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The gas phase fragmentations of a family of three anionic complexes of molybdenum(V), [Mo2(O)2(�-S)2(� -S2)2] , [Mo2(O)2(�-S)2(� -
2) (�2-S2C2H2)]2−, [Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]2− were studied as a function of the collision energy used in the coll
ell of a triple quadrupole analyser. The main fragment ion for the three anions was Mo2S4O2

− at low collision energies, while high
ollisional activation led to cleavage of the “metal–metal” bond. Topological analyses of the electronic domains using the electron lo
unction (ELF) showed that non-symmetric fragmentation behaviour could be interpreted according to the least topological change
ragmentation induced a slight shift of the electron density towards the remaining ligands and an increase of the electron popula
o atom that undergoes a decrease of its coordination sphere.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Electrospray mass spectrometry (ESI MS) now allows the
roduction of gas phase inorganic ions from polar solutions

n which they are soluble[1]. In fact, mass spectra have
een obtained for a variety of inorganic and organometallic
ompounds ranging from coordination compounds[2]
o metallocene derivatives[3], to metal clusters[4] and
upramolecular complexes[5]. Electrospray mass spectrom-
try as well as matrix-assisted laser desorption ionisation
MALDI) thus opens new possibilities for structural analysis
n inorganic chemistry. One of these possibilities is the
nvestigation of the gas phase chemistry of a family of
ompounds rather new to the field of mass spectrometry.
lthough the study of gas phase fragmentation of ions by

∗ Corresponding author. Tel.: +33 2 35 52 29 32; fax: +33 2 35 52 24 41.
E-mail address:helene.lavanant@univ-rouen.fr (H. Lavanant).

mass spectrometry has long been established as a va
technique for structural characterisation of organic c
pounds and biopolymers, to our knowledge however,
studies[6] have been devoted to the gas phase fragmenta
of complex inorganic ions produced by electrospray.

Dithiolene complexes of molybdenum(V) have rece
attracted considerable attention because they may be
to model the active site of ubiquitous molybdenum enzy
[7]. Non-symmetric dinuclear complexes are also a partic
object of interest as they should show unusual catalytic
redox chemistry due to a polarised metal–metal bond
non-symmetric coordination spheres[8,9].

Synthesis of such compounds involves addition
electrophiles on tetraoxothiomolybdates[10,11] and yields
a large diversity of new sulphur rich compounds, which
some cases, are produced as mixtures. Consequently
crystals are sometimes very difficult to obtain and X-
crystallography cannot always be used. Electrospray

387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1.

spectrometry therefore comes as a reliable and straight-
forward means of analysis: the mass over charge ratio and
typical isotopic distribution of the intact complex anions
provide sufficient information for an assignment of the
molecular formula of the compounds.

This particular piece of information, however, is only a
fraction of what is available in the mass spectra. Indeed, in
addition to the intact complexes, a variety of fragment ions
can be found whose formulae depend on the structure of the
precursor ion and on the energy of the ions in the nozzle-
skimmer area of the electrospray source.

The objectives of this work was to investigate the gas
phase fragmentations of a group of three anionic complexes
of molybdenum(V) (Scheme 1) that all include a common
dinuclearsyn-[Mo2(O)2(�-S)2] core. Although many com-
pounds comprising this core exist, they all entail identical
ligands, and non-symmetric dinuclear complexes are quite
rare[12]. Our purpose was therefore to achieve new insights
on the gas phase behaviour of these complexes. This was done
as a function of the collision energy used in the collision cell
of a triple quadrupole analyzer, with a focus on the effect of
the differentiated ligands.

With this energy-resolved mass spectrometry, a thorough
characterisation of the gas phase fragmentation pathways of
closely related compounds can be achieved. Dissociation pat-
terns can thus be delineated with the objective to be able
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2.2. Mass spectrometry

Mass spectral measurements were carried out with an API
3000 (ESI MS/MS) Applied Biosystems triple quadrupole
mass spectrometer. The instrument was operated in the neg-
ative ion mode. The experiments were performed by direct
infusion with a syringe pump with a flow rate of 5�L min−1.
Standard experimental conditions were as follows: sample
concentration, (2–4)× 10−4 mol L−1; nebulizing gas N2, 7
units flow rate; ion spray voltage,−5.00 kV; temperature,
150◦C; declustering potential,−20 V; focusing potential,
−200 V; entrance potential, 10 V. The mass spectra shown
are the result of approximately 20 scans summed fromm/z
20 to 600. The mass axis was externally calibrated using stan-
dard calibrants.

