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The structures and UV absorption spectra of (AgRiusters i = 1-9) are investigated in both the gas
phase and in a dielectric medium. The structures of clusters were determined at the B3P86 level using a
moderate size basis set with full geometry optimization. For clustersnwitll—6, extensive searches of the
potential energy surface yielded only one minimum, while larger clusters displayed two or more minima.
Qualitative aspects of the major UV absorption band were also explored. Experimentally, as the clusters
grow from monomers to larger systems, this band initially shifts to the blue and then to the red. Our
computational results parallel the experimental trends and show that the maximum blue shift occurs at the
trimer or the tetramer. The molecular origin of the blue/red shift associated with AgBr cluster growth can be
readily explained by examining the orbital interactions which dominate the process and by the structure
characteristics of the clusters. Detailed molecular orbital energy level correlation diagrams for the dimerization,

trimerization, and tetramerization are also presented.

Introduction 025

Extensive studies over the past few decades of nanoscale
semiconductor clusters have been fueled by technological and ]
scientific interests, mainly because they exhibit quantum size 020
effects (QSEJ.2 The main aim of investigations has been e
toward understanding the changes in structural and electronic I
properties with varying cluster siZén the nanometer size range, \
the energy gap of semiconductor clusters was found to decrease
with increasing size of the particles, reflected in a red shift of
their major UV absorption band.

Because of their application in the photographic process and
because of their unique electronic properties, AgBr clusters have
received considerable attentfofiand the QSE of the particles
has been studied by several grodp®.Chen et al., by using a
modified reverse micellar synthetic approach, grew clusters of
AgBr over a size range of 30100 A4 From the low- i K
temperature steady state luminescence spectra, they found that B T
the energy gap decreases with increasing cluster size, in good 000 L I . L . ! N
agreement with the Brus formutd He et al. studied the size- 275 300 325 350
dependent UV absorption spectra of AgBr quantum dots and Wavelength(nm)
found the major absorption band to undergo a red shift as the Figure 1. Summary of the current state of UV absorption spectra
cluster size increasé®.This is the normal QSE and is well  associated with the growth of silver bromide clusters. For the molecular
understood’18In contrast, we found that when AgBr clusters regime, see refs 19 and 20, for the quantum dot regime, see refs 16
are in the molecular size regime, the major absorption band and 19. The arrows indicate the direction of migration of the absorption
first exhibits a blue shift upon cluster growth. The UV absorption band.
band of silver bromide dimer (AgByr)is blue-shifted relative  is associated first with a spectral blue shift followed by a red
to that of the monomer and only after further cluster growth in shift. The turnaround point is at 269 nm. Upon further growth
the quantum dot size range is the typical red shift obset¥ed. of the clusters in the quantum dot regime, the associated red
More recently, we found that the UV absorption band of AgBr shift of the split exciton bands is well understood. In this work,
clusters synthesized via the electroporation of unilamellar we are interested in answering the following questions: What
vesicles first exhibits blue and then red-shifts as the clusters are the molecular structures of the small AgBr clusters that result
slowly grow in the 5-20 A range. The ultimate clusters thus in the blue/red shifts in the molecular regime and what is the
formed (~20 A) absorb at about 273 nfAThe current state of ~ molecular origin of the blue/red shifts?
knowledge of the UV absorption spectra associated with the Considerable theoretical work has been done on systems
growth of silver bromide clusters is summarized in Figure 1. related to silver bromide clusters, although we are unaware of
Clearly, the growth of AgBr clusters in the molecular regime any report on (AgBr), n > 2. Both ab initio HF and density

Quantum dot regime (exciton bands, red shift)

Molecular regime
(blue/red shift)

