
Eur. Phys. J. D 14, 323–330 (2001) THE EUROPEAN
PHYSICAL JOURNAL D
c©

EDP Sciences
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Abstract. The abundance spectra and the fragmentation channels of silver bromide clusters have been
measured and analyzed. The most abundant species are AgnBr+

n−1 and AgnBr−n+1 and Ag14Br+
13 is a magic

number, revealing their ionic nature. However, some features depart from what is generally observed for
alkali-halide ionic clusters. From a certain size, AgnBr+

n−1 is no more the main series, and AgnBr+
n−2,3

series become almost as important. The fast fragmentation induced by a UV laser makes the cations lose
more bromine than silver ions and lead to more silver-rich clusters. Negative ions mass spectra contain
also species with more silver atoms than required by stoichiometry. We have investigated the metastable
fragmentation of the cations using a new experimental method. The large majority of the cations release
mainly a neutral Ag3Br3 cluster. These decay channels are in full agreement with our recent ab initio
DFT calculations, which show that Ag+–Ag+ repulsion is reduced due to a globally attractive interaction
of their d orbitals. This effect leads to a particularly stable trimer (AgBr)3 and to quasi-planar cyclic
structures of (AgBr)n clusters up to n = 6. We have shown that these two features may be extended to
other silver halides, to silver hydroxides (AgOH)n, and to cuprous halide compounds.

PACS. 36.40.Qv Stability and fragmentation of clusters

1 Introduction

Silver bromide has been extensively studied for many
years at the bulk level due to its implication in the photo-
graphic process. It is known today that the formation of
the latent image consists in the aggregation of small sil-
ver clusters (Ag4 at least) at the surface of silver bromide
microcrystals [1]. In the development process, these clus-
ters act as catalyst for the reduction of the silver cations
to atoms [2,3]. Nevertheless, the very first step of pho-
tography is not understood yet: what is the process lead-
ing from photoabsorption to the small silver clusters? All
the proposed mechanisms are more or less based on the
Gurney and Mott theory [4]: there would be an accumula-
tion, in a surface defect, of silver ions and photoelectrons,
leading finally to small silver clusters. The various theo-
ries differ in the charge state of the intermediate steps;
one can either first neutralize silver cations and then put
them together, or first gather ions and then neutralize the
resultant cluster, or even form an anionic cluster and then
trap silver cations. The problem with these theories is that
the calculated efficiency of the processes is smaller by or-
ders of magnitude than the measured one. Actually, it is
surprising, owing to the importance of the subject, that
the knowledge of silver bromide at the molecular level is
so poor. At the time we started to study silver bromide
clusters the spectroscopy of the AgBr molecule was hardly
known.

a e-mail: jmarc@yosemite.ups-tlse.fr
b UMR 5589 du CNRS

On the other hand, several studies of ionic clusters
have been published. They have led to a general un-
derstanding of alkali halide quasi-stoichiometric clusters,
which can be used as a starting point for the study of
the more complex silver halide clusters. In this paper, we
present fragmentation data, which give some insight into
the behavior of silver and bromine atoms interacting with
silver bromide stoichiometric salt.

Only anionic and cationic silver bromide clusters have
been studied because the ionization potential of neutral
species, estimated to more than 7 eV [5], is not accessible
to commonly available lasers. Abundance spectra are stud-
ied in the next section. In the following section, metastable
fragmentation channels are analyzed using our newly de-
veloped method and compared with recent ab initio DFT
results [5], in the frame of the RRK (Rice, Ramsperger,
Kassel) [6,7] statistical decay model and the evaporative
ensemble [8].

We will finally show that some previously reported
properties of silver chloride, silver hydroxide and copper
halides (CuBr, CuCl) may be understood if one consider
that the specificity of silver bromide clusters may be ex-
tended to other isoelectronic systems.