For MS/MS experiments, N2 was used as collision gas,
and pressure was adjusted so as to obtain 30% attenuation of
the precursor ion at the lowest energy (5 eV). Standard unit
resolution was used for the mass selection of the precursor
ions, the center mass being the most abundant isotopic com-
bination. The total isotopic distribution being spread over
7m/zunits for our doubly-charged precursor ions, only three
or four of the most abundant isotopic combination were se-
lected and the full isotopic pattern was therefore lost upon se-
lection. Collision energy was ramped stepwise (step,−1 V)
from 5 to 30 or 40 V, the ramp was carried out over a 10 min
p rent
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o use this knowledge in the future to help distinguish
ers in new syntheses. To further interpret observed
hase fragmentations and relate our energy-resolved d

he structures of the precursor ions, molecular calcula
ere carried out, including topological analyses of the e

ronic domain using the electron localisation function (E
13].

. Materials and methods

.1. Materials

Preparation of the three molybdenum(V) comple
N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2)2] 1, (N(C2H5)4)2
Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)] 2, (N(C2H5)4)2
Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)] 3 is described
lsewhere[10,11]. Solutions (10−4 mol L−1) were prepare

rom pure acetonitrile (J.T. Baker), which was used as
eived without additional purification.
eriod so as to allow sufficient data points at every diffe
nergy. Resolving power was set so as to achieve sta
nit resolution.

.3. Computational method

Calculations were performed with the Gaussian 98
ram [14], using the hybrid density Functional B3LY

15,16] method. It has been recently proved that accu
alues of structural properties can be obtained with me
or second row transition metal dinuclear complexes[17].

All calculations have been performed using the “DZV
asis[18] set for Mo, C and H atoms but it appeared neces

o add diffuse functions on S and O atoms.
The ELF calculations were carried out with the TopM

ackage developed at the Laboratoire de Chimie Théorique
e L’Universit́e Pierre & Marie Curie[19]. Isosurfaces hav
een visualized with the public domain scientific visual

ion and animation program for high performance gra
orkstations named SciAn[20].
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3. Results and discussion

3.1. Fragmentation of [Mo2(O)2(�-S)2(�2-S2)2]2−

The electrospray mass spectrum of (N(C2H5)4)2
[Mo2(O)2(�-S)2(�2-S2)2] 1 is shown inFig. 1. At low cone
voltages, the expected signal of the anion1 was observed at
m/z 208 (most abundant isotopic combination) with an iso-
topic distribution very similar to the predicted profile (see
inset inFig. 1). The chosen resolution, even when set to stan-
dard unit resolution, therefore allowed to distinguish individ-
ual isotopic peaks both for doubly and singly charged ions.
The isotopic distributions displayed by the other peaks ob-
served on the mass spectrum thus allowed an assignment to
species containing two Mo atoms. The base peak of the mass
spectrum atm/z 352.1 corresponded to a Mo2S4O2

− anion.
This formula obviously indicated it was a fragment ion of
1 in which a S2− group was lost. This S2− fragment is in
fact a radical anion, formally making this fragmentation an
intramolecular redox reaction, which can be related to the
generation of amino acid and peptide radicals by collision
activation of amino acid and peptide metal complexes[21].
Loss of radical anion as oxidized dithiolate S2C2(CN)2− has
also been reported by Waters et al.[22] from the anionic com-
plexes [MoO2(S2C2(CN)2]2− and [WO2(S2C2(CN)2]2−.

Another abundant distribution in the electrospray mass
s with a
t
T d
b s
w
w com-

ponents were correlated to traces of Mo2SxOy
2− (x= 7, 8;

y= 1, 0) atm/z216 and 224, expected to be present as a result
of the synthesis, as the main reagent MoS3O− contained low
proportions of MoS2O2

−, MoS4
− and MoSO3

−. Finally, the
peaks atm/z240 and 416 were attributable to the formal ad-
dition of two sulphur atoms to Mo2S6O2

2− and Mo2S4O2
−,

respectively.
To further investigate the fragmentation processes under-

gone by anion1, a collection of product ion spectra at differ-
ent collision energies were recorded. As expected, the nature
and relative intensities of the product ions of precursor ion
1 were found to depend on the collision energy as shown in
Fig. 2. Low collision energies (Fig. 2a: 10 eV) yielded product
mass spectra showing essentially the Mo2S4O2

− fragment
and its complementary S2

− ion; while high collision ener-
gies (Fig. 2b: 30 eV) induced the appearance of a collection
of fragment ions with only one Mo atom: MoSxOy

− (x= 1–3;
y= 1, 2). Note that, as only a few of the most abundant isotopic
ions were selected, the full isotopic pattern was lost. How-
ever, one could easily distinguish doubly charged ions such
as precursor ion Mo2S6O2

2− or fragment ion Mo2S4O2
2−

from singly charged fragment ions with similarm/z values
MoS3O− and MoS2O− from the larger spread and shape of
the isotopic distribution with peaks spaced 1m/z unit apart.
We summarized this data on the breakdown graph displayed
o e as
a en-
e ,
p as
t frag-
m y.
A ond

