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Abstract. Various dissociation channels of silver bromide cluster ion Ag2Br+ and silver cluster ion Ag+
3

were observed in high-energy collisionally-activated dissociation (CAD) using a Cs target. The fragment
patterns of the high-energy CAD were compared with those of the metastable dissociation and low-energy
CAD. The difference in the fragment patterns between the high-energy CAD and the other dissociation
methods was explained in terms of the internal energy distributions. The dissociation mechanisms of
neutral silver bromide cluster Ag2Br and silver cluster Ag3 were also investigated by charge inversion mass
spectrometry using the Cs target. While the fragment ions AgBr− and Ag−

2 were dominantly observed in
the charge inversion spectrum of Ag2Br+, the undissociated ion Ag−

3 was observed as a predominant peak
in the case of Ag+

3 . The dissociation behavior of Ag2Br∗ can be explained on the basis of the calculated
thermochemical data. Contrary to this, the predominant existence of the undissociated Ag−

3 cannot be
explained by the reported thermochemical data. The existence of undissociated Ag−

3 suggests that the
dissociation barrier is higher than the internal energy of Ag∗

3 (theoretical: 1.03 eV, experimental: 2.31 eV)
estimated from the ionization potentials of Ag3 and Cs.

PACS. 36.40.Wa Charged clusters – 34.70.+e Charge transfer – 36.40.-c Atomic and molecular clusters

1 Introduction

Silver bromide has been studied for many years in the
condensed phase due to its important implications in the
photographic process. In order to clarify the reactions in-
volved in the process, both of silver and silver bromide
clusters have been widely investigated [1]. The silver clus-
ters have also received particular attention because of a
theoretical interest in the fact that a silver atom has elec-
trons in the outer 4d-orbitals energetically overlapped by
the partially filled 5s-orbital.

Silver trimers have been a main topic of a large number
of earlier experimental [2–8] and theoretical [1,9–18] stud-
ies. Among other experimental works on small silver clus-
ters, Spasov et al. reported the fragmentation patterns,
cross sections, and dissociation energies of anionic silver
clusters Ag−n by using the energy-resolved collisionally-
activated dissociation (CAD) method [6]. The main re-
action channels were found to be the eliminations of a
Ag atom and a dimer Ag2, with the dimer less favored
for odd n values. Dissociation energies for the loss of a sil-
ver atom showed a strong odd-even-dependent alternation
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against n. Handschuh et al. studied photoelectron spectra
of silver anion clusters by exciting at different photon ener-
gies in order to explore the electronic structures of various
silver clusters [5]. The shaper spectral patterns of the silver
clusters observed in their experiments as compared with
those of the corresponding alkali metal clusters might be
due to the stronger bonding in the silver clusters. This can
be interpreted as the result of overlapping of the outer 4d
and 5s orbitals, which gives rise to van der Waals type at-
tractive force. Recently the symmetric and antisymmetric
vibrational bands of neutral Ag3 were assigned by using
far-infrared spectroscopy by Fielicke et al. [8]. The energy
levels of the silver clusters and their ions were theoretically
evaluated [1,9–18].

Regarding the dissociation methods, electronic mech-
anism (electronic excitation) and impulsive mechanism
(momentum transfer) about initial steps of collision in-
duced dissociations have been discussed using position
sensitive detections [19–24]. Barat and coworkers differ-
entiated between electronic and impulsive mechanism in
the collisional activated dissociation for the collisions of
cluster ions with H2 or rare gas targets by detecting both
fragment ions and fragment neutrals [20–24]. After the
excitation by impulsive mechanism, the excited molecules
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dissociate through the internal collisions in the second
step. For the experiment using metal targets, de Bruijn
et al. [19] indicated that dissociative electron transfer initi-
ated by the electron mechanism dominated molecular dis-
sociation. One of the authors also confirmed the electron
transfer mechanism by charge inversion mass spectrome-
try using alkali metal targets [25]. Femtosecond negative
to neutral to positive (NeNePo) spectroscopy was used
to study the structural dynamics of the neutral cluster
Ag3 [26–28]. The wave packet dynamics along the coor-
dinate of the linear-to-triangular rearrangement on the
ground state potential surface was investigated in detail by
Boo et al. [27]. These authors commented on the splitting
of the degeneracy of the neutral Ag3 states due to a strong
Jahn-Teller effect. Leisner et al. [28] indicated an apparent
loss of vibrational coherence by the ultrafast intramolecu-
lar vibrational energy redistribution interpretable as an in-
termolecular collision process. These experimental results
have been confirmed by the theoretical studies [29–33].