2 Experiment

The experimental setup is shown in Figure 1. It has al-
ready been detailed elsewhere [9,10]. The source is based
on laser vaporization of a silver bromide rotating rod
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Fig. 1. Experimental setup. The silver bromide clusters are
produced by laser vaporization of a silver bromide rod. The
UV laser is used only in fast fragmentation experiments.
Metastable fragmentation is pictured: (1) charged parent, (2)
charged fragment, (3) neutral fragment.

using a 532 nm Nd:YAG laser. Clusters are seeded in
helium gas and mass selected in a Reflectron-Time-Of-
Flight (RETOF) mass spectrometer. The ions created in
the source are accelerated by the pulsed high voltage of
one or two of the first plates of the Wiley-Mc Laren device.
A reflectron is used both to improve the mass resolution
and to analyze the metastable fragmentation in the field-
free region. Our source produces clusters at vibrational
temperature close to the room temperature [11], leading
to spontaneous fragmentation of silver bromide clusters in
the field-free region of the mass spectrometer without any
further heating. We developed a new method for measur-
ing the fragmentation patterns, which has been presented
in details elsewhere [12]. Briefly, it consists in scanning the
voltage of the end plate of the reflectron, and then plot-
ting the evolution of the time of flight peaks as a function
of the inverse of this voltage. The points are aligned on
straight lines. Each straight line corresponds to a given
(parent, fragment) couple. The intersection with the Y -
axis corresponds to an infinite repulsive voltage: in this
case, the cluster spent no time in the reflectron. Know-
ing that the time of flight spent out of the reflectron de-
pends only on the mass of the parent, this quantity can
unambiguously be deduced from the intersection time. It
is also easy to show that the slope of the straight line is
proportional to the mass of the fragment. We have two
parameters (the intersection point and the slope) to de-
termine two unknowns (the masses of the parent and the
fragment): the masses of the parents and the fragments
are thus unambiguously determined.

3 Results and discussion

3.1 Mass spectra

Both silver and bromine atoms have two natural isotopes,
respectively 107,109Ag and 79,81Br, whose natural abun-
dance is about 50%/50%, so that the mass peak corre-
sponding to a given AgpBrq cluster is split into (p+ q+ 1)
components with a binomial intensity distribution. When
the isotopic mass peaks are resolved, one can integrate
over the mass peaks associated with a given cluster size; it
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Fig. 2. Mass spectra of small (a) and larger (b) positively
charged silver bromide clusters. The numbers n, p above some
peaks refer to the number n of silver and p of bromine of the
corresponding cluster.

is obviously not possible for unresolved spectra. We chose
to apply the following simple correction to both resolved
and unresolved spectra. Since the width of the binomial
distribution is proportional to

√
p+ q, the height of the

mass peak is proportional to I/
√
p+ q where I is the to-

tal integrated intensity for this composition. For a given
stoichiometry (p/q ratio), the correction is proportional to√
m, with m the mass of the cluster. The clusters under

study have almost stoichiometric composition, so that we
can consider that the correction is roughly proportional
to
√
m for all the clusters. Thus all the mass spectra pre-

sented in this paper have been multiplied by
√
m, in order

to show peak intensities closer to the real abundance.

3.1.1 Positive ions

Figures 2a and 2b display two mass spectra of positively
charged silver bromide clusters. The accelerating voltage
pulse of the mass spectrometer occurs later for Figure 2b,
so that larger sizes are observed. The most intense se-
ries corresponds to stoichiometric species AgnBr+

n−1 (we
consider here and in the following as “stoichiometric”
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clusters with no excess electrons). Moreover, Ag14Br+
13 ap-

pears with a larger intensity than its neighbors. It denotes
probably a 3× 3× 3 cubic structure known to be partic-
ularly stable for all ionic clusters with no exception, to
the best of our knowledge [9,10]. These features, already
observed in previous experiments [13,14], reveal that they
are at least partially ionic. On the one hand, we will see in
the following that some covalent character strongly influ-
ence the structure of smaller clusters. On the other hand,
bulk silver bromide is known to exhibit many characters of
ionic compounds (crystal structure, conductivity) [15,16]:
there should be a critical size from which the structures
are no more influenced by covalence. It raises the question
of whether the ionic character has already become domi-
nant for Ag14Br13. Unfortunately, we are not able to give
a final answer to this question. Ab initio calculations can-
not be carried out for clusters large enough to determine
the critical size [5]. It has only been shown that the cubic
isomer of Ag14Br13 is stable, but not that it is the lowest
isomer.