Absorbance

010 F HAgBn;
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TABLE 1: Bond Length (A) of the AgBr Monomer As TABLE 2: Geometries (A, deg) of AgBr Clusters from the
Obtained by Various Methods Monomer to the Tetramer in the Gas Phase and in a
Dielectric Medium (e = 78.5)
bond length error
experimental 2.3931 clusters _ BSP86/_SB _ _
HE/3G 2.1915 —0.2016 (symmetry) geometries gas phase dielectric medium
HF/SB 2.5052 0.1120 AgBr(C.)  R(Ag—Br) 2.4250 2.4865
HF/Ldz 2.5676 0.1745 (AgBr): (D)  R(Ag—Ag) 2.7200 2.7487
B3P86/SB 2.4250 0.0319 R(Ag—Br) 2.6093 2.6396
B3P86/LB 2.4618 0.0687 0(Br—Ag—Br)  117.1717 117.2463
B3P86/LBE 2.4208 0.0227 (AgBNs(Ds)  R(Ag—Ag) 2.8638 28919
B3P86/LB2 2.4228 0.0247 R(Ag—Br) 25418 25652
B3LYP/SB 2.4416 0.0484 0(Br—Ag—Br)  171.4249 171.378
B3PW91/SB 2.4335 0.0404 O(Ag—Ag—Br)  55.7125 55.6890
BP86/SB 2.4230 0.0299 (AgBn4(T)  R(Ag—AQ) 2.7224 2.7351
BLYP/SB 2.4417 0.0486 R(Ag—Br) 28930 29045
BLYP/LB 2.5002 0.1071 O(Ag—Br—Ag)  64.1904 64.1437
BLYP/LBL 2.4478 0.0517 0(Br—Ag—Br)  110.5462 110.5739
BLYP/LB2 2.4598 0.0667 0(Br—Ag—Ag)  106.8908 106.9198
BPW91/SB 2.4302 0.0371
aLB1: Landz2 basis on A& with all orbitals decontracted and an 0 [ p—
additional 3d function with an exponent of 0.08, 6-31G* plus diffuse - "
functions (exponent= 0.0376) on Br? LB2: Landz2 basis completely I /'/
uncontracted on Agr f function (exponent= 0.55)%° Alrich VTZ g “r n
plus polarization on B# E T
E V"'—‘V 3
5} 30 F ) : e o —®
|
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Figure 3. Binding energy as a function of cluster siz®,(obtained
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Figure 2. Structures with the lowest energies from the monomer to £ ;

the nonamer obtained at the B3P86/SB level. The small light spheres & I
represent silver atoms and the large dark spheres represent bromine 45

atoms. | \

functional theory (DFT) have been used to calculate the band 40
structure of silver bromide crystai$.2* The SCF-X-SW MO
method has been utilized to examine the electronic structure of 35 C ey

Ag,.2> Ground state and excited state calculations og aye } ! 2 3 4 5 6

been carried out by Walch et 27 The ground state energies Cluster Size

of Age for four possible structural models were computed using Figure 4. HOMO—-LUMO gap as a function of AgBr cluster size)(

the complete active space multiconfiguration self-consistent field from the monomer to the hexamer.

method followed by additional configuration interacti®lhe in the absorption threshold and a semiconduetmmductor
ground state geometries of small neutral,Ag = 2—9) and transition with increasing #-32 The Br molecule has been
cationic Ag," (n = 2—9) clusters have been determined in the studied at the Hartree~ock level®® The electronic structure,
framework of the HartreeFock and CAS SCF procedures binding energy, and charge distribution ofBr have been
employing relativistic effective core potenti@fsA systematic studied using a free electron model for the valence elecffons.
guantum-mechanical investigation, with non-local density func- Ab initio calculations with both all-electron basis sets and
tionals and a Gaussian basis set, of the stable geometries anéffective core potentials (ECP) at the HF and MP2 levels were
energetic characteristics of neutral silver clusters up to the employed to study the bonding in chainlikesBrations and
hexamer has appear&lAlso, the electronic structures and anions. An electron density analysis based on Bader's theory
optical spectra of nanometer-size silver clusterg (g= 2—15) of atoms in molecules showed that these polyhalogen cations
have been determined in the framework of self-consistent-field and anions can be described in terms of the VSEPR model.
local density theory. The results show that there is a quantum The structural and electronic properties of homoatomic chains
size effect in Ag clusters which can be observed as a red shift consisting of up to five Br atoms were studied by means of the
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TABLE 3: Total Energies (au) of (AgBr), (n = 1-9) Clusters in the Gas Phase and in a Dielectric Mediume(= 78.5)