F Mo2(O an
e ical iso
pectrum was assigned to the parent anion associated
etraethyl ammonium counter ion [Mo2S6O2, N(C2H5)4]−.
he lower intensity peaks aroundm/z 368 and 384 coul
e attributed to Mo2SxOy

− (x= 5, 6;y= 1, 0) type complexe
here one or two of the terminal oxygen atoms of Mo2S4O2

−
ere replaced by sulphurs or the reverse. These minor

ig. 1. Negative ion mode electrospray mass spectrum of (N(C2H5)4)2 [
xpanded view of [Mo2(O)2(�–S)2(�2–S2)2] 2− compared to the theoret
n Fig. 3, which represents a plot of the ion abundanc
percentage of the total ion current versus the collision

rgy in the laboratory frameElab. At low collision energies
recursor ion Mo2S6O2

2− was observed but never found
he most abundant ion. It was thus confirmed that the
entation yielding Mo2S4O2

2− required very little energ
t higher collision energies (25 eV), the metal–metal b

)2(�-S)2(�2-S2)2 (2× 10−5 mol L−1 in acetonitrile). The inset shows
topic distribution.
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Fig. 2. Product ion mass spectra of1 [Mo2(O)2(�–S)2(�2–S2)2] 2− (m/z208) at different collision energies: (a)Elab = 10 eV and (b)Elab = 30 eV.

was broken yielding a series of singly charged ions contain-
ing only one Mo atom. For clarity only the most abundant
mononuclear anion MoS2O− is represented.

3.2. Fragmentation of [Mo2(O)2(�-S)2(�2-S2)
(�2-S2C2H2)]2− and
[Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]2−

For (N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)]
2, (N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]
3, electrospray mass spectra were quite similar to that of1:
along with the expected peaks atm/z221 and 298 (most abun-
dant isotope), attributed to2 and3, a similar signal atm/z
351.7 from Mo2S4O2

− was observed (data not shown). This

F s
a in the
l is
s

suggested the fragmentation was similar to that of1 for both
compounds. Notably, however, in these non-symmetric com-
plexes, only the dithiolene ligand was lost and no trace of S2

−
loss was observed. The complementary ions Mo2S4O2C2H2
− and Mo2S4O2C2(C6H5)2− were not observed either.

This non-symmetric fragmentation behaviour was ob-
served at all collision energies. Breakdown graphs for2 and
3 following the same protocol as for1 (Figs. 4 and 5) showed
that at low collision energies, the precursor ions remained
intact. Upon an increase of the collision energy, Mo2S4O2

−
anion could be observed along with the complementary
fragment ions S2C2H2

−, and S2C2(C6H5)2−. The highest

F
A llision
e 0
d e fits.
ig. 3. Breakdown graph of1 [Mo2(O)2(�–S)2(�2–S2)2] 2−. Abundance
re percentages of the total ion current (TIC), the collision energy is

aboratory referential (Elab). For clarity, only one out of 20 data points
hown and the curves represent the 20% weighted curve fits.
ig. 4. Breakdown graph of2 [Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)]2−.
bundances are percentages of the total ion current (TIC), the co
nergy is in the laboratory referential (Elab). For clarity, only one out of 2
ata points is shown and the curves represent the 20% weighted curv
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Fig. 5. Breakdown graph of3 [Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6

H5)2)]2−. Abundances are percentages of the total ion current (TIC), the
collision energy is in the laboratory referential (Elab). For clarity, only one
out of 30 data points is shown and the curves represent the 20% weighted
curve fits.

collision energy allowed cleavage of the metal–metal bond
resulting in several anions involving one Mo atom.

The breakdown curves for precursor ions 1–3 are com-
pared inFig. 6. This graph, represented as a function of the
energy in the center of mass frameECM, shows a discrepancy
of about 0.1 eV between the curves of2 and3 and that of1.
The latter reached a 50% fragmentation ratio for a value of
0.6 eV while the other precursor ions attained this value at
about 0.7 eV, with a steeper slope for2. Dissociation ener-
gies for compounds2 and3 are thus expected to be lower
than that of compound1 although in all three cases the main
fragment ion Mo2S4O2

− is the same.
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3.3. Computational results

To further interpret these gas phase fragmentations and
in particular seak an interpretation to the non-symmetric be-
haviour of compounds2 and3, molecular calculations were
carried out. Experimental data on the geometries of the three
anions studied were available as crystallographic data were
obtained for the three compounds (N(C2H5)4)2 [Mo2(O)2
(�-S)2(�2-S2)2] 1, (N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2)
(�2-S2C2H2)] 2, (N(C2H5)4)2 [Mo2(O)2((�-S)2(�2-S2)(�2-
S2C2(C6H5)2)] 3 from a previous study[10,11]. Crystallo-
graphic data could therefore be used both as a starting point
and to validate the choices for basis and density functional
of our DFT calculations. To complete our understanding of
the different chemical bonds and electronic distribution in
the three compounds and the main fragment ion Mo2S4O2

−,
topological analyses of the electronic domain using the
electron localisation function[13] were then carried out.