Mixed clusters have been also an object of recent re-
searches. Metastable fragmentation channels for anionic
and cationic silver bromide clusters were examined by
L’Hermite et al. [34,35] and were compared with ab initio
DFT results [36,37]. They indicated that the fast frag-
mentation induced by a UV laser made the cations lose a
bromine atom more easily than a silver ion and that the
negative ions mass spectra contained species with more sil-
ver atoms than required by stoichiometry. Contrary to the
silver clusters, dissociation processes of the neutral silver
bromide clusters are not known to our best knowledge.

In this paper, we investigated the dissociation pro-
cesses of the cations of both silver trimer (Ag3) and sil-
ver bromide cluster (Ag2Br) by high-energy CAD spec-
tra measured by using the Cs metal target. As has been
confirmed from their internal energy distributions [38,39],
the dissociation processes in the high-energy CAD spec-
tra do not depend on which of alkali metal and rare gas
targets is employed [39,40]. The dissociation processes of
their neutrals were investigated by charge inversion mass
spectrometry with alkali metal targets, which has been
developed in our laboratory [39,41,42]. Charge inversion
mass spectrometry can provide us with direct information
about the dissociation pathway of energy-selected neutral
clusters formed by the near-resonant neutralization of the
corresponding cation clusters [39,41,42]. The reaction pro-
cess involved in this spectroscopy corresponds to a reverse
process of NeNePo [26–28]. Dissociation mechanisms of
small clusters are particularly interesting from the view-
point of chemical reactivity, because the small clusters of-
ten exhibit significantly different physical and chemical
properties from those in the isolated molecular state or
in the condensed phase. In the present work, the dissocia-
tion mechanisms of the excited silver trimer Ag3 and silver
bromide cluster Ag2Br were investigated by the charge in-
version mass spectrometry. The obtained charge inversion
mass spectra showed a significant difference between Ag3

and Ag2Br. The difference is discussed in terms of the en-
ergy levels of the respective excited neutral clusters and
relevant fragments.

2 Experimental section

Mass-selected positive ions were made to collide with an
alkali metal target, and the resulting negative ions formed
upon two successive single-electron transfers were mass
analyzed by using an MS/MS instrument. The experimen-
tal setup was described in detail elsewhere [43]. Briefly,
silver bromide cluster ions and silver cluster ions were
generated by fast atom bombardment (FAB) on a pressed
pellet of silver bromide purchased from Wako. The pel-
let was sputtered by Xe atoms bombardment typically at
8 keV. The Xe atoms were obtained by resonant electron
transfer of Xe+ ions which were produced by a discharge
type ion source with a discharge current of 20 mA. The
ions generated by FAB were accelerated to the transla-
tional energy of 5 keV. Precursor ions were mass-selected
by a JEOL JMS-HX110 double-focusing mass spectrome-
ter (MS-I). The mass-selected precursor ions were led into
a 3.7 cm long collision cell located at the exit of MS-I.
The alkali metal was introduced into the collision cell as a
vapor from a reservoir through a ball valve. In this work,
cesium (Cs) was used as a target vapor. The temperatures
of the collision cell, the ball valve, and the reservoir were
controlled to adjust the density of the Cs vapor in the col-
lision cell. Neutralization, dissociation, and negative ion
formation took place in the collision cell containing the Cs
vapor. The negative ions were mass analyzed by a spher-
ical electrostatic analyzer (ESA) with a central radius of
216 mm (MS-II). The mass-analyzed ions were detected
by a 9 kV post-acceleration secondary electron multiplier,
which could detect both positive and negative ions upon
the application of an appropriate polarity. Charge inver-
sion spectra were measured by mass-analyzing the neg-
ative ions exiting from the collision cell by scanning the
ESA voltage. By changing the polarities of MS-II and mul-
tiplier, the CAD spectra of the positive ions exiting from
the collision cell were measured in the same way as for the
negative ions.

