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Abstract

The gas phase fragmentations of a family of three anionic complexes of molybdenum(YiIOMp-S)(m2-S2)212~, [M02(0)2(-S)(m?-
S,) (M%-S,CoHL)1%, [M02(0)s(-Sk(M?-S2)(m3-S,C,(CsHs)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 wg®0 at low collision energies, while higher
collisional activation led to cleavage of the “metal-metal” bond. Topological analyses of the electronic domains using the electron localisation
function (ELF) showed that non-symmetric fragmentation behaviour could be interpreted according to the least topological change principle.
Fragmentation induced a slight shift of the electron density towards the remaining ligands and an increase of the electron population on the
Mo atom that undergoes a decrease of its coordination sphere.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mass spectrometry has long been established as a valuable
technique for structural characterisation of organic com-
Electrospray mass spectrometry (ESI MS) now allows the pounds and biopolymers, to our knowledge however, few
production of gas phase inorganic ions from polar solutions studieg6] have been devoted to the gas phase fragmentations
in which they are solubl¢l]. In fact, mass spectra have of complex inorganic ions produced by electrospray.
been obtained for a variety of inorganic and organometallic  Dithiolene complexes of molybdenum(V) have recently
compounds ranging from coordination compouni attracted considerable attention because they may be used
to metallocene derivativef3], to metal clusterd4] and to model the active site of ubiquitous molybdenum enzymes
supramolecular complex§s]. Electrospray mass spectrom- [7]. Non-symmetric dinuclear complexes are also a particular
etry as well as matrix-assisted laser desorption ionisation object of interest as they should show unusual catalytic and
(MALDI) thus opens new possibilities for structural analysis redox chemistry due to a polarised metal-metal bond and
in inorganic chemistry. One of these possibilities is the non-symmetric coordination sphef@&s9].
investigation of the gas phase chemistry of a family of Synthesis of such compounds involves addition of
compounds rather new to the field of mass spectrometry. electrophiles on tetraoxothiomolybdafd®,11] and yields
Although the study of gas phase fragmentation of ions by a large diversity of new sulphur rich compounds, which, in
some cases, are produced as mixtures. Consequently, pure
* Corresponding author. Tel.: +33 2 35 52 20 32; fax: +33 235 52 24 41, CTystals are sometimes very difficult to obtain and X-ray
E-mail addresshelene.lavanant@univ-rouen.fr (H. Lavanant). crystallography cannot always be used. Electrospray mass
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spectrometry therefore comes as a reliable and straight-2.2. Mass spectrometry
forward means of analysis: the mass over charge ratio and
typical isotopic distribution of the intact complex anions Mass spectral measurements were carried out with an API
provide sufficient information for an assignment of the 3000 (ESI MS/MS) Applied Biosystems triple quadrupole
molecular formula of the compounds. mass spectrometer. The instrument was operated in the neg-
This particular piece of information, however, is only a ative ion mode. The experiments were performed by direct
fraction of what is available in the mass spectra. Indeed, in infusion with a syringe pump with a flow rate ofi min—2.
addition to the intact complexes, a variety of fragment ions Standard experimental conditions were as follows: sample
can be found whose formulae depend on the structure of theconcentration, (2—4) 10~* mol L=1; nebulizing gas N, 7
precursor ion and on the energy of the ions in the nozzle- units flow rate; ion spray voltage;5.00 kV; temperature,
skimmer area of the electrospray source. 150°C; declustering potential-20V; focusing potential,
The objectives of this work was to investigate the gas —200V; entrance potential, 10 V. The mass spectra shown
phase fragmentations of a group of three anionic complexesare the result of approximately 20 scans summed fnam

of molybdenum(V) Echeme Y that all include a common
dinuclearsyn[Mo2(O)2(w-S),] core. Although many com-
pounds comprising this core exist, they all entail identical

2010 600. The mass axis was externally calibrated using stan-
dard calibrants.
For MS/MS experiments, Nwas used as collision gas,

ligands, and non-symmetric dinuclear complexes are quite and pressure was adjusted so as to obtain 30% attenuation of
rare[12]. Our purpose was therefore to achieve new insights the precursor ion at the lowest energy (5 eV). Standard unit
onthe gas phase behaviour of these complexes. This was doneesolution was used for the mass selection of the precursor
as a function of the collision energy used in the collision cell ions, the center mass being the most abundant isotopic com-
of a triple quadrupole analyzer, with a focus on the effect of bination. The total isotopic distribution being spread over
the differentiated ligands. 7 m/zunits for our doubly-charged precursor ions, only three