3.3.1. Geometry optimisations
Experimental parameters from the crystallographic struc-

tures of compounds (N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2)
(�2-S2C2H2)] 2, (N(C2H5)4)2 [Mo2(O)2(�-S)2(�2-S2)(�2-
S2C2(C6H5)2)] 3 [10,11]were used as starting point for the
DFT geometry optimisations. In absence of information on
the multiplicity of the complexes, several values (1, 2 and
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ig. 6. Compared breakdown curves of precursor ions1 (open circles, ful
ine) 2 (full circles, dotted line) and3 (diamonds, dashed line). Abundan
re percentages of the total ion current (TIC), the collision energy is
entre of mass referential (ECM). For clarity, only one out of 30 data poin
s shown and the curves represent the 20% weighted curve fits.
) were tested. In all cases, the closed-shell configur
as found lower in energy. Frequency calculations were

ied out and all stationary points obtained were found t
ocal or most likely global minima of the potential ene
urface. The energies of the optimized geometries (in
ng zero point vibrational energies) for the three precu
ons 1, 2 and 3 and several fragment ions are collected
able 1. Among these fragment ions only Mo2S4O2

−, S2
−,

2C2H2
− and S2C2(C6H5)2− were observed in significa

mounts. For information, three other fragment ions w
lso calculated. Fragment ion MoS3O− that would corre
pond to a symmetric cleavage of the metal–metal b
as observed only with a very low intensity. Fragment

Mo2(O)2(�-S)2(�2-S2C2H2)]−, and [Mo2(O)2(�-S)2(�2-
2C2(C6H5)2)]− which would correspond to the loss of S2

−
rom complexes2 and 3 were totally unobserved. For
tructures, zero point vibrational energies were found n
lter the relative stability order of any of the entities ca

ated.
From these values, the energies of the endothe

issociation of our precursor anions to the fragment
o2S4O2

− could be calculated: 1.1, 1.7 and 1.4 eV w
ound for 1, 2 and 3, respectively. These values confi
he precursor ions were indeed easily fragmented and
he complexes bearing dithiolene ligands required a slig
igher amount of energy to dissociate. While the orde
agnitude was consistent, the experimental values obs
ppeared lower. Such values, however, could not be co
red as exact with an instrument not devoted to thres
easurements.
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Table 1
Energies of the optimised geometries for the three precursor ions1, 2 and3 and several fragment ions

Formulae (low spin configuration) Sum of electronic and zero point energies (a.u.) Zero point vibrational energy (a.u.)

[Mo2(O)2(�-S)2(�2-S2)2]2− 1 −10494.201766 0.016616
[Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)]2− 2 −10571.579699 0.048877
[Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]2− 3 −11033.565909 0.031380
Mo2S4O2

− −9697.789930 0.013486
S2

− −796.370912 0.001223
S2C2H2

− −873.726287 0.048877
S2C2(C6H5)− −1335.724111 0.193747
[Mo2(O)2(�-S)2(�2-S2C2H2)]− −9775.208302 0.045858
[Mo2(O)2 (�-S)2(� 2-S2 C2(C6 H5)2)]− −10237.200172 0.206875
MoS3O− −5247.098687 0.00717

Other hypothetical dissociations of the precursor ions
could also be evaluated. Surprisingly, the symmetric cleav-
age of the metal–metal bond yielding MoS3O− from ionic
complex1, was found to require only 0.2 eV! Similarly, loss
of S2

− from precursor ions with dithiolene ligands was reck-
oned at 0.01 eV for complex2 or to be exothermic by 0.1 eV
for complex3! Obviously, transition states should play an im-
portant role to explain why these reactions remain unobserved
and why the cleavage yielding Mo2S4O2

− is very largely the
dominant process. Unfortunately, our repeated attempts to
calculate these transition states have remained unsuccessful
until now.

For ionic complexes1, 2and3, DFT calculations could be
validated by comparison of optimised and experimental pa-
rameters (Table 2). This comparison showed slightly shorter
interatomic distances for the crystallographic geometry. The
Mo Mo distance was found to be 2.89Å in the optimized
structure compared to a 2.83Å experimental value. Similarly,
Mo S and Mo O distances were found 0.10–0.05Å longer
in the computed structure. This is consistent with the fact that

crystallographic data is obtained in the solid state and in pres-
ence of a counter ion whereas the computed structures model
intrinsic geometries in the gas phase and without any counter
ion, which should be applicable in our mass spectrometric
study. Otherwise, the general shapes of the experimental and
computed structures were largely identical.