3 Results and discussion

3.1 Silver bromide cluster Ag2Br

A CAD spectrum and a charge inversion spectrum of the
silver bromide cluster ion 107Ag2

79Br+ (m/z 293) mea-
sured with the Cs target are shown in Figures 1a and 1b,
respectively. Mono-isotopic precursor ions were selected.
A clear difference is recognized between the CAD spec-
trum and the charge inversion spectrum of Ag2Br+. In
the CAD spectrum (Fig. 1a), the peak for the undissoci-
ated ion Ag2Br+at m/z 293 is by far the strongest and
well exceeds the upper limit of the scale on the vertical
axis. The high intensity of this Ag2Br+ peak is attributed
to the precursor ion that did not interact with the target.
The peaks located at m/z 107, 186, and 214 are observed
dominantly and are associated with Ag+, AgBr+, and
Ag+

2 ions resulting from the loss of AgBr, Ag, and Br
from the precursor ion Ag2Br+, respectively. The peak lo-
cated at m/z 79 and associated with Br+ ion is scarcely
observed.
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Fig. 1. CAD spectrum (a) and charge inversion spectrum (b)
of Ag2Br+ (m/z 293). The ion was formed by fast atom bom-
bardment (FAB). The target element was Cs and the collision
energy was 5 keV.

The investigation by L’Hermite et al. [34] showed that
only the peak associated with Ag+ formed by the loss
of AgBr was observed in the metastable fragmentation of
Ag2Br+. The lowest dissociation channel of Ag2Br+ de-
rived from ab initio DFT calculations is in a satisfactory
agreement with their experimental results, and is able to
account for the dissociation channel of Ag2Br+ which dis-
sociates preferentially into Ag+ + AgBr. In contrast to
the metastable fragmentation, the peaks associated with
Ag+, AgBr+, and Ag+

2 were dominantly observed in the
present high-energy CAD spectrum of Ag2Br+. The differ-
ence in the dissociation channels between the high-energy
CAD and the metastable fragmentation was explained
by the internal energy distribution in Ag2Br+∗. The en-
ergy distribution of the metastable ions produced thus is
very narrow and centers closely around the lowest disso-
ciation energy limit. The low internal energy available in
the metastable fragmentation yields only the peak asso-
ciated with Ag+ formed from the loss of AgBr. On the
contrary to this, high-energy CAD has a maximum of dis-
tribution at the low energy limit and shows a long tail
extending to the higher energy beyond several electron
volts [38,45–48]. The broad and higher internal potential
energy of Ag2Br+∗ examined in the present work allows
many dissociation channels such as the loss of any one of
Br, Ag, AgBr, and Ag2.

The charge inversion spectrum of the silver cluster
ion Ag2Br+ (m/z 214) with the Cs target is shown in

Fig. 2. Heats of formation of the neutral and cationic forms of
Ag2Br, relative to that of Ag2Br in the ground state. The ther-
mochemical data are taken from references [36,37]. The dashed
line shows the energy level predicted by the near-resonant neu-
tralization with a Cs target.

(Fig. 1b). The peaks located at m/z 186 and 214 are
associated with AgBr− and Ag−2 , respectively and are
the dominant peaks in the charge inversion spectrum
(Fig. 1b), whereas the peak at m/z 293 associated with
the undissociated ion Ag2Br− is hardly observed. The
peaks associated with Br− and Ag− are also observed at
m/z 79 and 107, but their intensities are much weaker
than those for Ag−2 and AgBr−. In order to elucidate the
mechanism of dissociation of the excited cluster Ag2Br∗,
we compared our experimental results with the thermo-
chemical data available. These thermochemical data for
the Ag2Br system are illustrated in Figure 2 together with
the energy levels associated with the near-resonant neu-
tralization using the Cs target. The heats of formation of
Ag2Br+, Ag2Br, and those of the fragments formed via
dissociation of Ag2Br, relative to that of the ground state
of the Ag2Br neutral are given in Figure 2. Since the ion-
ization potential and dissociation energies of Ag2Br have
not been reported experimentally, theoretically calculated
values are used. Most of the data are taken from refer-
ences [36,37]. The bond dissociation energies of the Ag-
Br and Ag-Ag bonds are also taken from reference [37]. In
our previous studies using thermometer molecules, such
as W(CO)6, which lose CO ligands consecutively when
they have enough energy to dissociate [38,39,49], it was
demonstrated that the neutralization step in the charge
inversion process is via near-resonant electron transfer.
Therefore, when this is the case, the energy level of the
neutral species formed should be lower than the level of
the corresponding precursor ion by an amount equal to
the ionization energy of the target atom. The energy level
associated with the resonance process with the Cs tar-
get is shown as a dashed line (at 2.72 eV) in Figure 2.
Dissociations into Ag2 + Br and AgBr + Ag are energet-
ically allowed when the neutralization is a near-resonant
process, because the energy level of Ag2 +Br (at 1.84 eV)
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Fig. 3. CAD spectrum (a) and charge inversion spectrum (b)
of Ag+