More bromine-deficient series are also detected, corre-
sponding to AgnBr+

n−2,n−3,n−4 (Fig. 2b). The ratio of the
relative abundance of AgnBr+

n−2 and AgnBr+
n−1 are repre-

sented in Figure 3. This ratio first increases up to n = 11,
for which the (n, n − 2)+ cluster is almost as stable as
the stoichiometric one, and then decreases to reach an
expected minimum for Ag14Br+

13. There is globally a con-
stant increase of the relative abundance of AgnBr+

n−2 clus-
ter, which reach the same intensity as the stoichiometric
series for n > 25. The presence of AgnBr+

n−2, AgnBr+
n−3

and AgnBr+
n−4 has not been clearly observed in the exper-

iments mentioned above [13,14]. It may be due to the dif-
ferent conditions of aggregation in the source, but should
also be explained by a higher temperature of their clusters.
As a matter of fact, metal rich alkali halide cations are gen-
erally produced more easily when the temperature of the
source is lowered [17]. This seems to be confirmed by our
experiments where these series disappear when the clus-
ters are heated with a laser. The large intensity of Ag5Br+

4 ,
also observed in [13], is unusual for “regular” ionic clus-
ters [18]. Actually, we will see later that this high intensity
is not due to a particular stability of Ag5Br+

4 , but rather
to the particular fragmentation channels that lead to its
formation.
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Fig. 4. Mass spectra of negatively charged silver bromide clus-
ters. The numbers n, p above some peaks refer to the number
n of silver and p of bromine of the corresponding cluster.

3.1.2 Negative ions

Figure 4 presents a relative abundance spectrum of silver
bromide anions. The main series AgnBr−n+1 is stoichiomet-
ric. However, as in the case of cations, two other series of
comparable intensity, namely AgnBr−n and AgnBr−n−1, ap-
pear for the largest observed size. It denotes once again the
probable ionic nature of quasi-stoichiometric silver bro-
mide clusters, but also the stability of metal-rich species.

3.1.3 Fast fragmentation experiment

The positively charged clusters underwent an irradiation
with the rather intense (≈ 106 W/cm2) beam of a Nd:YAG
laser at 266 nm or 355 nm. We recorded mass spectra un-
der normal conditions. While proceeding in such a way,
the resulting spectra reveal the fast fragmentation, which
occurs immediately after the interaction with the laser,
in a time scale smaller than a few nanoseconds. A typi-
cal spectrum of irradiated clusters is shown in Figure 5.
There are no major differences between the spectra ob-
tained at 266 nm and 355 nm. It means that there is
no resonant excitation and that the observed changes are
probably only due to the heating of the clusters. The spec-
trum of Figure 5 is very different from the one of Fig-
ure 2. The AgnBr+

n−2 series almost completely disappear,
and new series are formed between the stoichiometric clus-
ters. Starting from the stoichiometric cluster AgnBr+

n−1,
the following peaks can be deduced from the previous
ones by adding a silver atom and removing a bromine
atom. One can observe, for example, the series Ag5Br+