The compared geometries of the three precursor anions
showed few differences. The principal change concerned the
Mo S distances of the two molybdenum atoms and the two
bridging sulfido groups, which appeared shorter on the side
of terminal disulfide ligand. This change appears as well
on the crystallographic data[10,11] and is probably due to
the presence of two different types of terminal ligands. No
significant difference was observed in the parameters involv-
ing the terminal disulfide ligand, and the terminal oxygen
atoms. This conserved geometry was also largely true for the
fragment ion Mo2S4O2

− for which the Mo Mo distance was
found slightly shorter. A distortion of thesyn-[Mo2(O)2(�-
S)2] core was also observed: the MoS distances of the
tricoordinated molybdenum atom was found slightly shorter

Table 2
Selected excerpt of the optimised and experimental structural parameters (distances inÅ, angles in degrees) for the three precursor ions1, 2 and3 and the main
fragment ion Mo2S4O2

−

1 2 3 Mo2S4O2
−

lated lated

M
M
S
M
M
M
M
M
M
M
S
S
S
M
O
S
S
R

n

Calculated Experimental Calcu

o1 Mo2 2.89 2.83 2.92
o1 S3 2.50 2.40 2.48

3 S4 2.13 2.07 2.13
o1 O1 1.71 1.67 1.67
o2 O2 1.71 1.67 1.67
o1 S1 2.37 2.32 2.35
o2 S1 2.37 2.32 2.40
o1 S1 Mo2 75 75 75
o1 Mo2 O2 105 107 107
o2 Mo1 S3 137 134 134

3 Mo1 S4 51 51 51

1 Mo1 S2 102 102 102

5 Mo2 S6 51 51 81
o1 Mo2 S5 137 137 130

1 Mo1 Mo2 O2 0 1 0

3 Mo1 Mo2 S5 0 0 18

1 Mo1 Mo2 S2 154 157 154
C1 C2 R n.a. 0

.a.: not applicable.
Experimental Calculated Experimental Calcu

2.84 2.92 2.83 2.85
2.40 2.47 2.40 2.43
2.06 2.13 2.06 2.12
1.69 1.72 1.68 1.70
1.69 1.72 1.68 1.74
2.31 2.35 2.30 2.43
2.35 2.40 2.35 2.28
75 76 75 74

105 104 110 108; 131
136 137 135 132
51 51 51 52

102 99 102 99; 109
81 80 80 n.a.

128 130 127 n.a.
1 0 5 0

17 0 18 n.a.
153 165 154 165

2 8 10 n.a.
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than the corresponding distances with the molybdenum atom
bearing the terminal disulfide ligand. The MoO distance
to the tricoordinated molybdenum atom was lengthened but
only by 0.04Å. Although many compounds comprising this
core exist, they all entail identical ligands[12]; a distortion
of the syn-[Mo2(O)2(�-S)2] core consistently found by
crystallographic analyses and molecular calculations on the
side of the Mo atom bearing the terminal disulfide ligand is a
new phenomenon that could participate in the non-symmetric
behaviour of these compounds in the gas phase.

3.3.2. ELF calculations
In order to relate these geometrical changes to an evolution

of bonding properties, topological analyses of the electronic
domains using the electron localisation function were carried
out. The ELF topological analysis[13] provides a partition of
the molecular space in different localization domains called
basins[23], which are consistent with the assumptions of
Lewis theory. Indeed, chemists’ intuitive vision of bonding
in molecules implicitly assumes a partition of space into adja-
cent regions corresponding to chemically meaningful entities
such as atomic cores, bonds, and lone pairs. The aim of the
topological approach of the chemical bond is the determina-
tion of such regions and of their boundaries with the help of
rigorous mathematical tools.

d rner
s [0,
1 ghly
i ion),
w ronic
d ome
c

e
o
t core
b tely
a st of
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p e of
t
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Fig. 7. Localisation domains for1 (A) η(r) = 0.45 and (B)η(r) = 0.75. Colour
code is as follows: magenta, core; orange brown, valence monosynaptic;
green, valence disynaptic. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

is a positive number expected to be less than 1 in most cases.
A relative fluctuation larger than 0.45 is thought to indicate
significant delocalisation[26].

The ELF basins provide a complementary view to the stan-
dard valence one. Instead of counting the atoms coordinated
to a given nucleus, one is immersed in the basin of interest and
counts the bordering cores. Therefore, we thought that such a
population analysis, which implicitly takes into account the
superposition of the resonance forms, could provide infor-
mation on the origin of chemical properties and mechanisms
of fragmentation.