3 (m/z 321). The ion was formed by fast atom bom-
bardment (FAB). The target element was Cs and the collision
energy was 5 keV.

and AgBr+Ag (at 0.75 eV) are lower than that of Ag2Br∗
(at 2.72 eV) by 0.88 and 1.97 eV, respectively, as is shown
in Figure 2. The dissociation into 2Ag + Br (at 3.36 eV)
is, however, energetically impossible, since it is 0.64 eV
higher than that of Ag2Br∗ as is also shown in Figure 2.
From a comparison with the thermochemical data, all the
fragment ions observed in the charge inversion spectrum
are supposed to be formed by the dissociation of Ag2Br∗
into AgBr + Ag and Ag2 + Br. The very weak intensity
observed for the undissociated Ag2Br− ion indicates that
the excited neutral species Ag2Br∗ has sufficient internal
energy to dissociate before the second electron transfer oc-
curs. Thus, the dissociation behavior of Ag2Br∗ revealed
in the charge inversion spectrum is explained by the cal-
culated thermochemical data.

3.2 Silver cluster Ag3

The CAD and charge inversion spectra of the silver clus-
ter ion 107Ag+

3 (m/z 321) recorded with the Cs target
are shown in Figure 3. The fragment peaks associated
with Ag+ (m/z 107) and Ag+

2 (m/z 214) are observed
in the CAD spectrum (Fig. 3a), and the intensity of Ag+

is much weaker than that of Ag+
2 . The strongest peak at

m/z 321 was attributed to the undissociated precursor ion
that did not interact with the target, as was done in an-
alyzing the CAD spectrum of Ag2Br+ shown in Figure 2.
The low-energy dissociation channel of the silver cluster

ion Ag+
3 determined by CAD using a Penning trap was re-

ported by Kruckeberg et al. [7]. In their CAD experiment,
the cyclotron motion of the cluster ions was excited by
a 1 ms resonant excitation pulse and an argon gas pulse
was directed into the trap volume. A storage period of
100 ms there allowed the clusters to collide with argon
atoms and to decay to smaller neutral or ion fragments. In
their low-energy and multiple-collision CAD experiment,
the Ag+

3 ions decayed predominantly into Ag+ ions, which
were presumably produced by the evaporation of silver
dimer Ag2. On the other hand, the dissociation energy
of Ag+

3 into Ag+
2 + Ag calculated theoretically by Huda

et al. [17], is 2.374 eV and lower than that of 2.533 eV
required for the dissociation into Ag2 + Ag+. In the high-
energy CAD spectrum of Ag+

3 measured in the present
work, we observed the ion Ag+

2 , which was formed by loss
of a Ag atom, as a predominant fragment peak. The differ-
ences in the dissociation channels between the low-energy
and high-energy CAD can be again understood by con-
sidering the internal energy distribution in Ag+∗

3 . High-
energy CAD has a maximum of distribution at the low
energy limit and shows a long tail extending to the higher
energy beyond several electron volts [38,45–48]. For low-
energy CAD, the energy distribution is controlled by
changing the collision energy and the times of collisions,
and both low-energy and high-energy tails are short [47].
Therefore, if the theoretical calculation of the dissociation
energy of Ag+

3 is relied on, then the higher preference of
the lower-dissociation-energy channel of Ag elimination in
the high-energy CAD experiment is explained by the inter-
nal energy distribution localized mostly in the low energy
region.

The charge inversion spectrum of the silver cluster ion
107Ag+

3 (m/z 321) measured with the Cs target is shown
in Figure 3b. Peaks associated with Ag−, Ag−2 , and Ag−3
are observed. The peak for the undissociated ion Ag−3 is
predominantly observed at m/z 321, whereas the peak at
m/z 293 associated with the undissociated ion Ag2Br−
was hardly observed in the charge inversion spectrum of
Ag2Br+ ions (Fig. 1b). The predominant peak of undis-
sociated Ag−3 , which makes a great contrast to the case
described above for Ag2Br, is unusual, since the elec-
tronically excited species formed from their corresponding
positive ions are not usually observed in charge inver-
sion spectra because of their rapid fragmentations driven
by sufficient internal energies. In the previous studies us-
ing the charge inversion mass spectrometry, undissociated
charge inverted ions were observed only for atomic [50], C2

