up to now, we have essentially discussed qualitativel)}etramers the vertical and a@abauc ionization poteqtlals are
charge transfer and delocalization of the electronic cloud in8-78 aqd 9.15 eV, re;pgctwely, Wherea}s thg vertical and
volving components on thesSorbitals of silver and g or- adiabatical electr_on_ affinities are almost identi@@I79 _e\b
bitals of bromine. For atoms with significant overlaps of due to the very similar geometries of /&y, and AgBr, .
atomic orbitals at equilibrium and when extended basis sets
are used, one should be cautious whep e_xamining the Mu(-/. DISCUSSION
liken populations. Nevertheless as an indicative feature, we
discuss the populations of the species without excess elec- The above results have shown that species such as
trons at the CASSCF approximation. In all cases, the Mul-AgBr,, Ag,Br", and AgBr, can be characterized as ionic
liken population indicates only a partial charge transfer. Inclusters with a stability dominated by charge transfer, despite
AgBr, the charge on Ag remains 0.50. In By, the charge  of a non-negligeable overlap. However, if one considers the
on each silver atom remains 0.64, that on bromine @28.  electrostatic interactions as resulting from purely localized
We have already mentioned that orbitals If7)and (8);  and equivalent positive (A9 and negative (Br) point
(Fig. 3) extend somewhat towards the silver atoms, but stilicharges, one would expect /&y to be linear and AgBr,
keep the aspect of essentially Beenterp orbitals. The Mul-  to be a square. The actual clusters are significantly distorted
liken criterion thus seems to understate charge transfer. Dusith respect to those ideal shapes.
to the large Ag—Ag distanced& 8.0 Bohr), an Ag Br type In addition to the non identical Ag-Ag* and Br —Br~
description does not actually seem to be adequate, despitepulsion potentials which certainly play a role, an important
the Mulliken population results. In AgBr the charge on contribution to the distorsion is due to the polarization con-
silver is 0.44 and-0.72 on each bromine atom. In the rhom- tribution which exhibits a trend to maximize the electrostatic
bus isomer of AgBr,, the charge transfer is equal to 0.54 onfield on the atoms with larger polarization, namely nega-
each AgBr bond. According to the Mulliken criterion, the tively charged bromine. Thus in ABr™, the cluster distorts
bonding cannot be analyzed as totally ionic. Besides of dom linearity in order to depart from an otherwise vanishing
possible exageration of this departure from ionic character ielectric field on the medium bromine atom. Similarly in
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TABLE VII. Fragmentation energieeV) for dissociation channels of neutral and singly chargmasitively
and negatively clusters.

Neutral Anion Cation
Ag,Br
AgBr+Ag 0.94 Ag+Br- 0.25 AgBr+Ag”* 2.22
Ag,+Br 1.50 AgBr +Ag 1.20 Ag; +Br 3.20
2Ag+Br 3.59 AgBr+Ag™ 1.34 AgBr+Ag 3.90
2Ag+Br- 2.33 Ag+Br* 6.81
Ag, +Br 2.43
AgBr,
AgBr+Br 0.99 AgBr+Br- 2.82 Ag"+Br, 1.08
Ag+Br, 1.93 Ag+Bry 4.23 AgBr*+Br 1.81
Ag+2Br 3.63 AgBr +Br 4.33 Ag'+2Br 2.78
Ag +Br, 5.41 Ag+Bry 411
AgBr+Br* 4,16
AgzBr,
2AgBr 2.00 AgBr; +Ag —0.40 AgBrt+Br 0.80
Ag,+Br, 3.51 AgBr+AgBr- 1.28 AgBr+Ag* 2.04
AgBr,+Ag 3.66 AgBr+Br- 1.47 AgBr+AgBrt 2.05
Ag,Br+Br 3.70 AgBr~+Br 2.73 AgBr; +Ag 2.89
AgBr,+Ag~ 3.08 AgBr+Br* 6.11

Ag,Br,, the shortening of the Ag—Ag distance with respectrespect to the A@r, cluster(positive electron affinitybut is
to the Br—Br one enhances the field on the two bromindound here only metastable with respect to the dissociation
atoms. In order to check this interpretation, and despite theto AgBr;, +Ag, feature which is clearly related to the large
conclusions of the Mulliken analysis, we have implementedstability of the trimer. Another remark concerns the fragmen-
an electrostatic model involving repulsion forces, Coulombtation channels themselves; it is seen that in some cases the
interactions between point charges located ori Agd Br- lowest energy products involve an ionized atom and a neutral
and damped polarization contributions. The parameters amimer and that the charge is obviously not always localized
taken fromab initio potential energy curves on the AgBr, on the largest fragment. This stems from the fact that the IP’s
Ag*Ag*, and Br Br~ dimers. One problem arises with po- of Br, and AgBr are larger that of Ag and that the EA of Ag
larization contributions due to the magnitude of the polariz-and AgBr are smaller that of Br.
ability  of Br (a(Ag")=8.273boht,**  «a(Br")
=37.16 boht*%) and the fact that neither Agnor Br-
should actually be considered as actual point charges. Thus
there is a difficulty at distances smaller than 5.5 Bohr due tq;;. CONCLUSION
a possible divergency of the polarization term with power
R™%. We have circumvented this problem by damping the =~ We have presenteab initio determinations of the struc-
R 2 electric field with a factor of the type (texp(—&?), tural and electronic properties of small silver halide clusters.
in analogy with the suggestion of Flaat al'® The geom- Even for some dimers AgBY, the present results are the
etries obtained with this simple model are consistent withfirst theoretically available. The stability of the clusters can
those of theab initio calculations, namely a lined.., ge- mainly be associated with the prevalence of electrostatic in-
ometry for AgBi, (d=4.9bohr), a bentC,, geometry for teractions and their ionic character, although the Mulliken
Ag,Br* (d=4.45bohr,§=110 degrees and a rhombus ge- population (not necessarily significantseems to indicate
ometry for AgBr, (with d(AgBr)=4.9bohr and AgBAg  only partial charge transfer. The most stable species are
=70 degrees One should mention that such distorsions dueAgBr,, Ag,Br", and AgBr, which would have no excess
to differences in the polarizabilities of the constituent atomselectrons with respect to total charge transfer. The orbitals of
have already been evidenced on other ionic clusters and agxcess electrons with respect to the saturated charge transfer
surfaces, in particular oxidés-2° configuration turn out to be rather delocalised. This delocali-
It is also interesting to comment the dissociation enersation is correlated with the similarities of the bond length of
gies of the small clusters which are listed in Table VII with the constitutive dimers together with the diffuse character of
respect to the various accessible channels. One can first nthe 5s orbital of silver atoms by which the excess electron is
tice that the most stable clusters are the simply ionigBXg  spanned. The population analysis shows thatctis&ell un-
and AgByK, species just discussed above, with dissociatiordergoes only a marginal participation in the bonding, except
energies towards the lowest energy channels larger than gg&rhaps for the AgBrand AgBr, . The unequivalent polar-
eV, AgBr, being the most stable of &[2.82 e\). The other izabilities on silver cation and bromine anion and the particu-
clusters have dissociation energies of the order of 1 eV witltarly large polarizability of bromine anion induce an impor-
two exceptions. One is the ABr~ anion which is only tant influence of the polarization contributions on the
stable by 0.25 eV. The second exception is more significaniequilibrium geometries of clusters. We have determined the
indeed as already mentioned the,Bg, anion is stable with stabilities, the electron affinities and the ionization potentials
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