With this energy-resolved mass spectrometry, a thorough or four of the most abundant isotopic combination were se-
characterisation of the gas phase fragmentation pathways ofected and the full isotopic pattern was therefore lost upon se-
closely related compounds can be achieved. Dissociation patdection. Collision energy was ramped stepwise (stepV)
terns can thus be delineated with the objective to be ablefrom 5 to 30 or 40V, the ramp was carried out over a 10 min
to use this knowledge in the future to help distinguish iso- period so as to allow sufficient data points at every different
mers in new syntheses. To further interpret observed gasenergy. Resolving power was set so as to achieve standard
phase fragmentations and relate our energy-resolved data tanit resolution.
the structures of the precursor ions, molecular calculations
were carried out, including topological analyses of the elec- 2.3. Computational method
tronic domain using the electron localisation function (ELF)
[13]. Calculations were performed with the Gaussian 98 pro-
gram [14], using the hybrid density Functional B3LYP
[15,16] method. It has been recently proved that accurate
values of structural properties can be obtained with method
for second row transition metal dinuclear compleiies.

All calculations have been performed using the “DZVP”
basiq18] setfor Mo, C and H atoms but it appeared necessary
to add diffuse functions on S and O atoms.

The ELF calculations were carried out with the TopMod
package developed at the Laboratoire de ChimiecFigue
[M02(0)2(-Sh(m?-S2)(m?-S,Co(CeHs),)] 3 is described de L'Universi€ Pierre & Marie Curig¢19]. Isosurfaces have
elsewherd10,11] Solutions (104 mol L~1) were prepared  been visualized with the public domain scientific visualiza-
from pure acetonitrile (J.T. Baker), which was used as re- tion and animation program for high performance graphic
ceived without additional purification. workstations named SciA20].

2. Materials and methods
2.1. Materials
Preparation of the three molybdenum(V) complexes,

(N(C2Hs)a)2  [Mo2(O)2(p-Se(>-S2)2] 1, (N(C2Hs)a)2
[M02(0)2(i-S(M?>-S2)  (M?-SCoH2)l 2, (N(C2Hs)a)2
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3. Results and discussion ponents were correlated to traces of #8g0y 2~ (x=7, 8;
y=1, 0) atm/z216 and 224, expected to be present as a result
3.1. Fragmentation of [Mg(O)2(n-Sk(n?-S)2] %~ of the synthesis, as the main reagent MOS contained low
proportions of MoSO2~, MoS,~ and MoSQ™. Finally, the
The electrospray mass spectrum of (hig)a)2 peaks atm/z 240 and 416 were attributable to the formal ad-

[M02(0)2(n-Sk(n?-Sp)2] 1is shown inFig. 1 At low cone dition of two sulphur atoms to MgSs02%~ and MeS40, ™,
voltages, the expected signal of the aniowas observed at  respectively.
m/z 208 (most abundant isotopic combination) with an iso-  To further investigate the fragmentation processes under-
topic distribution very similar to the predicted profile (see gone by aniori, a collection of product ion spectra at differ-
inset inFig. 1). The chosen resolution, even when set to stan- ent collision energies were recorded. As expected, the nature
dard unit resolution, therefore allowed to distinguish individ- and relative intensities of the product ions of precursor ion
ual isotopic peaks both for doubly and singly charged ions. 1 were found to depend on the collision energy as shown in
The isotopic distributions displayed by the other peaks ob- Fig. 2 Low collision energiesRig. 2a: 10 eV) yielded product
served on the mass spectrum thus allowed an assignment tenass spectra showing essentially the, 84D, fragment
species containing two Mo atoms. The base peak of the massand its complementary.,S ion; while high collision ener-
spectrum atn/z 352.1 corresponded to a M&O,™ anion. gies Fig. 2b: 30eV) induced the appearance of a collection
This formula obviously indicated it was a fragment ion of of fragment ions with only one Mo atom: MOy~ (x=1-3;
1in which a $~ group was lost. This & fragmentisin  y=1 2). Notethat, as only afew of the most abundant isotopic
fact a radical anion, formally making this fragmentation an jons were selected, the full isotopic pattern was lost. How-
intramolecular redox reaction, which can be related to the ever, one could easily distinguish doubly charged ions such
generation of amino acid and peptide radicals by collision gg precursor ion MgBsO»2~ or fragment ion MeS;0,2~
activation of amino acid and peptide metal complef&ss. from singly charged fragment ions with similavz values
Loss of radical anion as oxidized dithiolateCG5(CN)>~ has MoSz0~ and MoSO~ from the larger spread and shape of
also been reported by Waters e{ar] from the anioniccom-  the isotopic distribution with peaks spacedk unit apart.
plexes [MoQ(S2C2(CN)2]%~ and [WOx(S,C2(CN)2] %~ We summarized this data on the breakdown graph displayed
Another abundant distribution in the electrospray mass on Fig. 3, which represents a plot of the ion abundance as
spectrum was assigned to the parent anion associated with & percentage of the total ion current versus the collision en-
tetraethyl ammonium counter ion [M86O2, N(CoHs)4] ™. ergy in the laboratory framBap. At low collision energies,
The lower intensity peaks around/z 368 and 384 could  precursor ion MeSsO»2~ was observed but never found as
be attributed to MgS,Oy~ (x=5, 6;y=1, 0) type complexes  the most abundant ion. It was thus confirmed that the frag-
where one or two of the terminal oxygen atoms of80, ™ mentation yielding MeS40.2~ required very little energy.
were replaced by sulphurs or the reverse. These minor com-At higher collision energies (25 eV), the metal-metal bond