and C2H anions [51,52] formed by double-electron trans-
fer in a single collision. When an alkali metal is used
as a target, the double-electron transfer in a single colli-
sion is much less probable than successive single-electron
transfers in two collisions, as was discussed previously by
one of the present authors [42,50]. The successive elec-
tron transfers do not often yield stable anions, even if the
intermediate neutral clusters or molecules have positive
electron affinities, as has been known in the case of vinyli-
dene [53,54] or CHn [55]. Only one exception for the for-
mation of negative ions by the successive single-electron
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Fig. 4. Heats of formation of the neu-
tral and cationic forms of Ag3, and their
fragments relative to that of Ag3 in the
ground state. Panels (a) and (b) show
the theoretical and experimental val-
ues, respectively. The thermochemical
data are taken from references [3,4,17].
The dashed lines show the energy levels
predicted by the near-resonant neutral-
ization with a Cs target.

transfers was observation of an undissociated anion of H-
atom adduct Gly-Pro, in which the ring opening of the
proline residue took place by N-Cα bond cleavage [56].
The small peaks at m/z 107 and 214 shown in (Fig. 3b)
are associated with Ag and Ag2, respectively, which are
the fragments expected from the dissociation of Ag3 into
Ag2 +Ag. The intensity difference between Ag− and Ag−2
results from a difference in the cross section for the nega-
tive ion formation as well as in the detection efficiency of a
post-acceleration secondary multiplier. Such difference in
the peak intensity between the complementary fragments
has been observed for isomeric dichlorobenzenes [42,57,58]
and isomeric chlorophenols [59].

In order to clarify the mechanism of the process from
the positive ion Ag+

3 to the negative ion Ag−3 via successive
single-electron transfers in two collisions, we compared the
experimental results with the thermochemical data. The
thermochemical data for the Ag3 system were calculated
by many researchers [1,9–18]. Recently calculated values
reported by Huda et al. [17] are illustrated in Figure 4a.
The energy level associated with the near-resonance neu-
tralization with the Cs target is shown by a dashed line
(at 1.03 eV) and is higher by 0.32 eV than that of Ag2+Ag
(at 0.71 eV) but 1.03 eV lower than that of 3Ag (at
2.06 eV). The thermochemical data show that the disso-
ciation of Ag3 into three Ag atoms is energetically impos-
sible but the dissociation of Ag3 into Ag2 +Ag is allowed.
However, the predominant peak observed for Ag3 in the
charge inversion spectrum shown in Figure 3a indicates
that the Ag2−Ag bond cleavage in Ag∗3 is unfavorable. The
thermochemical data based on the experimental work are
also reported by Ho et al. [3] and Jackschath et al. [4] and
these experimental values are given in Figure 4b. The ver-
tical ionization energy of Ag3 was obtained as 6.2 eV from
an appearance energy by electron impact ionization [4],
and the bond dissociation energy of Ag2−Ag was esti-
mated as 0.97± 0.16 eV using photoelectron spectroscopy
of Ag−3 [3]. Except these works, there are no experimen-
tal data available for both the ionization energy and bond
dissociation energy of Ag3. The differences in ionization

energy and in the bond dissociation energy between the
experimental and theoretical values are 1.3 eV and 0.3 eV,
respectively, as is seen from Figure 4. Although a part
of this large difference in the ionization energy between
the experimental and theoretical values may be rational-
ized by ascribing it to the difference between the vertical
and adiabatic values, the difference of 1.3 eV is still too
large. The ionization energy evaluated from the appear-
ance energy by electron impact [4] is not so reliable. For
example, the observation of Ag+

3 by two photon ionization
at 410 nm in the NeNePo experiments reported by Boo
et al. [27] indicates that the ionization energy is lower
than 6.05 eV which is 0.15 eV smaller than the ioniza-
tion energy determined by the electron impact method.
The energy level of 2.31 eV by the near-resonant neutral-
ization shown as the dashed line in Figure 5b is higher
approximately by 1.30 eV than the experimental value for
the dissociation into Ag2 + Ag (at ca. 1.0 eV). The ther-
mochemical values evaluated from both theoretical and
experimental values cannot explain the dominating pres-
ence of the undissociated ion Ag−3 in the charge inversion
spectrum.