4 ,
Ag6Br+

3 , Ag7Br+
2 , Ag8Br+, Ag+

9 . The quasi-stoichiometric
parent clusters have a higher propensity (summed over
all the open channels) to lose bromine atoms than sil-
ver atoms or stoichiometric fragments. The stable clus-
ters resulting from fragmentation have always an even
number of electrons, even for clusters with a few excess
metal atoms, as if there were a segregation of an ionic
part and a metallic part responsible for the characteristic
even/odd stability alternation. A monotonic evolution of
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Fig. 5. Mass spectrum of silver bromide cations irradiated
with the intense beam of a Nd:YAG laser at 355 nm: more
bromine deficient clusters appear. The numbers n, p above
some peaks refer to the number n of silver and p of bromine of
the corresponding cluster.

the stability of the clusters within a series would proba-
bly lead to a monotonic decrease of the intensities from
AgnBr+

n−1 to Ag+
p . Indeed, it is not what is observed.

For all series, from Ag8Br+
3 to Ag14Br+

9 , the most in-
tense peaks are AgnBr+

n−5. They may also be described as
(Agn−4Brn−5)++Ag4 or (Agn−5Brn−5)+Ag+

5 in a segre-
gated picture. For clusters larger than Ag14Br+

13, the most
stable products are (AgnBrn−1)+Ag8. Ag4 and Ag8 are
known to be very stable: there is a sudden increase in the
binding energy from Ag3 to Ag4 (+36% [19]) and the bind-
ing energy presents a maximum for Ag8 [20]. This suggests
that Ag4 and Ag8 behave as if they were isolated, in other
words that they are segregated. Although the mechanism
of formation is probably different, it looks like what oc-
curs in the photographic process, in which one has also a
photo-induced segregation of Ag4 on an ionic substrate.

These results on fast fragmentation might appear at
a first glance in contradiction with the results of the
metastable fragmentation experiments, which revealed
the preferred evaporation of trimers (AgBr)3. However,
the two experiments are not contradictory: here the in-
ternal energy of the clusters is much higher than in
metastable fragmentation experiments where the inter-
nal energy is thermal (roughly at room temperature), and
many additional decay channels are open. The size distri-
bution of fast fragmented clusters shifted toward small
masses is consistent with the loss of trimers, which is
likely to remain one important open channel. It is diffi-
cult to go further in the analysis of the fragmentation of
clusters with high internal energy. First, it would require
the calculation of non stoichiometric clusters (particularly
metal-rich clusters); second, low-lying excited electronic
states should be taken into account. This last requirement
does not mean that evaporation processes necessarily in-
volve direct photo-induced excitation (although it is not
excluded), but that the internal energy of the hot cluster
is large enough to possibly populate these states.
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Fig. 6. Fragmentation spectrum of silver bromide clusters. The
reaction corresponding to each peak is detailed in Table 1. The
large majority of the most intense peaks (4, 5, 6’, 7, 8, 9, 10,
11, 12) correspond to the evaporation of Ag3Br3.

3.2 Metastable fragmentation

In the experiment described in the previous paragraph,
it was impossible to know the fragmentation paths which
lead to the observed species. Several methods are known
to be able to analyze the metastable fragmentation which
occurs in the field-free region of a RETOF mass spectrom-
eter [12]. Unfortunately, it is very difficult, and sometimes
impossible, in this kind of experiment to raise ambigui-
ties in determining the fragmentation channels. That is
why we were to develop a novel method, which is able to
measure without any ambiguity the couples (parent, frag-
ment) [12]. It has been applied to silver bromide positively
charged clusters under experimental conditions where the
initial distribution is close to the one of Figure 2. Pos-
itively charged fragments were detected. Clusters were
not heated with a laser in the accelerating zone, but we
slightly increased the fluence of the vaporization laser.
Thus clusters underwent spontaneous fragmentation be-
cause of their higher initial internal energy.