gas phase dielectric medium
clusters B3P86/SB B3P86/1°B B3P86/SB B3P86/LB
AgBr —7740.012 191 93 —7 775.640 037 80 —7740.039 254 95 —7 775.661 108 43
(AgBI): —15480.125 141 60 —15551.368 451 70 —15480.142 433 20 —15551.381 656 20
(AgBr); —23220.247 696 00 —23327.097 461 80 —23220.257 325 20 —23327.105 355 50
(AgBI)4 —30960.366 757 20 —31102.798 429 60 —30960.380 079 00 —31102.809 476 20
(AgBr)s —38700.46976810 —38878.50541930 —38700.48425590 —38878.51755950
(AgBr)s —46 440.595 397 70 —46 654.224 971 80 —46 440.606 516 70 —46 654.232 998 30
(AgBr); —54180.697 494 80
(AgBr)s —61920.816 452 50
(AgBr)g —69 660.928 777 30

a Geometry from calculations at the B3986/SB level.

TABLE 4: Excitation Energies (eV) of AgBr Clusters Modeled by Various Methods
dielectric medium

gas phase HOMGLUMO gas phase vertical
AEHL AEsinglektriplet AEHL AEsinglektriplet CIS method

clusters  exptl value B3P86/SB B3P86/LB B3P86/SB  B3P86/LB  B3P86/SB B3P86/SB B3P86/SB  B3P86/LB
AgBr 4.20 3.75 3.74 3.25 3.27 5.64 4.10 4.44 4.67
(AgBr)2 4.35 4.85 4.94 3.74 3.83 5.55 3.97 5.70 5.96
(AgBr)s a 5.61 5.57 5.44 5.46 5.65 4.40 6.48 6.54
(AgBr)4 5.21 5.22 4.21 4,52 5.42 4.35 6.66 6.78
(AgBr)s 4.53 4.54 3.69 3.69 4.60 3.70 6.10 6.15
(AgBrn)s 4.24 4.22 3.28 3.26 4.26 3.57 5.84
(AgBr); 4.46
(AgBr)s 4.49
(AgBr)e 3.09

a2 The experimental point of maximum blue shift4.61 eV, but the cluster size is not known (ref 206).

DFT approach with a Gaussian basis set and including nonlocal
corrections to the exchange and correlation enétgyo our
knowledge, only one theoretical study is available on free R
(AgBI), clusters. Most recently, Rabilloud et al. reported ab
initio configuration interaction (ClI) calculations on the ground
state of small neutral and singly charged silver bromide clusters
AgBr,™® (n< 2,p < 2)3

In this paper, we present the results of our computational
studies on neutral silver bromide clusters ((AgBn = 1-9)
and their UV absorption spectra. HOMQUMO energy gaps,
singlet-triplet energies, and CIS calculations demonstrate first
a blue and then a red shift of the absorption band upon cluster
growth which parallel the experimental trends. The molecular
origin of the blue/red shift will be explained by use of molecular
orbital energy level correlation diagrams.

Computational Details Figure 5. Formation of the dimer from two monomers with overall

All calculations were done with the Gaussian 94 suite of the Cen symmetry.

programs¥’ Initially we searched for minima on the potential )
surface at the HF/STO-3G level. Starting geometries included Was found. Energetics were then reevaluated at the B3P86/LB

the following: (1) the AgBr crystal lattice filled with a particular level. The Iargse basis was constructed as fOHO_WS: AhI_richs
number of AgBr monomers in all possible connected manners; VTZ+d on B and DGauss DZVP on Ag The silver basis

(2) a wide variety of polyhedral structures. For the monomer set was enhanced by decontracting the valence d functions from
to the hexamer, only one global minimum was found. For 3/1to 2/1/1 and adding a set of f functions with an exponent of
clusters larger than the hexamer, more than one minima were9->°: Solvation effects were estimated by reoptimizing the

located for each cluster. These structures were subsequentl)pIUSterS in a dielectric continuure = 78.5) at the B3P86/SB

reoptimized at the B3P86/SB level, where SB is a relatively and _BSPSG/LB_ levels using the self-consisf[ent i.SOdenSity
small basis set consisting of 3-21G on Ag and 3-21G* on Br. polarizable continuum model (SCI-PCK¥f*!Studies using the