v
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Fig. 1. Negative ion mode electrospray mass spectrum of {N€i2)> [M02(0)2(-Skh(n3-S2)2 (2 x 10-°molL~1 in acetonitrile). The inset shows an
expanded view of [Mg(O)2(n—Sh(m2-S2)2] 2~ compared to the theoretical isotopic distribution.
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Fig. 2. Product ion mass spectralofiMo2(0)2(u—-Sh(n?-S2)2] 2~ (mVz 208) at different collision energies: (Bl =10 eV and (b)Ejap=30eV.

was broken yielding a series of singly charged ions contain- suggested the fragmentation was similar to thdt fafr both
ing only one Mo atom. For clarity only the most abundant compounds. Notably, however, in these non-symmetric com-

mononuclear anion Mg®™ is represented.

3.2. Fragmentation of [Mg(O)(.-Sh(12-S)
(n%-S$C2H2)]%~ and
[M02(O)2(1-Sh(1?-S)(M2-SCa(CeHs)2)] 2~

For (N(CzHs)4)2 [M02(0)2(i-Sp(n*-Sp) (n?-S2C2H2)]
2, (N(CzHs)4)2 [M02(0)2(-Sk2(m?-S2)(n?-S2C2(CsHs)2)]
3, electrospray mass spectra were quite similar to that of
along with the expected peaksaz221 and 298 (most abun-

plexes, only the dithiolene ligand was lost and no traceof S
loss was observed. The complementary ions®8®,CoH>»
~ and M@S,02C,(CgHs)2~ were not observed either.

This non-symmetric fragmentation behaviour was ob-
served at all collision energies. Breakdown graph<fand
3following the same protocol as farn(Figs. 4 and bshowed
that at low collision energies, the precursor ions remained
intact. Upon an increase of the collision energy,J840,~
anion could be observed along with the complementary
fragment ions §C>H>~, and SCy(CgHs)2~. The highest

dant isotope), attributed t® and 3, a similar signal atn/z
351.7 from M@S40,~ was observed (data not shown). This
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Fig. 3. Breakdown graph df [Mo2(O)2(p—Sk(m?*-S2)2] 2. Abundances
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Fig. 4. Breakdown graph a2 [Mo2(O)(n-Sh(n?-S2) (m?-S2CoH2)]1%.

are percentages of the total ion current (TIC), the collision energy is in the Abundances are percentages of the total ion current (TIC), the collision

laboratory referentialHap). For clarity, only one out of 20 data points is
shown and the curves represent the 20% weighted curve fits.

energy is in the laboratory referentidd{,). For clarity, only one out of 20
data points is shown and the curves represent the 20% weighted curve fits.
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100 TR TR e T T 3.3. Computational results
—— Mo0,8,0,C,(C¢Hs), 2
B Mo,S,0, To further interpret these gas phase fragmentations and
B0 — - S,CH(CHs)y r in particular seak an interpretation to the non-symmetric be-
-X- Sy haviour of compoundg and3, molecular calculations were
AT MoS,0- carried out. Experimental data on the geometries of the three

o0 anions studied were available as crystallographic data were

obtained for the three compounds (N()4)2 [Mo2(O),
(1-Se(m*S2)2] 1, (N(CzHs)a)2 [M02(0)2(jn-S)(n*-Sp)
(m?-S2C2H2)] 2, (N(C2Hs)4)2 [Mo2(0)2((1-S(n?-S2)(n*-
P = D\D‘El S,C2(CgHs)2)] 3 from a previous study10,11] 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
5 10 15 20 25 30 15 40 45 the three compounds and the main fragment iop®0,,
Collision energy Ey, (eV) topological analyses of the electronic domain using the
electron localisation functiofi3] were then carried out.