3.2.1 Fragmentation channels

On the fragmentation spectrum of Figure 6, the largest
peaks come from the fragmentation of AgnBr+

n−1 clus-
ters. Let us recall that in such experiments Ve is set to
0 and Vref is kept smaller than Va2 (see Fig. 1), so that
clusters which did not undergo fragmentation are not re-
flected (their kinetic energy is larger than the potential
barrier) and thus not detected. The assignment of the
corresponding fragmentation reactions appears in Table 1
together with the calculated dissociation energies when
available and the measured fragmentation rates. It is very
striking that the most important decay channels are often
AgnBr+

n−1→Agn−3Br+
n−4+Ag3Br3. Actually, the detected

fragment is the charged one Agn−3Br+
n−4, and we can only

infer from the experiment that the parent lose 3 silver
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Table 1. Lowest fragmentation channels
of AgnBr+

n−1. Dn are the calculated dis-
sociation energies from reference [5]. Ex-
perimental and calculated lowest channels
are the same. ∗ The ground state energy
of Ag6Br+

5 is unknown. Nevertheless, it is
possible to calculate the dissociation ener-
gies to a constant ∆.

atoms and 3 bromine atoms. However, as it will be demon-
strated in the next paragraph, our theoretical work sug-
gests that these 6 atoms be released together as a trimer
(AgBr)3. Non-stoichiometric clusters AgnBr+

n−2,3,5 follow
the same scheme and evaporate also often preferentially
(AgBr)3. The evaporation (we should rather say “fission”
in this case) of trimers may be extended to some copper
and silver halides whose vapors are known to contain a
non-negligible fraction of trimers [21,22]. Similar evapora-
tion properties have also been suggested (but not directly
observed) for silver hydroxides Agn(OH)+

p [23–25]. This
will be discussed in the last section.

The stability, the structural and electronic proper-
ties of small neutral and charged clusters AgnBrp=n,n−1

(n = 1−6) have been investigated in the framework of
ab initio DFT (B3LYP) calculations [5]. We will just men-
tion here the main conclusions, in relation with our mea-
sured fragmentation patterns. First, it has been shown
that the silver bromide clusters are not fully ionic (the
Mulliken population analysis gives an ionicity of 56%
for AgBr, and only 30% for (AgBr)3 [5]). In small clus-
ters, the binding energy is only partially assumed by the
coulombic interaction between plus and minus charges.
A non-negligible fraction of it is due to molecular or-
bitals involving d atomic orbitals of silver and p atomic
orbitals of bromine. This kind of bonding, associated to
the high polarizability of the bromine anion, tends to bend
Ag–Br–Ag sub-structures with an angle of about 100◦,
whereas, on the contrary, the linear Br–Ag–Br configura-
tion is favored. Two important implications of this fea-
ture are first that the ground state structures are differ-
ent from the ones encountered in general for ionic clusters
(Fig. 7), second, since there are attractive 3-body interac-
tions between silver ions, that clusters with several silver
atoms are more stable than expected. For this last rea-
son, Ag3Br3 is especially stable and is one of the prod-
ucts of all the lowest fragmentation channels of AgnBr+

n−1

(n > 3, of course). Ag6Br+
5 is an exception and evaporates

preferentially AgBr. Nevertheless, the fragmentation into
Ag3Br3 also occurs since its dissociation energy is very
close (+0.016 eV only, see Tab. 1). It is confirmed in the
experiment where the two corresponding peaks are de-
tected (see Fig. 6). Two similar fragmentation channels

Ag Brn    n Ag Brn    n-1
+

n=2

n=3

n=4

n=5

n=6

Fig. 7. Ground state structure of AgnBrn and AgnBr+
n−1 as

determined in DFT (B3LYP) calculations [5]. Black circles are
bromine, white circles are silver.

are observed for Ag4Br+
3 , which can release either AgBr

or (AgBr)3. This is in good agreement with the calcu-
lated dissociation energies which are very close for these
two channels. The observed fragmentation channels for the
smallest clusters Ag2Br+ and Ag3Br+