3.3 Dissociation energies and mechanisms
for the formation of undissociated Ag−

3

By using the thermometer molecules, it has been demon-
strated that the formation process of the negative ions
in the charge inversion mass spectrometry proceeds via
near-resonant neutralization with an alkali metal target,
followed by spontaneous dissociation of the neutrals and
the endothermic negative ion formation upon a second
collision with the alkali metal target, as shown in the fol-
lowing reaction scheme (1) [38,39,42,49]

AB+ + T → AB∗ + T+,

AB∗ → A + B,

A (or B) + T → A− (or B−) + T+, (1)
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Fig. 5. Calculated transition energies of Ag−
3 , Ag3, and Ag+

3 along the bending coordinate. The thermochemical data are taken
from reference [27].

where AB and T indicate a projectile and a target, respec-
tively. The charge reversal reactions in the femtosecond
negative to neutral to positive (NeNePo) spectroscopy in
which an electron is photo-detached from a negative ion,
followed by two-photon ionization to a positive ion [26–28],
as shown in the following reaction scheme (2), correspond
to the reverse processes to our charge inversion processes

AB−(linear) + hν → AB(linear) + e−,

AB(linear) → AB(bent),

AB(bent) + 2hν → AB+ + e−. (2)

A large number of theoretical calculations [1,9–18] have
been performed to determine the structures and energies
of silver trimers (Ag−3 , Ag3, and Ag+

3 ) and it has been con-
firmed that Ag3 and Ag+

3 assume triangular forms at their
global potential minima but Ag−3 takes a linear form. The
investigation using the femtosecond NeNePo spectroscopy
suggested that the linear cluster Ag3 produced by the
photodetachment of the linear ion Ag−3 rearranged into a
triangular form on a 1 ps timescale due to a very low iso-
merization barrier as compared with that for the decom-
position [26–28]. This very fast rearrangement was con-
firmed by a few theoretical works [29–33]. In the NeNePo
experiment, Ag+

3 ions were produced by the two-photon
ionization of Ag3 neutral clusters. The constant signal in-
tensity of Ag+

3 after 2 ps from the ionization preceded by
the electron detachment of Ag−3 indicated that an equilib-
rium between the linear and triangular forms of Ag3 was
achieved within a few ps [27,28].

The excited states of the linear and triangular forms
of Ag3 were also reported [1,10,14,15]. Figure 5 shows the
calculated electronic energy levels of Ag−3 , Ag3, and Ag+

3
along the bending coordinate taken from reference [27].
Typical collision interaction times for the neutralization

in which the precursor ions are accelerated by 5.0 kV is
in the range of 10−14 s. Since this time is significantly
shorter than the time required for a conventional vibration
(≈10−13 s), the neutralization is expected to be a Franck-
Condon process. Consequently, the geometry of the elec-
tronically excited cluster Ag∗3 is presumed to remain the
same as that of the precursor ion Ag+

3 . As shown in Fig-
ure 5, the energy levels of 2E′ (at 4.6 eV) and 2A′

1 states
(at 4.7 eV) of the triangular cluster Ag∗3 match the exci-
tation energy (at 4.4 eV) required for the near-resonant
neutralization with the Cs target, which is lower than the
energy level of the precursor ion (at 8.3 eV) by an amount
equal to the ionization energy of the Cs target (3.89 eV).
Since the energy level is much higher than the isomeriza-
tion barrier between the linear and triangular forms, the
intramolecular rearrangement by ultra fast vibrational en-
ergy redistribution can occur on a ps time scale as reported
in the NeNePo experiments [26–28]. As the average free
time between the neutralization and anionization in the
collision cell is 0.35 µs, the equilibrium between the linear
and triangular forms is expected to be fully achieved pro-
vided that the dissociation does not take place because of
the high dissociation barrier. On the basis of above discus-
sion, we assumes that the linear cluster Ag3 which has the
higher electron affinity than that of the bent cluster cap-
tures another electron from the Cs target and, hence, the
linear cluster ion Ag−3 is observed in the charge inversion
spectrum of Ag+

3 . From a comparison with the NeNePo
experiments of Ag−3 , it is presumed that Ag∗3 formed from
Ag+

3 by the near-resonant neutralization with the Cs tar-
get does not dissociate due to the energy barrier too high
for the dissociation into Ag2 + Ag and, instead, Ag3 does
intramolecular rearrangement to the linear neutral clus-
ter Ag3, followed by negative ion formation on another
collision with the target, as is expressed in the following
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Fig. 6. Charge inversion spectra of the Ag2Br+ (m/z 293,
Fig. 1) (a) and Ag+