The results of ELF calculations for anions1, 2, 3 and
Mo2S4O2

− are collected inTables 3 and 4.
For all compounds, bonds were found to be quite weak

as the population of shared electrons in di- or polysynap-
tic basins were all very low. This suggested a largely ionic
cohesion. This, however, was not consistent with either the
chemical properties[27] or the mass spectrometric behaviour
which testify for a strong [Mo2(O)2(�-S)2] core. A disynap-
tic valence basin between the two Mo atoms could be found,
thus confirming the presence of a metal–metal bond, but its
population of only about 0.4 electrons could not explain the
strength of the dinuclear core entity. A better look at the data
for 1, however, allowed to delineate three modes of interac-
tion which allow the cohesion of the [Mo2(O)2(�-S)2] core
a hese
t other
d -
Becke and Edgecombe’s ELF function[24], notedη(r), is
erived from a measure of the pairing of electrons, a co
tone in all bonding theories. It is confined within the
] interval and tends to 1 where parallel spins are hi

mprobable (for example inside a lone pair or a bond reg
hereas it is close to 0 near the boundaries of the elect
omains where parallel spin electrons are compelled to c
lose one another.

Graphical representations (Fig. 7) of the bonding can b
btained by plotting isosurfaces of theη(r) function. Among

he electronic domains thus defined one distinguishes
asins (termed C (atom)), which are located immedia
round the nucleus and valence basins (termed V (li
toms)), which fill the remaining space. Valence basins
haracterised by their synaptic order[25], which is the num
er of core to which they are connected. Monosynaptic b
orrespond to lone pair regions and di- or polysynaptic ba
orrespond to bonding regions.

The mean population of each region̄Ni can be obtaine
y integrating the electron densityρ(r) of a given basin. A
easure of the mean deviation of this population, or m
hysically, of the delocalisation, is given by the varianc

he population:

2(N̄i) =
〈
N2

i

〉
− 〈Ni〉2

he relative fluctuation of basin population:

(N̄i) = σ2(N̄i)

N̄i
nd which are common to the four anions under study. T
hree cohesion factors have been observed before for
i- and trinuclear metal complexes[28]. The first and fore
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Table 3
Atoms in molecules (AIM) population analysis (number of electrons)

Mo1 Mo2 O1 O2 S3, S4 S1,S2 S5, S6

[Mo2(O)2 (�-S)2(� 2-S2)2]2− 1 40.43 40.43 8.80 8.80 16.47 16.71 16.48
[Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)]2− 2 40.41 40.45 8.80 8.79 16.47 16.69 16.32
[Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]2− 3 40.44 40.44 8.79 8.78 16.46 16.69 16.29
Mo2S4O2

− 40.44 40.66 8.79 8.84 16.39 16.65 n.a.
[Mo2(O)2(�-S)2 (�2-S2C2H2)]− 40.57 40.45 8.84 8.76 n.a. 16.70 16.29
[Mo2(O)2(�-S)2 (�2-S2C2(C6H5)2)]− 40.70 40.42 8.78 8.75 n.a. 16.65 16.29
MoS3O− 40.46 n.a. 8.86 n.a. 16.43 (S1) 16.74 n.a.

n.a.: not applicable.

most cohesion factor may be imputed to bridging sulphur
atoms whose valence basins V(S1) and V(S2) (which will
be further referred to as V(S1,2) as they are strictly identi-
cal) appeared at first as largely monosynaptic but are in fact
characterised by an unusual relative fluctuation of 0.35 for
the 5.53 electrons involved. This fluctuation can be trans-
lated in terms of a large delocalisation of the corresponding
population, which is spread between the valence and core
basins of the two molybdenum atoms. This confirmed the
presence of a strong MoS as originally suggested and ev-
idenced by Spivack and Dori[29]. This delocalisation was
also partly true for the seven electrons of the terminal oxy-
gen basins V(Mo1,O1) and V(Mo2,O2). The second and less
important cohesion factor is the disynaptic valence basin be-
tween the two Mo atoms V(Mo1,Mo2). Its population of 0.4
electrons is accompanied by a considerable relative fluctu-
ation of 0.90, which indicates a large delocalisation of this
already low population on the bridging sulphurs and termi-
nal oxygen atoms. Finally, a third cohesion factor may be
imputed to a resonance between the core basins C(Mo) of
the molybdenum atoms, attested by the high value of vari-
ance (σ2 = 2.45) for both domains. The Mo core population
C(Mo) are about 39 indicating an average Mo(III) oxidation
state rather than Mo(V), which is the formal oxidation state
assigned to Mo in this system. This situation is normal as for-
mal oxidation states and calculated charges are rarely similar
[ ed in
t