2 , which evaporate
respectively a silver cation and a neutral silver bromide
dimer, are also the lowest calculated ones. The perfect
agreement of the measurements and the calculations on
purely energetic grounds suggests that there is no poten-
tial barrier along the dissociation pathways. It is not really
surprising since silver bromide clusters are more “floppy”
than pure ionic clusters such as alkali-halides. There is
always a balance between the coulombic forces which fa-
vor linear Ag–Br–Ag substructures and the polarization of
bromine and the mixing of the d orbitals of silver cations
that both bend these substructures, with only small en-
ergy differences between the two shapes.
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3.2.2 Fragmentation rates

The fragmentation rates have been measured for all chan-
nels by dividing the signal of a given peak of the frag-
mentation spectrum (such as the one of Fig. 6) by the
signal of the parent in a spectrum recorded under normal
RETOF operation mode. The isotopic splitting is not re-
solved in fragmentation experiments. The abundance of a
cluster is deduced from the height of the corresponding
peak by considering a binomial distribution over the pos-
sible isotopes. One must also take care of the fact that
in a RETOF mass spectrometer the intensity, say I ′n, of
a peak reflects the abundance of the corresponding clus-
ter Xn at the entrance of the reflectron. Let Fn be the
sum of the intensities of all the peaks with Xn as parent
in the fragmentation spectrum. Fn is the total fragmen-
tation rate of Xn. The initial population In (at the end
plate of the accelerating stage) of the cluster Xn is thus
equal to In = I ′n + Fn. The fragmentation rate Fn→n′ for
a particular channel (Xn → X ′n) with a peak intensity
In→n′ is given by:

Fn→n′ =
In→n′

In
=

In→n′

(I ′n + Fn)
· (1)

The quantities Fn→n′ are plotted in Figure 8 for Xn =
AgnBr+

n−1 and X ′n = Xn−Ag3Br3. The intensities In→n′
can be taken from any of the fragmentation spectrum on
which they appear, since they do not vary from one voltage
Vref to another [12].

The shape of the evolution of Fn→n′ versus n is com-
pared to ab initio calculations in the frame of a very sim-
ple statistical decay model based on the evaporative en-
semble theory [8] of Klots using the RRK fragmentation
rates [6,7]. Actually, the evaporation of large fragments
such as Ag3Br3 from small clusters would certainly re-
quire a more sophisticated treatment (that does not ex-
ists at this time to our knowledge), but we intentionally
chose one of the simplest statistical decay models, just in
order to know roughly if the experiment was consistent
with the calculations. The evaporation rate K(n,E∗n) is

given by the Kassel formula:

K(n,E∗n) = ν0[(E∗n −Dn)/E∗n](3n−7) (2)

E∗n is the internal energy of the parent,Dn the dissociation
energy for the considered channel, and ν0 a mean vibra-
tional frequency. n is the total number of atoms in the
cluster, it is equal to 2m− 1 for AgmBrm−1. We gave up
the usual degeneracy factor, in general taken proportional
to the surface of the cluster, because it is not a reliable
factor to our mind in the case of small clusters (all atoms
are at the surface in clusters of these sizes!). ν0 is constant,
equal to 1.8× 1012 s−1. It is the only parameter that we
adjusted in order to compare rates to experiment. Dn was
taken from the ab initio DFT calculations (see Tab. 1) for
the clusters smaller than Ag6Br+

5 . Considering the weak
variation of Dn with n (see Tab. 1), we took a constant
value Dn = 1.66 eV for the larger clusters for which it
has not been calculated. The initial internal energies E∗n
were deduced from the evaporative ensemble model, as-
sociated with the RRK formula, applied to the evolution
of the temperature of the clusters from the source to the
accelerating stage of the mass spectrometer. This model
gives a maximum value Emax and a minimum value Emin

of E∗n. E∗n was taken as (Emax + Emin)/2. The branch-
ing ratios for the reactions involving Ag6Br+

5 or Ag4Br+
3

(which have both two important dissociation channels)
are directly taken from the experiment as the ratio of the
height of the corresponding peaks.