3 (m/z 321, Fig. 3) (b) enlarged in the
range m/z 170–230.

reaction scheme (3)

AB+(bent) + T → AB∗(bent) + T+,

AB∗(bent) → AB∗(linear),

AB∗(linear) + T → AB−(linear) + T+. (3)

From the existence of the predominant peak for the undis-
sociated cluster ion Ag−3 in the charge inversion spectrum,
we inferred that the energy barrier for the dissociation into
Ag2 + Ag is higher than the energy level of Ag∗3 formed
via near-neutralization with the Cs target, though the en-
ergy barrier theoretically calculated has not been reported
so far.

3.4 Dissociation mechanism and structure of Ag2Br+

To see the peak shape more clearly, the charge inver-
sion spectra of 107Ag2

79Br+ and 107Ag+
3 expanded in the

m/z 170–230 range are shown in Figures 6a and 6b, re-
spectively. While in the case of Ag+

3 , the peak associated
with Ag−2 at m/z 214 in Figure 6b is sharp and its peak
shape resembles a triangle, the peak at m/z 214 derived
from Ag2Br+ shown in Figure 6a is broad and its band
shape resembles a trapezoid. The width and profile of the
fragment peaks of Ag−2 show a clear dependence on pre-
cursor ion. In addition to this difference, the peak associ-
ated with AgBr− ions at m/z 186 is also sharp and has a
triangular profile, as shown in Figure 6a. Such triangular

profile is typical of the fragment peaks observed in CAD
of the ions and reflects the dissociation from the excited
species with a wide range of internal energy. The trape-
zoidal profile, on the other hand, is characteristic of the
dissociation process from the state with a specific internal
energy as is the case for the dissociation of the neutralized
methanol, in which the excited methanol dissociates along
a purely repulsive potential curve [39,49].

From the width at half maximum and the correction
for the main beam width, we evaluated the kinetic en-
ergy release (KER) values for the ions AgBr− and Ag−2
derived from Ag2Br+ as 0.12 and 0.73 eV, respectively.
The KER value for Ag−2 derived from Ag+

3 is evaluated
as 0.07 eV. These KER values correspond to the total ki-
netic energy released in the center of mass frame in the
dissociation process of the excited cluster Ag2Br∗. Using
the thermochemical data shown in Figures 2 and 4, the
energies available for the dissociation of Br or Ag from
Ag2Br∗ are 1.4 and 2.49 eV, respectively and that of Ag
from Ag∗3 is 0.41 eV. It is interesting to know that the
KER value for the elimination of Br is much larger than
that of Ag, though the corresponding available energy of
Br loss is smaller than that of Ag loss.

The fraction of the KER values to the corresponding
available energies for the elimination of Ag and Br from
Ag2Br∗ are 5 and 52%, respectively. Efficiency for the in-
ternal to kinetic energy conversion is usually less than
15% for the elimination of atoms or small molecules [60].
While the fraction for Ag loss from Ag2Br∗ is in the right
range of efficiency, that for Br loss is much larger than
the efficiency expected. In the case of Ag loss from Ag∗3 a
theoretical value for the fraction is 22% and experimen-
tal one is 5%. The fraction obtained using the theoretical
value is larger than the fraction often found experimen-
tally. The large available energy due to the low dissocia-
tion energy barrier presumed can explains this larger frac-
tion for the dissociation of Ag∗3 into Ag2 + Ag. Regarding
the large fraction of 52% for the elimination of Br from
Ag2Br, the structure of Ag2Br+ is discussed below. The
structures of Ag2Br∗ and Ag∗3 formed by the near reso-
nant neutralization are considered to remain the same as
those of the respective positive ions, since the neutraliza-
tion is a Franck-Condon process. The structure of Ag2Br+
in the ground state is reported by Rabillioud to be an
isosceles triangle (AgBrAg+) whose apex angle is 111 de-
grees [36,37]. Since the loss of Ag from the isosceles trian-
gular cluster AgBrAg∗ is expected to provide significant
vibrational and rotational excitation in the Ag2 fragment
due to the large structural difference in the AgBrAg+ ion
and the ground state Ag2. A value of 5% obtained for
the KER fraction is reasonable. However, the large frac-
tion of 52% in the elimination of Br cannot be explained
from the isosceles triangular cluster AgBrAg∗ due to the
larger structure difference than that of the Ag elimination.
The available energies evaluated from the thermochemical
data shown in Figure 2 are based on the formation of Ag2