This approach was tested against a large number of otherlarge basis set and/or solvation models were restricted to clusters
functionals/basis sets and found to be a good compromiseYP to the hexamer. Coordinates for all optimized geometries

between accuracy and computational time for calculation of the &€ given in the Supporting Information.
AgBr monomer bond length (see below). For the smaller clusters
(n=2-6) we also performed extensive searches of the potential
energy surface directly with the SB basis set at the B3P86 level.  Structures of the AgBr Clusters. Table 1 shows the
Analytic frequency calculations were performed in all cases, calculated bond lengths (A) of the AgBr monomer as obtained
and structures which did not correspond to a true minimum were by various methods. The experimental value of the bond length
distorted along the imaginary frequency until a true minimum is 2.393 A4243 The calculated values using B3P88'5

Results and Discussion
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Figure 6. Molecular orbital energy level correlation diagram for dimerization.

B3LYP*446BP864>47 and BLYP'®47 functionals with the SB much larger basis set also yield®gh, symmetry for the dimef®
basis set are 2.425, 2.4416, 2.423, and 2.4417 A, respectively The trimer Ds, Ssymmetry) consists of a triangular arrangement
All of them are reasonably close to the experimental value: The of silver atoms with bromines bridging the Ad\g bonds. In
smallest error is 0.030 A, and the largest error is 0.049 A. They the tetramer Ty symmetry), Ag-Ag atoms are arranged in a
are also close to the calculated value of 2.424 A obtained by tetrahedral fashion, with one bromine atom capping each face
MRPT2 method with a much larger basis ¥&We used the of the Ag, tetrahedron. The tetrahedral arrangement of silver
B3P86/SB method to reoptimize the structures. Figure 2 showsatoms is a common feature of all of the larger clusters up to
all the minima with the lowest energies from the monomer to and including the hexamer. The pentamer is best described as
the nonamer obtained at the B3P86/SB level. two Ag, tetrahedra sharing a common face, with the bromine
Examination of the dimer, which hd;, symmetry, reveals  atoms either capping a face of a tetrahedron or bridging an Ag
a relatively short Ag-Ag distance (2.72 A). This is a persistent Ag edge bond to form a structure &s symmetry. In the
feature of all of the AgBr clusters: Clusters of silver atoms are hexamer, the AgAg interactions still result in two Ag
formed with the bromine atoms either capping a face or bridging tetrahedral structures; however, these two silver tetrahedra now
an edge of the silver polyhedron. The MRPT2 method with a share one common AgAg edge bond. The six bromine atoms
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Figure 7. Formation of the trimer from three monomers with overall
Csn symmetry.

cap six silver faces to form a structure G, symmetry. The
hepatamer @s symmetry) is the first cluster which cannot be
described as a combination of Atgtrahedra. In this species,
there is one Agtetrahedron sharing a common edge with one
Ags square pyramid. The octamé4 symmetry) again consists

of three tetrahedral Agunits, with the central unit sharing
common edges with both remaining tetrahedra. The last cluster,
(AgBr)g, is a very open structure quite unlike the others and
with a HOMO-LUMO gap that is much lower than that of the
first eight clusters. It is likely that other minima exist on the
(AgBr)g surface with lower energies, but the size of this system
precluded a more systematic study of the potential energy
surface.