The calculated dissociation rates into Ag3Br3 are
in rather good agreement with the experimental results
(Fig. 8): the fragmentation rate, in the order of a few per-
cent for n ≤ 6, sharply increases from n = 7 to reach about
13% for n = 10. The low dissociation rate of Ag6Br+

5 into
(AgBr)3 is easy to understand since there are two quasi-
degenerate channels with a higher probability for the re-
lease of a molecular monomer AgBr. The large abundance
of Ag5Br+

4 in the mass spectra recorded under normal con-
ditions is also easily understood if one consider that the
observed clusters come from the dissociation of larger clus-
ters, according to the hypothesis of Klots which states that
any observed cluster comes from at least one dissociation:
under this assumption, Ag5Br+

4 comes from two dissoci-
ation channels: (a) Ag6Br+

5 → Ag5Br+
4 + AgBr and (b)

Ag8Br+
7 → Ag5Br+

4 + Ag3Br3. The large abundance of
Ag5Br+

4 is an indirect proof of the particular dissociation
channel of Ag6Br+

5 .

3.2.3 Fragmentation of non-stoichiometric clusters

The fragmentation channels have also been measured
for some non-stoichiometric silver bromide clusters
AgnBrn−2,3,5 (Fig. 9). Once again, the neutral fragment
is often Ag3Br3. The structure of these clusters has not
been calculated and no detailed analysis can be done. Let
us just point out another proof of the high stability of the
metal-excess clusters since they often lose a stoichiometric
fragment rather than their excess metal atoms.
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parents : AgnBrn-2
+

8,6 9,7 10,8 11,9 12,10 13,11 14,12

8,6 9,7 10,8 12,10 13,11 14,12
11,8

fragments

parents : AgnBrn-3
+

3,0 4,1 5,2 6,3 7,4 8,5 9,6 10,7 11,8

2,1
3,0 4,1 5,2 6,3 7,4 8,5 9,6 10,7 11,8

fragments

parents : AgnBrn-5
+

8,3 9,4 10,5 11,6 12,7 13,8 14,9

9,8
8,3 9,4 10,5 11,6 12,7 13,8 14,9

fragments

Fig. 9. Measured fragmentation channels of non-
stoichiometric silver bromide cations: they often evaporate
Ag3Br3. Each arrow represents an observed decay channel.

4 Comparison with other compounds of silver
and copper

The copper halides are often considered as “covalent with
a slightly ionic character” whereas silver halides are de-
scribed as “ionic with a slightly covalent character”. Even
though the chemical properties of copper and silver are dif-
ferent in solution, their similar electronic shells (...3d104s1

for copper, ...4d105s1 for silver) are likely to induce at least
a few common properties of their compounds. We will
show that our conclusions on silver bromide are helpful
to understand at least two previously observed properties
of copper and silver halides unexplained up to now. These
properties are:

(1) the apparent particular stability of the trimer (MX)3

and the large abundance of the trimer in their vapors;
(2) the quasi-planar (or at least cyclic) structure of their

small stoichiometric clusters.

4.1 Gas phase

The vapor of all silver and copper halides surprisingly
contains a large amount of trimers. The trimers are the
main component of copper halides vapors in equilibrium

with solid [26]. In the vapor of AgI in equilibrium with
the solid phase at 750 K, the dimer and the trimer are
roughly equally abundant [21]. The vapor of AgCl in equi-
librium with the liquid phase at 820 K contains (AgCl)
monomers (78%) and also trimers (22%) [22]. We do not
know such quantitative results concerning AgBr, but its
vapor is known to contain an important fraction of trimer
(AgBr)3 [26]. These results can obviously be related to our
observation of the trimer as the main species evaporated
by silver bromide clusters.