molecule and Br atom in their ground states. When the
Ag2 molecule is in an excited state, the available energy
for the dissociation will decrease. The distance of Ag-Ag
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in the triangular ion AgBrAg+, reported by Rabilloud
et al. [36,37] is evaluated to be 3.86 × 10−10 m from the
Ag-Br bond length of 2.54 × 10−10 m and the apex an-
gle of 111 degrees. When we employ a Morse potential
with De = 1.67 eV and re = 2.48 × 10−10 m [61], the
bond length of 3.86× 10−10 m of the Ag2 molecule corre-
sponds to a potential energy higher than the vibrational
ground state of Ag2 by 1.28 eV. If this excitation energy of
the fragment Ag2 molecule is used to estimate the avail-
able energy, it becomes almost zero and, hence, the ob-
served large KER value of 0.73 eV for the elimination of
Br is too large to be explained by a reaction mechanism
via precursor ion AgBrAg+ in the lowest state. From the
large KER value for the loss of Br, therefore, it is sug-
gested that the precursor ion Ag2Br+ does not assume
an isosceles triangular form but a scalene one of the type
of AgAgBr+, though the latter structure has not been
confirmed by theoretical calculations. The excited neutral
cluster AgAgBr∗ thus formed retains the same structure as
that of AgAgBr+ and is expected to provide a large KER
value due to a single bond cleavage of AgAg-Br leading to
the production of Ag2 and Br.

4 Conclusion

In the high-energy CAD spectrum of Ag2Br+, the frag-
ment peaks associated with the ions Ag+, AgBr+, and
Ag+

2 were dominantly observed, but the peak associated
with Br+ was scarcely observed. The dissociation chan-
nels of Ag2Br in high-energy CAD were different from
those found for the metastable dissociation. This differ-
ence was ascribed to the difference in the available amount
of the internal energy of the produced excited precursor
ion Ag2Br+∗. It is suggested that the broad and higher
internal energy of Ag2Br+∗ achieved in this work can pro-
vide many dissociation channels such as the elimination
of Br, Ag, AgBr, and Ag2.

In the charge inversion spectrum of Ag2Br+, the peaks
associated with the ions AgBr− and Ag−2 predominated,
whereas the peak associated with the undissociated ion
Ag2Br− was hardly observed. The peaks associated with
Br− and Ag− were also observed, though the intensities
of these ions were much weaker than those of Ag−2 and
AgBr−. The dissociation behavior of the excited cluster
Ag2Br∗ is in a good agreement with the calculated thermo-
chemical data. The peak associated with Ag−2 eliminated
from Ag2Br+ is broad and the peak shape resembles a
trapezoid. From the large KER value of 0.73 eV evaluated
for Ag2 in the charge inversion spectrum of Ag2Br+, the
existence of a scalene triangular precursor ion AgAgBr+
is suggested.

The fragment peaks associated with Ag+ and Ag+
2

were observed in the high-energy CAD spectrum of Ag+
3 ,

and the intensity of Ag+ was much weaker than that
of Ag+

2 . In contrast, in the low-energy CAD spectrum
of Ag+

3 , Ag+
2 was observed as a predominant fragment

peak. The difference in the dissociation channel between
the high-energy and low-energy CAD can be also under-

stood by considering the internal energy distribution in
Ag+∗

3 .
In the charge inversion spectrum of Ag+

3 , the peaks
associated with Ag−, Ag−2 , and Ag−3 were observed,
among which the undissociated Ag−3 peak predominated.
Whereas the internal energy of Ag∗3 calculated from the
ionization potentials of Ag3 and Cs was higher than
the dissociation energy, the undissociated Ag−3 peak was
clearly observed. From the predominant existence of
undissociated Ag−3 in the charge inversion spectrum, it is
suggested that the energy barrier for the dissociation into
Ag2 + Ag is substantially higher than the energy level of
Ag∗3 formed via near-resonant neutralization with the Cs
target, though the energy barrier has not been calculated
theoretically. From a comparison with the results reported
by using the NeNePo measurement of Ag−3 , we speculate
that the Ag∗3 formed from the triangular ion Ag+

3 by the
near-resonant neutralization rearranges intramolecularly
to the linear neutral cluster Ag3 and is followed by nega-
tive ion formation on another collision with the Cs target
without its appreciable dissociation.

This work was supported by Special Research Grant from
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