U e

Abundance (% TIC)

Fig. 5. Breakdown graph of3 [M02(0)2(m-Sk(m?-S2)(m3-S2C2(Cs
Hs)2)]>~. Abundances are percentages of the total ion current (TIC), the 3.3.1. Geometry optimisations

collision energy is in the laboratory referenti& ). For clarity, only one . .
out of 30 data points is shown and the curves represent the 20% weighted EXpe”mental parameters from the CrySta”OgraphIC struc

curve fits. tures of compounds (N@is))2 [Mo2(O)2(i-Sp(n*-Sp)
(M?-S2C2H2)] 2, (N(CzHs)a)2 [M02(0)2(p-S)(n?-S2)(m?-

collision energy allowed cleavage of the metal-metal bond $2C2(CeHs)2)] 3 [10,11]were used as starting point for the

resulting in several anions involving one Mo atom. DFT geometry optimisations. In absence of information on

The breakdown curves for precursor ions 1-3 are com- the multiplicity of the complexes, several values (1, 2 and
pared inFig. 6. This graph, represented as a function of the 6) were tested. In all cases, the closed-shell configuration
energy in the center of mass fraey, shows a discrepancy ~ was found lower in energy. Frequency calculations were car-
of about 0.1 eV between the curvesoénd3 and that ofL. ried out and all stationary points obtained were found to be
The latter reached a 50% fragmentation ratio for a value of local or most likely global minima of the potential energy
0.6 eV while the other precursor ions attained this value at Surface. The energies of the optimized geometries (includ-
about 0.7 eV, with a steeper slope frDissociation ener-  ing zero point vibrational energies) for the three precursor
gies for compound® and3 are thus expected to be lower ions1, 2 and3 and several fragment ions are collected in
than that of compount although in all three cases the main Table 1 Among these fragment ions only M&O,™, S,
fragment ion MeS;0,~ is the same. S$:CoH2~ and $SC»(CsHs)2~ were observed in significant

amounts. For information, three other fragment ions were

VB T e e o also calculated. Fragment ion Mg@&~ that would corre-

o __w__ NP ] spond to a symmetric cleavage of the metal-metal bond,

T g * | : - A ] was observed only with a very low intensity. Fragment ions

M0,S,0,C,(Ce) ] [M0o2(0)2(k-S)e(m?-S2C2H2)] ~, and [Maz(O)2(n-Sh(n?

i L S,C2(CgHs)2)]~ which would correspond to the loss of S
from complexes2 and 3 were totally unobserved. For all
structures, zero point vibrational energies were found not to
alter the relative stability order of any of the entities calcu-
lated.

From these values, the energies of the endothermic
dissociation of our precursor anions to the fragment ion
M05S405~ could be calculated: 1.1, 1.7 and 1.4eV were
found for 1, 2 and 3, respectively. These values confirm
the precursor ions were indeed easily fragmented and that

Collision energy E ., (eV) the complexes bearing dithiolene ligands required a slightly
higher amount of energy to dissociate. While the order of
Fig. 6. Compared breakdown curves of precursor ib(spen circles, full magnitude was consistent, the experimental values observed
line) 2 (full circles, dotted Ilne_) an@ (diamonds, dashedllllne).Abundfcln_ces appeared lower. Such values, however, could not be consid-
are percentages of the total ion current (TIC), the collision energy is in the . .
centre of mass referentidEgy). For clarity, only one out of 30 data points ered as exact with an instrument not devoted to threshold
is shown and the curves represent the 20% weighted curve fits. measurements.