This uneven core population however is inconsistent with the
low spin singlet state of the complex and the absence of spin
polarization. In fact, because the metal dimer is in a closed-
shell singlet state, each metallic core can be considered as a
local closed-shell subsystem[26]. Taking this into considera-
tion along with the resulting Mo(III) average oxidation state,
only resonance between several even core configurations are
compatible. Here, we will adopt a [Kr]cn notation for the
electronic core configuration of the metal atoms in the anions.
[Kr] denotes the 18 electron pairs of the core, and cn the extra
electrons localized within the core basin that correspond to
d electrons. With this notation, the compatible resonant core
configurations would be [Kr]c2 ↔ [Kr]c4, [Kr]c4 ↔ [Kr]c2

or [Kr]c6 ↔ [Kr]c0, [Kr]c0 ↔ [Kr]c6. Knowing the first two
configurations would contribute 1 to the standard deviation
σ and the other two configurations 3, the value 2.45 for
the varianceσ2 can be recovered by considering the two
configurations should both contribute with a weight factor
of 72% for Mo1[Kr]c2 ↔ [Kr]c4, [Kr]c4 ↔ [Kr]c2 and 28%
for [Kr]c6 ↔ [Kr]c0, [Kr]c0 ↔ [Kr]c6 [32]. The overlap be-
tween “d” orbitals generally thought to be responsible of the
metal–metal bond in molecular orbital theory has been sub-
stituted in the ELF topological description by the concept of
delocalisation of the core electrons and the formation of disy-
naptic intermetallic valence basins. While this last aspect has
been related to the concentration of electron density due to
o lisa-
t rbital

T
M ns) with

Mo2

V 0.45
V 1.37 )
V 0.98
V *

V n.a
V 1.06
V n.a.
V 4.95 )
V 6.70 5)
V n.a
V 6.97 )
V 7.06

A and S6

a Mo6O2
2−, ; n.a.:

n

30] and in fact +5 charges are almost never encounter
heoretical representation of transition metal complexes[31].

able 4
ean electronic population̄Ni of the valence basins (number of electro

Mo2S6O2
2− 1 Mo2S6O2C2H2

2− 2 3

(Mo1,Mo2) 0.42 (0.90) 0.39 (0.90) 0.39 (0.90)
(Mo1,S1,2) 0.88 (0.77) 0.85 (0.87) 0.89 (0.76)
(Mo2,S1,2) 0.90 (0.77) * *

(Mo1,S3,4) 0.66 (0.80) 0.66 (0.81) 0.63 (0.81)
(Mo2,S5,6) 0.67 (0.80) 1.35 (0.67) 1.45 (0.65)
(S3,S4) 1.01 (0.85) 1.02 (0.85) 1.03 (0.85)
(S5,S6) 1.02 (0.85) * *

(S1,2) 5.54 (0.35) 6.44 (0.30) 6.39 (0.30)
(S3,4) 5.49 (0.46) 5.48 (0.46) 5.51 (0.46)
(S5,6) 5.49 (0.46) 4.44 (0.52) 4.32 (0.37)
(Mo1,O1) 6.99 (0.20) 7.00 (0.20) 6.98 (0.20)
(Mo2,O2) 7.01 (0.20) 6.99 (0.21) 6.99 (0.21)

s the molecules are symmetric, sulphur atoms S1 and S2, S3 and S4, S5

sterisk (*) signal the disappearance of a valence basin compared to2S
ot applicable;* valence population transferred.
rbital overlaps, the concept of electron density deloca
ion between core basins has no analog in molecular o

the relative fluctuationλ(N̄i) indicated in parenthesis

S4O2
− Mo2S4O2 C2H2

− Mo2S4O2 C2(C6H5)2
− MoS3O−

(0.90) 0.42 (0.90) 0.42 (0.90) n.a.
(0.69) 1.12 (0.73) 1.12 (0.73) 4.01 (0.45
(0.77) * * n.a.

n.a. n.a. *

. 1.02 (0.73) 1.27 (0.68) n.a.
(0.72) n.a. n.a. *

* * n.a.
(0.38) 6.26 (0.32) 5.50 (0.35) 3.30 (0.47
(0.45) n.a. n.a. 6.67 (0.4

. 4.72 (0.51) 4.55 (0.51) n.a.
(0.20) 6.96 (0.21) 6.99 (0.21) 7.09 (0.20
(0.20) 7.06 (0.19) 7.00 (0.20) n.a.

show identical values and are thus referred to as S1,2, S3,4 and S5,6. The
by a shift of the corresponding electron population to other domains
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theory. The resonance between even core configurations also
confirmed the link between the diamagnetism of the complex
and the presence of a strong Mo–Mo interaction suggested
by Spivack and Dori[29].

