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Gas-phase reactivity of hexanuclear molybdenum
[Mo6I14]2� and its photo-fragments towards O2

and CO2: combined mass spectrometry (MSn) and
quantum chemical simulations†

Aikaterini Tsirkou,a Nina Tyminska,bc Richard A. J. O’Hair, d Fabien Grasset,e

Yann Molard, c Karine Costuas, *c Stéphane Cordier *c and
Luke MacAleese *a

The optical properties, photo-decomposition and photo-reactivity of [Mo6I14]2� clusters and their

associated photo-products are examined in the gas phase. The UV-visible optical spectrum of the

electron-rich [Mo6I14]2� cluster is measured and the wavelength dependence of the principal fragments is

interpreted on the basis of the quantum chemistry (QC) simulated spectrum and detailed transitions. A

special focus of attention is the photo-generated [Mo6I14]� and photo-specific radical [Mo6I13]2�� as well

as halogen-depleted clusters [Mo6In]� with n o 14. The fragmentation and reaction energetics of all

species are examined with a combination of mass spectrometry experiments, ion–molecule reactions with

O2 and CO2 under irradiation and QC simulations. Reactions with O2 are shown to be very exergonic with

up to 5 eV release when O2 is dissociated on the cluster. Experimental evidence for the photo-

decomposition of CO2 into CO and O on [Mo6In]� ions is provided together with detailed QC energetics.

Introduction

Atomically precise metal nanoclusters display unique reactivity
that cannot be inferred from either atomic or bulk matter.
Their properties have been widely reviewed.1 Among them,
hexanuclear Mo6 clusters are promising photocatalysts,
reported for hydrogen evolution2 and CO2 photo-reduction.3

Their robustness and stability make them sustainable alterna-
tives to dye-based systems. Synthesized at high temperature
and stabilized by halogen ligands (X), they form [{Mo6Xi

8}Xa
6]2�

building blocks, where face-capping (Xi) and terminal (Xa)
ligands control optical and redox properties.4,5 Ligand
exchange enables integration in diverse matrices4 or immobi-
lization onto surfaces.6–8 [Mo6X14]2� complexes exhibit broad

UV-vis absorption and strong red/NIR emission5,9 making them
attractive, less costly photo-sensitizers and catalysts. However,
their precise reaction mechanisms, particularly under irradia-
tion, remain poorly understood.

Mass spectrometry (MS) offers a complementary approach to
solution studies by generating, isolating, and probing reactive
intermediates at the molecular scale. Optical spectroscopy of
mass-selected ions, using both UV-vis10 and IR,11 provides
insight into transient species relevant for reactions in
solution12 in laser-ablation-generated gas-phase clusters. For
metal and metal–oxide clusters, this approach has elucidated
CO2 coordination modes and proposed mechanisms for
cluster-assisted reduction reactions.11,13–20

Although Mo6 nanoclusters are established photocatalysts,2,3

their gas-phase photo-reactivity is less explored. Warneke et al.
investigated electrosprayed [Mo6X14]2� (X = halogen): photoelec-
tron spectra revealed electron binding energies21 while collision-
induced dissociation (CID) showed halogen-radical loss and
secondary reactivity with O2.22

Here, we extend these pioneering studies to the photo-
decomposition and photo-reactivity of Mo6 clusters in the gas
phase, focusing on [Mo6I14]2�. Specifically, we ask the following: (i)
do laser-induced dissociation (LID) pathways differ from CID
pathways? (ii) What is the stability of photofragments? (iii) How
do they react with O2 or CO2? (iv) How do binding sites, coordina-
tion, and radical/electron-acceptor character govern reactivity?
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Experiments are complemented by quantum-chemical (QC)
simulations to characterize excitations, photofragment struc-
tures, stabilities, and reactivity with O2 and CO2. Ion–molecule
reactions in an ion trap further provide mechanistic insight
into these well-defined species.23–25

Experimental and theoretical methods
Synthesis

Cs2[{Mo6Bri
8}Bra

6] and Cs2[{Mo6Ii
8}Ia

6] were synthesized as
described in ref. 26. Binary halides Mo6Br12 and Mo6I12 were first
prepared using solid-state reactions of elemental precursors.
Stoichiometric mixtures of CsX and Mo6X12 were then sealed in
quartz ampoules and heated to 850 1C (Br) or 700 1C (I). The
resulting Cs2[{Mo6Xi

8}Xa
6] complexes are soluble in water and

organics, where labile Xa ligands can be exchanged with inorganic
or organic groups (L). Cs+ counterbalances the cluster charge.