Abundance (% TIC)




210 H. Lavanant et al. / International Journal of Mass Spectrometry 243 (2005) 205-214

Table 1

Energies of the optimised geometries for the three precursodidghand3 and several fragment ions

Formulae (low spin configuration) Sum of electronic and zero point energies (a.u.) Zero point vibrational energy (a.u.)
[M02(0)2(1-Sk(n2-S2)2]%~ 1 —10494.201766 0.016616
[M02(0)2(1-S)(Mm%-S2) (M2-SCoH2)1%~ 2 —10571.579699 0.048877
[M02(0)2(1-Sk(n2-S2)(n2-S,Co(CsHs)2)] 2~ 3 —11033.565909 0.031380
M02S40,~ —9697.789930 0.013486
S —796.370912 0.001223
S,CoH™ —873.726287 0.048877
$,Co(CeHs)™ —1335.724111 0.193747
[M02(0)2(-S)k(n?-S2CaH2)]~ —9775.208302 0.045858
[M02(0)2 (-S)(m 2-Sp Ca(Ce Hs)2)] ™ —10237.200172 0.206875
MoS;0™ —5247.098687 0.00717

Other hypothetical dissociations of the precursor ions crystallographic data is obtained in the solid state and in pres-
could also be evaluated. Surprisingly, the symmetric cleav- ence of a counter ion whereas the computed structures model
age of the metal-metal bond yielding Mg&®~ from ionic intrinsic geometries in the gas phase and without any counter
complex1, was found to require only 0.2 eV! Similarly, loss ion, which should be applicable in our mass spectrometric
of S, from precursor ions with dithiolene ligands was reck- study. Otherwise, the general shapes of the experimental and
oned at 0.01 eV for compleXor to be exothermic by 0.1eV ~ computed structures were largely identical.
for complex3! Obviously, transition states should play anim- The compared geometries of the three precursor anions
portantrole to explain why these reactions remain unobservedshowed few differences. The principal change concerned the
and why the cleavage yielding M8,0,~ is very largely the Mo-S distances of the two molybdenum atoms and the two
dominant process. Unfortunately, our repeated attempts tobridging sulfido groups, which appeared shorter on the side
calculate these transition states have remained unsuccessfuf terminal disulfide ligand. This change appears as well
until now. on the crystallographic dafd0,11] and is probably due to

For ionic complexe4, 2and3, DFT calculations could be  the presence of two different types of terminal ligands. No
validated by comparison of optimised and experimental pa- significant difference was observed in the parameters involv-
rametersTable 9. This comparison showed slightly shorter ing the terminal disulfide ligand, and the terminal oxygen
interatomic distances for the crystallographic geometry. The atoms. This conserved geometry was also largely true for the
Mo—Mo distance was found to be 2.89in the optimized fragmention M@S,0,~ for which the Me-Mo distance was
structure compared to a2.§$xperimental value. Similarly,  found slightly shorter. A distortion of theyrn[Mo2(O)2(w-
Mo—S and Me-O distances were found 0.10—O,§)5onger S)] core was also observed: the M8 distances of the
in the computed structure. This is consistent with the fact that tricoordinated molybdenum atom was found slightly shorter

Table 2
Selected excerpt of the optimised and experimental structural parameters (distafncmijles in degrees) for the three precursor thr&sand3 and the main
fragmention Me$,0,~

1 2 3 M02$40,~

Calculated Experimental Calculated Experimental Calculated Experimental Calculated
Mo1—Mo> 2.89 283 292 284 292 283 285
Mo1—S; 2.50 240 248 240 247 240 243
S3—Ss 213 207 213 206 213 206 212
Mo;—0O1 171 167 167 169 172 168 170
Mo2—O32 171 167 167 169 172 168 174
Mo1—S; 2.37 232 235 231 235 230 243
Moo—$; 2.37 232 240 235 240 235 228
Mo1—S;—Mo2 75 75 75 75 76 75 74
Mo1—Mo,—03 105 107 107 105 104 110 108; 131
Moo,—Mo1—S3 137 134 134 136 137 135 132
Sz—Mo1—S, 51 51 51 51 51 51 52
Si—Mo1—S, 102 102 102 102 99 102 99; 109
Ss—Mo02—Ss 51 51 81 81 80 80 a.
Mo1—Mo2—Ss 137 137 130 128 130 127 a
0;—Mo1—Mo02—0, 0 1 0 1 0 5 0
S3—Mo1—Mo02—Ss 0 0 18 17 0 18 ra.
S1—Mo1—Mo—S, 154 157 154 153 165 154 165
R—C;—C—R na. 0 2 8 10 m.

n.a.: not applicable.
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than the corresponding distances with the molybdenum atom C(Mo, ,) V(Mo ,,Mo,)
bearing the terminal disulfide ligand. The MO distance (A)
to the tricoordinated molybdenum atom was lengthened but
only by 0.04A. Although many compounds comprising this
core exist, they all entail identical liganfls2]; a distortion

of the syn[Mo2(O)z(p.-S)] 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.