This largely delocalised character of electrons from the
bridging sulphur, terminal oxygen and molybdenum atoms
could be found in all four computed structures and only mi-
nor differences could be observed. In fact, the addition of
the organic group to form the dithiolene ligands was found
to induce only a few changes in the electronic population
of the different atoms in the anion as might be observed in
Table 3. Table 4shows that one change generated by the or-
ganic group is a transfer of 0.90 electron from the disynaptic
basin between one of the molybdenum atom and the bridg-
ing sulphur atoms V(Mo2, S1,2) to the valence basin between
the Mo atom and the dithiolene sulphurs V(Mo2, S5,6) This
transfer is associated with a slight decrease of the electronic
population in the disynaptic basin V(Mo1,Mo2), as well as in
the monosynaptic basins of the dithiolene sulphurs V(S5,6),
the effect being a little larger for diphenyl acetylene than for
acetylene as expected from its larger electronic withdraw-
ing property. Notably, the population of the monosynaptic
valence basin V(S1,2) on the bridging sulfido groups are in-
creased.

Upon fragmentation to Mo2S4O2
− the evolution of the

electron localization could be described as follows: (i) a slight
i ated
M ase
o -
u num
a
a to the
l
(
V

e to
s
a a
d a oc-
c ith
t nci-
p be-
h

ures
c ula-
t
t ilar
o rved
f
[ a
S t
o lig-
a
T la-
t rred
t

and dithiolene sulphurs V(S5,6). The overall electronic de-
localisation over the [Mo2(O)2(�-S)2] core would thus be
decreased, inducing a larger topological change. Cleavage of
the metal–metal bond to the fragment ion MoS3O− would
also induce large topological changes as attested by the val-
ues inTable 4.

4. Conclusion

The gas phase fragmentations of a family of three
anionic complexes of molybdenum(V), [Mo2(O)2(�-
S)2(�2-S2)2]2−, [Mo2(O)2(�-S)2(�2-S2) (�2-S2C2H2)]2−,
[Mo2(O)2(�-S)2(�2-S2)(�2-S2C2(C6H5)2)]2− were studied
as a function of the collision energy used in the collision
cell of a triple quadrupole analyser. The main fragment ion
for the three anions was Mo2S4O2

− at low collision ener-
gies, while higher collisional activation lead to cleavage of
the metal–metal bond. Addition of organic groups to form
dithiolene ligands lead to slightly increased dissociation en-
ergy. Topological analyses of the electronic domains using
the electron localisation function showed three cohesive fac-
tors could account for the strength of the dinuclear core: (i) a
significant resonance of the core electrons of the two Mo
atoms, (ii) a delocalisation of the electrons on the bridg-
i ally
( tron
p Mo
a

e in-
t rag-
m s the
r pop-
u f its
c etal-
l tron
l firm
a urther
d

A

tre de
R AN,
S the
“ g
c nd of
t t
t M.
C rettre
a tions
a also
w me
fi

ncrease of the electronic population on the tricoordin
o atom (Mo2) associated with a corresponding decre
n all sulphur atoms (Table 3); (ii) an increase of the pop
lation in the disynaptic basins between the molybde
nd the bridging sulfido groups V(Mo1,S1,2), V(Mo2,S1,2)
nd a decrease of the electronic density corresponding

one pairs of the same bridging sulfido groups V(S1,2) and
iii) an increase in the population of the terminalη2 disulfide
(S3,4).
The overall effect of the fragmentation was therefor

hift the electron density towards the terminal disulfide S3–S4
nd to slightly reduce the Mo2 atom, which undergoes
iminution of its coordination sphere. These phenomen
ur with the minimal structural alteration, in consistency w
he least topological change principle. In fact, this pri
le could account for the non-symmetrical fragmentation
aviour of2 and3.

Indeed, the relative energy of computed struct
ould not explain the fragmentations as DFT calc
ions on the energy for the dissociation of S2

− or even
he cleavage of the metal–metal bond led to sim
r lower energies. ELF calculations on the unobse

ragment ions [Mo2(O)2(�–S)2(�2–S2C2(C6H5)2)]− and
Mo2(O)2(�-S)2(�2-S2C2H2)]− showed that the loss of
2
− group from complexes2 and3 would result in a shif

f the electron density towards that remaining dithiolene
nd and a slight reduction of the tricoordinated Mo1 atom.
his shift, however, would involve a lower electronic popu

ion in all disynaptic basins, this population being transfe
o the monosynaptic basins of the bridging sulphurs V(S1,2)
ng sulfido groups and terminal oxygen atoms and fin
iii) the presence of a small and highly delocalised elec
opulation in a disynaptic valence basin between the
toms.

The non-symmetric fragmentation behaviour could b
erpreted with the least topological change principle. F
entation induced a shift of the electron density toward

emaining ligands and a slight increase of the electron
lation on the Mo atom that undergoes a diminution o
oordination sphere. We expect this reduction of the m

ic center to continue with the loss of other ligands. Elec
ocalization function calculations are underway to con
nd characterise the reduction process accompanying f
issociation reactions.
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