4.2 Clusters

First, let us notice that the mass spectra of small cop-
per halide clusters CunX+

n−1, X = Cl,Br, I exhibit the
same “magic numbers” (n = 5 and 14) as the spec-
trum of AgnBr+

n−1 [27]. The n = 14 magic number is
not a very specific signature because it is shared with a
large number of other clusters, in particular with all ionic
clusters. More interesting is the systematic large abun-
dance of M5X+

4 , whose origin (if the same as for silver
bromide) may be closely related to the unusual stability
and fragmentation pattern of this family of clusters (see
Sect. 3.2.2). Beyond abundance spectra analysis, small
(MX)n clusters (M = Cu,Ag, X = Cl,Br) trapped in
an argon matrix have been investigated by infrared ab-
sorption spectroscopy in the eighties by Martin et al. [26,
27]. The vibrational frequencies calculated in the frame of
a simple electrostatic model were compared with exper-
iment. The copper chloride tetramer was experimentally
demonstrated to be a square instead of the cubic ground
state found in the calculations, although the energy of
the square isomer was calculated to be 1.1 eV above the
cube. The authors attributed this disagreement to entropy
by taking into account its vibrational contribution to the
free energy at high temperature. Let us recall that the
ground state of (AgBr)4 is also a cube in any electrostatic
model, whereas it is a square in ab initio calculations. If
one considers that the d electrons induce the same effects
in copper halides as in silver bromide (these effects are
detailed in [5]), there is no point in introducing entropy
effects and the simplest way to interpret the measured vi-
brational spectrum of (CuCl)4 is to consider the square as
its electronic ground state. For larger copper bromide clus-
ters (CuBr)6,7,8, the measured vibrational spectra are not
consistent with the 3D structures found in the model, but
would be more easily understood as resulting from planar
structures. Once again, this can be compared with recent
calculations on AgBr for which the effect of d electrons is
to constrain the ground state structures of stoichiometric
clusters to remain two-dimensional at least up to n = 6 [5].

The preceding remarks can be extended to silver hy-
droxides. Mass spectrometry experiments have been car-
ried out by Bréchignac and coworkers [23,24] on silver hy-
droxides. The main series observed are YX+

n , where X is
identified as (AgOH)3. Although it is not fully understood,
it clearly reveals the special role of the (AgOH)3 substruc-
ture. Ab initio DFT calculation have been performed by
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Millié and coworkers to determine the ground state geom-
etry of (AgOH)n clusters. They found a particularly large
binding energy for (AgOH)3 [25]. Moreover, replacing Br
by OH has no effect on the geometry: the structures of
(AgOH)2...6 are the same as those of (AgBr)2...6 clusters.

5 Conclusion

Although silver bromide clusters can be considered at first
order of approximation as ionic clusters if one consider
only the 5s electrons of silver, we have experimentally
demonstrated the indirect effects of the 4d orbitals of sil-
ver, which are responsible for a number of special features.
The most unexpected is the preferential evaporation of
(AgBr)3. The lowest dissociation channels deduced from
ab initio DFT calculations are in complete agreement with
the experiment, and in particular is able to account for the
singularity of Ag6Br+

5 that dissociates preferentially into
Ag5Br+

4 +AgBr. This exception is responsible for the large
abundance of Ag5Br+

4 in the mass spectra. Any calcula-
tion that does not account very carefully for the 4d elec-
trons of silver fails to reproduce these results [5]. As far as
there are not too many excess metal atoms, the cohesive
energy given to the Ag+–Ag+ pairs by the 4d orbitals of
silver, together with the known high cohesive energy of sil-
ver clusters [19,20], contributes significantly to the large
stability observed for metal-rich clusters. By considering
some particularities of silver bromide clusters as due to
d electrons of silver, we are able to interpret some previ-
ously unexplained properties of isoelectronic systems MX,
M = Ag,Cu, X = Cl,Br, I,OH. The preferential evapora-
tion of trimers and the cyclic structures of small stoichio-
metric clusters are signatures of the partially covalent in-
teraction in these systems. Even though it should be more
deeply investigated both experimentally and theoretically,
it seems that the common characters are due to a bond-
ing interaction between the metal cations through their d
orbitals.
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