V(Sse)

V(S1)

3.3.2. ELF calculations ¥oeN0.)

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 analysji$3] 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-
centregions corresponding to chemically meaningful entities
such as atomic cores, bonds, and lone pairs. The aim of the V(O,,)
topological approach of the chemical bond is the determina-
tion of such regions and of their boundaries with the help of Fig.7. Localisationdomains fdr(A) 5(r) = 0.45 and (B)y(r) = 0.75. Colour
rigorous mathematical tools. code is as follows: magenta, core; orange brown, valence monosynapt!c;

Becke and Edgecombe's ELF funcii], nolech(r), s Ueepyurerce 491201, (For leroretaonof e eferences o cotour
derived from a measure of the pairing of electrons, a corner

stolne in all bonding theories. It is confined ywthm thg [0, is a positive number expected to be less than 1 in most cases.
.1] interval and tends to .1 where parall_el Spins are hlghly A relative fluctuation larger than 0.45 is thought to indicate
improbable (for example inside a lone pair or a bond region), significant delocalisatiof26].
whereas it is close to 0 near the boundaries of the electronic The ELF basins provide a complementary view to the stan-
domains where parallel spin electrons are compelied to COMEyard valence one. Instead of counting the atoms coordinated
close one another. toagiven nucleus, oneisimmersed in the basin of interest and

bG_rapgigal rlep_rese_:ntatioanig. 7)f°f thf bor?ding'ja\can be counts the bordering cores. Therefore, we thought that such a
obtained by plotting isosurfaces of thé) function. Among population analysis, which implicitly takes into account the

Lhe .electtronlc (;:iocman:s thus ?}gﬂaed 0||1e dls'gngwsh? folresuperposition of the resonance forms, could provide infor-
asins (terme (atom)), whic are located Immeaiately ,5iion on the origin of chemical properties and mechanisms
around the nucleus and valence basins (termed V (list of of fragmentation

atoms)), which fill the remaining space. Valence basins are 1.4 esuits O;c ELF calculations for aniods 2, 3 and
characterised b)_/ their synaptic ord25], which is the num- M0,S,0,~ are collected iables 3 and 4

ber of core to which they are connected. Monosynaptic basins For all compounds, bonds were found to be quite weak
correspond to lone pair regions and di- or polysynaptic basmsas the population of shared electrons in di- or polysynap-

correspond to bondmg regions. = . tic basins were all very low. This suggested a largely ionic
The mean population of each region can be obtr?uned cohesion. This, however, was not consistent with either the
by integrating the electron_ d_ens'm) (.)f a glven_basm. A chemical propertief27] or the mass spectrometric behaviour
measure of the mean de_wafuon pf thls populatlon,_or more | hich testify for a strong [Me(O)(u-S)] core. A disynap-
physically, 9f the delocalisation, is given by the variance of tic valence basin between the two Mo atoms could be found,
the population: thus confirming the presence of a metal-metal bond, but its
population of only about 0.4 electrons could not explain the

(*—V(Sj, Sr,)

O

»

o*(N}) = <N12> — (N;)? strength of the dinuclear core entity. A better look at the data
for 1, however, allowed to delineate three modes of interac-
The relative fluctuation of basin population: tion which allow the cohesion of the [M¢O),(j.-S),] core
o= and which are common to the four anions under study. These
A(N;) = o (Ni) three cohesion factors have been observed before for other

i di- and trinuclear metal complex§®8]. The first and fore-
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Table 3
Atoms in molecules (AIM) population analysis (number of electrons)

Moy Mo O Oz S3, S S1.S S5, S
[M02(0)z (n-Sh(m 2-S)21% 1 4043 4043 880 880 1647 1671 1648
[Mo2(0)2(n-S)(Mm%-S2) (M2-S2CoH0)]1%~ 2 4041 4045 880 879 1647 1669 1632
[M02(O)2(1-S)(M?-S2) (n%-S2C2(CsHs)2)]1%~ 3 4044 4044 879 878 1646 1669 1629
M02S402~ 40.44 4066 879 884 1639 1665 n.a.
[M02(0)2(i-S) (M2-SpCoH2)] ™ 4057 4045 884 876 n.a. 1670 1629
[Mo2(0)2(n-S) (m2-S2C2(CeHs)2)] ~ 40.70 4042 878 875 n.a. 1665 1629
MoS;0™ 40.46 na. 886 n.a. 1643 (9) 16.74 n.a.

n.a.: not applicable.