Since the UV absorption experimentally observed are for the
clusters that formed in aqueous solution, the effects of solvent
on the cluster structure were considered by using the self-
consistent isodensity polarizable continuum md@él We
reoptimized the cluster structures in a dielectric continuam (
= 78.5) at the B3P86/SB level. Energetics were then reevaluated
at B3P86/LB levels. Table 2 gives the geometries (A, deg) for Figure 8. Molecular orbital energy level correlation diagram for
the monomer to the tetramer both in the gas phase and in alfimerization.
dielectric medium. Solvent does not affect the basic symmetry the large clusters examined here, we can reasonably expect to
of the clusters, but it does result in generally longer bond lengths, reproduce the qualitative trends seen experimentally, and to
as expected for a polar system. This effect decreases as theinderstand the underlying bonding phenomena which result in
cluster size gets larger. For example, the-ABy bond length the unusual blue shift. For each structure we have examined,
of the monomer in a dielectric medium increases by 0.0615 A the HOMO— LUMO excitation is symmetry-allowed and has
compared to the gas phase value, while it only increases bya large oscillator strength. We shall employ three approaches:
0.0115 A in the case of the tetramer. The larger clusters are (1) correlation with the HOMO/LUMO gap, (2) direct calcula-
affected even less. tion of the energy difference between the ground state singlet

The total energies (au) for monomer to nonamer in the gas and the lowest energy triplet state, and (3) CIS calculations on
phase and in a dielectric medium are shown in Table 3. The the low-lying singlet states.

binding energy per molecul&g/n, is defined for neutral clusters Although the use of DFT one-electron energy differences to
as® estimate excitation energies is a matter of deb&at®&, Salzner
et al>* recently presented results on 20 small- and medium-
Eg/n=—-E/n+ E, = (—E,+ nE)/n 1) sized sw-systems which show that HOME&LUMO energy
differences obtained with the B3LY®26 B3P86%44> and
where E, is the energy of neutral clusters with AgBr B3PW9P® functionals are in good agreement with vertical
molecules.Eg/n is a measure of cluster stabilit§.A plot of excitation energies from UV-absorption spectra. Figure 4 shows

Eg/n vsnis shown in Figure 3. The trends in binding energies the DFT HOMO-LUMO gaps of the AgBr clusters at the
shown in Figure 3 are similar to those for lithium and sodium B3P86/SB and B3P86/LB levels. It is clear that the energy gap
neutral clusterd®0 The calculations using the LB basis set increases as the AgBr clusters grow from the monomer to the
indicate that binding energies increase rapidly up to the trimer, trimer (blue shift) and then decreases as the AgBr clusters grow
and then level off. from the tetramer to the hexamer (red shift). This is exactly the
UV Absorption Spectra of AgBr Clusters. We now address  trend observed experimentally. We have also calculated the
in a qualitative fashion the issue of the UV absorption of AgBr HOMO—-LUMO energy gaps in a dielectric medium. Solvent
clusters, which show first a blue and then a red shift as the sizeeffects increase the HOMELUMO gap of monomer and
increases. Although we cannot expect quantitative accuracy fordimer, but have little effect on clusters lager than the trimer.
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(AEsingiet-tripler). Calculation of the singlettriplet gap has the

advantage that both states can be calculated variationally;
R however, one would expect these values to underestimate the
true UV absorption energies (Table 4). While these energies
cannot be directly compared to the singlsinglet energies
observed in the UV spectra, they still should provide a
qualitative indication of the general trends. TA&singlet-triplet
values in a dielectric medium are actually in reasonable accord
with the experimental UV absorption energies and indicate a
maximum blue shift at the trimer, WithEgingiet-triplet = 4.40
eV (experimentally, the maximum blue shift occurs at 4.61 eV,
but the cluster size of this species is not known).

We have also used the configuration interaction singles (CIS)
method?to calculate the UV absorption energy of AgBr clusters
Figure 9. Formation of the tetramer from four monomers with overall ~at the CIS/SB and CIS/LB levels (the CIS calculations employed
Dag symmetry. Hartree-Fock orbitals). The results for the first excitation
The maximum blue shift is still located in the trimer in the energies from the monomer to the hexamer are listed in Table
dielectric medium. In all cases except the monomer, the 4. The calculated spectra also show first a blue and then a red
HOMO-LUMO gaps overestimate the true energy differences. shift, with the maximum blue shift located at the tetramer.

The results are similar if we consider the vertical energy However, all of the CIS results predict much larger excitation
difference between the lowest triplet and singlet states energies than are observed experimentally. We conclude that

Coov Dza Tq
-— A
t;

i

Figure 10. Molecular orbital energy level correlation diagram for tetramerization.
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the qualitative trends observed experimentally are readily
reproduced by even the simplest approaches (e.g., HOMO
LUMO gaps) but that quantitative calculations of the excitation
energies will require much more sophisticated methodology.
Molecular Orbital Energy Level Correlation Studies of
AgBr Dimerization, Trimerization, and Tetramerization.
Now we turn to the second question vpgoposed in the
Introduction: What is the molecular origin of the first blue and
then red shift? To answer this question, we must study how the
molecular orbital energy levels change upon formation of a
cluster from isolated monomers. Figure 5 illustrates how the
dimer can be constructed from two monomers by varying only

one geometrical parameter, and Figure 6 shows the resulting

correlation diagram. Figures 7 and 8 (9 and 10) illustrate the
same information for the trimer (tetramer).

For the dimerization, the monomeZ.(,) and the dimerD,)
share a common symmetry d@;. The HOMOs of the
monomers are oft symmetry (essentially 4p orbitals on Br)
which transform as b+ a5 + by + a, in Con symmetry. The
next lowest orbitals are af symmetry (g + by in Con) and are
dominantly bromine 4pand silver 4g (the bromine 4s orbital
is lower in energy that the silver 3d orbitals, and may to a first
approximation be neglected). The next lowest orbitals are the
Ag 4d orbitals ofé symmetry (R + a5 + by + &, in Ca,). The
7 type d orbitals are of lower energy and are not shown on the
diagram. The LUMOs are predominately 5s/Silver atomic
orbitals which transform aga by in Con. The second LUMOs
are vacant 5p orbitals on Ag which transform astbag + by
+ &, in Can. Thus, the first six HOMOs and the first six LUMOs
transform as 2a+ a, + by + 2by, in Co. It is the mixing of
these orbitals which results in a stabilization of the occupied
orbitals and a destabilization of the unoccupied orbitals. The
net effect is an increase in the HOMQUMO gap, as
illustrated in Figure 6. Note that only one of the occupied
orbitals of the dimer (thegorbital arising from mixing of the
two o orbitals of the monomer) has significant Aég bonding

character. This is a general trend also seen in the higher

clusters: The short AgAg interactions do not arise from strong
Ag—Ag bonding, but rather from the fact that formation of silver
clusters allows for the efficient overlap of bromine-occupied
atomic orbitals with the unoccupied orbitals of several silver
atoms. Indeed, the AgAg Mulliken overlag®>5” population at
the B3P86/SB level is actually negative, and a natural bond
order analysf$59at the same level describes the dimer as having
four Ag—Br bonds and no AgAg bond.
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interactions are not the dominant feature in these clusters. Ag
Ag Mulliken overlap populations are again negative. As one
proceeds to larger clusters, there are no longer enough bromine
atoms to saturate all of the faces of the tetrahedra. This produces
low-lying LUMOs localized on the empty faces of Ag
tetrahedra and lowers the HOM@UMO gap. Thus, the
lowering of the HOMG-LUMO gap in this size regime is not
associated with the classical QSE, but rather with the details of
the orbital interactions between the formally filled bromine
orbitals and empty orbitals of the silver polyhedra.

Summary

In summary, we have investigated the structures and UV
absorption spectra of (AgBy)klusters i = 1-9) in both the
gas phase and in a dielectric medium. The structures of clusters
were determined at the B3P86/SB level with full geometry
optimization and can generally be described as having Ag
tetrahedral moieties with bromine atoms capping the faces or
bridging the edges of the silver tetrahedra. The calculated UV
absorption peak of these structure, as modeled by a variety of
simple approaches, indicate first a blue shift and then a red shift.
Our computational results parallel the experimental trends and
show that the point of maximum blue shift occurs at the trimer
or tetramer region. The molecular origin of the blue/red shift
associated with AgBr cluster growth can be readily explained
by examining the orbital interactions which dominate the process
and by the structure characterization of the clusters.
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