most cohesion factor may be imputed to bridging sulphur This uneven core population however is inconsistent with the
atoms whose valence basins Y(&nd V(S$) (which will low spin singlet state of the complex and the absence of spin
be further referred to as V(Q) as they are strictly identi-  polarization. In fact, because the metal dimer is in a closed-
cal) appeared at first as largely monosynaptic but are in factshell singlet state, each metallic core can be considered as a
characterised by an unusual relative fluctuation of 0.35 for local closed-shell subsystd@6]. Taking this into considera-
the 5.53 electrons involved. This fluctuation can be trans- tion along with the resulting Mo(lll) average oxidation state,
lated in terms of a large delocalisation of the corresponding only resonance between several even core configurations are
population, which is spread between the valence and corecompatible. Here, we will adopt a [Kr]cnotation for the
basins of the two molybdenum atoms. This confirmed the electronic core configuration of the metal atoms in the anions.
presence of a strong M& as originally suggested and ev- [Kr] denotes the 18 electron pairs of the core, ahthe extra
idenced by Spivack and Dof29]. This delocalisation was  electrons localized within the core basin that correspond to
also partly true for the seven electrons of the terminal oxy- d electrons. With this notation, the compatible resonant core
gen basins V(Mg,01) and V(Ma,0,). The second and less  configurations would be [Krfe< [Kr]c?, [Krlc* <> [Kr]c?
important cohesion factor is the disynaptic valence basin be-or [Kr]c® < [Kr]c?, [Kr]c? <> [Kr]c®. Knowing the first two
tween the two Mo atoms V(Mg@Moy). Its population of 0.4 configurations would contribute 1 to the standard deviation
electrons is accompanied by a considerable relative fluctu-o and the other two configurations 3, the value 2.45 for
ation of 0.90, which indicates a large delocalisation of this the variances? can be recovered by considering the two
already low population on the bridging sulphurs and termi- configurations should both contribute with a weight factor
nal oxygen atoms. Finally, a third cohesion factor may be of 72% for Mo [Kr]c? <> [Kr]c?, [Krlc* < [Kr]c? and 28%
imputed to a resonance between the core basins C(Mo) offor [Kr]c® < [Kr]c?, [Kr]c® < [Kr]c® [32]. The overlap be-
the molybdenum atoms, attested by the high value of vari- tween “d” orbitals generally thought to be responsible of the
ance §2=2.45) for both domains. The Mo core population metal-metal bond in molecular orbital theory has been sub-
C(Mo) are about 39 indicating an average Mo(lll) oxidation stituted in the ELF topological description by the concept of
state rather than Mo(V), which is the formal oxidation state delocalisation of the core electrons and the formation of disy-
assigned to Mo in this system. This situation is normal as for- naptic intermetallic valence basins. While this last aspect has
mal oxidation states and calculated charges are rarely similarbeen related to the concentration of electron density due to
[30] and in fact +5 charges are almost never encountered inorbital overlaps, the concept of electron density delocalisa-
theoretical representation of transition metal compl¢3tk tion between core basins has no analog in molecular orbital

Table 4
Mean electronic populatioﬁi of the valence basins (number of electrons) with the relative ﬂuctua(iﬁr) indicated in parenthesis

M02850227 1 M028502C2H227 2 3 M0 S0, M0,S,0, CoHy™ M0,S,0, Cz(CeH5)27 MoS;0~
V(Mo1,Moy) 0.42 (0.90) 039 (0.90) 039 (0.90) 045 (0.90) 0.42 (0.90) a2 (0.90) n.a.
V(M01,S1,2) 0.88 (0.77) 085 (0.87) 089 (0.76) 137 (0.69) 1.12 (0.73) 12 (0.73) 4.01(0.45)
V(Mo2,S1 ) 0.90 (0.77) ¥ * 098 (0.77) ° * n.a.
V(Mo1,3.4) 0.66 (0.80) 066 (0.81) 063(0.81) ~ n.a. n.a. )
V(Mo2,Ss5,6) 0.67 (0.80) 135 (0.67) 145 (0.65) n.a. 1.02 (0.73) .47 (0.68) n.a.
V(S3,%4) 1.01 (0.85) 102 (0.85) 103 (0.85) 106 (0.72) n.a. n.a. )
V(S5,Ss) 1.02 (0.85) * * n.a. - * n.a.
V(S1.2) 5.54 (0.35) 644 (0.30) 639 (0.30) 495 (0.38) 6.26 (0.32) 50 (0.35) 3.30(0.47)
V(S3.4) 5.49 (0.46) 548 (0.46) 551 (0.46) 670 (0.45) n.a. n.a. 6.67 (0.45)
V(Ss6) 5.49 (0.46) 444 (0.52) 432 (0.37) n.a. 4.72 (0.51) .85 (0.51) n.a.
V(Mo1,01) 6.99 (0.20) 700 (0.20) 698 (0.20) 697 (0.20) 6.96 (0.21) 89 (0.21) 7.09 (0.20)
V(Mo2,0,) 7.01 (0.20) 699 (0.21) 699 (0.21) 706 (0.20) 7.06 (0.19) .00 (0.20) n.a.

As the molecules are symmetric, sulphur atomsaBd $, 3 and S, S and § show identical values and are thus referred to as Sz 4 and S 6. The
asterisk (*) signal the disappearance of a valence basin compared,&®3—, by a shift of the corresponding electron population to other domains; n.a.:
not applicable? valence population transferred.
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theory. The resonance between even core configurations als@nd dithiolene sulphurs V£S$). The overall electronic de-
confirmed the link between the diamagnetism of the complex localisation over the [MgO),(w-S),] core would thus be
and the presence of a strong Mo—Mo interaction suggesteddecreased, inducing a larger topological change. Cleavage of
by Spivack and Dorj29]. the metal-metal bond to the fragment ion M@5 would

This largely delocalised character of electrons from the also induce large topological changes as attested by the val-
bridging sulphur, terminal oxygen and molybdenum atoms ues inTable 4
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(Ma S,,) to the valence basin between as a function of the collision energy used in the collision

the Mo atom and the dithiolene sulphurs V(M&s ¢) This cell of a triple quadrupole analyser. The main fragment ion
transfer is associated with a slight decrease of the electronic pieq P yset. 9

population in the disynaptic basin V(MMo,), as well as in for the three anions was M864,0,~ at low collision ener-

the monosynaptic basins of the dithiolene sulphursa(S gies, while higher collisional activation lead to cleavage of
) . . S) the metal-metal bond. Addition of organic groups to form
the effect being a little larger for diphenyl acetylene than for

acetylene as expected from its larger electronic withdraw- dithiolene ligands lead to slightly increased dissociation en-

. . . ergy. Topological analyses of the electronic domains using
ing property. Notably, the population of the monosynaptic - . .

; o ' . the electron localisation function showed three cohesive fac-
valence basin V(£) on the bridging sulfido groups are in-

tors could account for the strength of the dinuclear core: (i) a
creased. significant resonance of the core electrons of the two Mo
Upon fragmentation to Mg540,~ the evolution of the 9

o . i : atoms, (ii) a delocalisation of the electrons on the bridg-
electron localization could be described as follows: (i) a slight . , . :
) : . . . ing sulfido groups and terminal oxygen atoms and finally
increase of the electronic population on the tricoordinated

Mo atom (M@) associated with a corresponding decrease (i) the presence .Of a sm_all and highly d_elocalised electron
on all sulphur atomsTable 3: (ii) an increase of the pop- population in a disynaptic valence basin between the Mo
ulation in the disynaptic basins between the molybdenum ato_m]sé. non-symmetric fragmentation behaviour could be in-
and the bridging sulfido groups V(M5 2), V(M02,51 2)

and a decrease of the electronic density corresponding to theterpreted with the least topological change principle. Frag-

) o : mentation induced a shift of the electron density towards the
lone pairs of the same bridging sulfido groups V¢pand C S
. . . . o remaining ligands and a slight increase of the electron pop-
(iii) an increase in the population of the termim@ldisulfide . T )
ulation on the Mo atom that undergoes a diminution of its
V(S3,4). : coordination sphere. We expect this reduction of the metal-
The overall effect of the fragmentation was therefore to

shift the electron density towards the terminal disulfigeS lic ce_nte_r to CO”“T‘“e with the_ loss of other ligands. Elect_ron
) : localization function calculations are underway to confirm
and to slightly reduce the Moatom, which undergoes a . : .
AV ; o and characterise the reduction process accompanying further
diminution of its coordination sphere. These phenomena oc- . o .
. o S . .~ dissociation reactions.
cur with the minimal structural alteration, in consistency with
the least topological change principle. In fact, this princi-
ple could account for the non-symmetrical fragmentation be-
haviour of2 and3. Acknowledgements
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4. Conclusion

The gas phase fragmentations of a family of three
anionic complexes of molybdenum(V), [M)2(w-
Sk(m*-$2)2]*", MO2(O)(k-Sk(n*-S2) (n*-S2CoH2)]%,
[M02(0)2(-S)k(n?-S2)(n?-S2C2(CeHs)2)]*~ were studied
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