Gas-phase experiments

All multi-stage (MSn) experiments were carried out using a mod-
ified a Thermo LTQ Velos ion trap mass spectrometer. [Mo6I14]2�

was generated by electrospray ionization (ESI) of Cs2Mo6I14 (1 mM,
acetonitrile). CID of [Mo6I14]2� and product ions was performed in-
trap and energy values are reported in instrument specific normal-
ized collisional energy (NCE) units.27 Single isotope peaks were
isolated when possible; above m/z 2000, isolation windows included
adjacent isotopes due to resolution limits. Assignments for frag-
ment ions in Fig. 1, 6 and 11 are detailed in the SI Tables S1 and S2.

Optical spectroscopy

Optical action (fragmentation) spectra were obtained by irra-
diating mass-selected [Mo6I14]2� with single OPO laser pulses

(200–600 nm, 2 nm steps). Laser power was tuned to keep frag-
mentation o1% at reference wavelengths (260, 340, and 540 nm).
For each point, 200 mass spectra were averaged. Fragmentation
ratios were normalized to laser power � wavelength and smoothed
to yield fragmentation yields (details in SI Complement S3).

Photo-reactivity and ion–molecule reactions

[Mo6I14]2� precursors were mass-selected and irradiated (260 nm,
1 mJ, 5 ns pulses) to generate [Mo6I13]�, [Mo6I13]2��, or [Mo6I14]��,
which were isolated and monitored during MS3. Helium buffer gas
was seeded with O2 or CO2 (5000 ppm; estimated 840/67 and 910/
73 collisions per second, respectively; see the SI). Reaction times
were varied up to 10 s before MS acquisition. For photochemical
studies, [Mo6I9]� was trapped in CO2 and irradiated with a 488 nm
CW laser (80 mW).

Simulations

Density functional theory (DFT) calculations were carried out
using the Amsterdam Modeling Suite (AMS 2022.105)28 driver
with the Amsterdam Density Functional (ADF) engine.29,30 The
revPBE exchange-and-correlation functional31,32 was employed to
optimize all geometrical structures, to calculate electronic, vibra-
tional and electronic excitation properties. Dispersion correction
with the electronegativity equilibrium model developed by the
Grimme group33 was added. Due to the presence of heavy
elements in the considered herein systems, the scalar relativistic
effects have been included by using first-order perturbation theory
from a ZORA Hamiltonian.34 The all-electron quadruple-z Slater-
type orbital basis set with the four polarization function (QZ4P)
basis set implemented in the ADF was used. Vertical excitation
energies were obtained using Tamm–Dancoff approximation
(TDA-DFT).35 Considering that the calculated systems are (dou-
bly)-negatively charged, the conductor-like screening model36

(COSMO) with a dielectric constant of 1.45 and the solvent radius
of 2.36 Å (mimicking N2) was applied to ensure that the energy of
the occupied molecular orbitals are negative (see SI Complements
S4). Vibrational frequency calculations were performed to ensure
that the optimized structures are minima of the potential energy
surface. The basis set superposition error was taken into account
via the counterpoise correction while calculating the vertical bond
dissociation energies.37

Nomenclature/terminology

Here, ‘‘cluster’’ denotes the Mo6 octahedral unit; together with
eight inner halogens it forms the ‘‘cluster core.’’ The full motif,
with apical ligands, is the ‘‘Mo6 complex.’’ Product ions are
labeled by triplets (#Mo, #I, and #O) followed by charge. For
example, [Mo6I14]2� and [Mo6I10O2]�� are denoted as (6,14,0)2�

and (6,10,2)1��.

Results and discussion
QC, CID vs. LID of the precursor [Mo6I14]2�

Primary fragments and photo-specificity. CID of the face-capped
(6,14,0)2� ion (single isotopic peak selected at m/z 1175) yields

Fig. 1 (top) Photo-fragmentation spectrum (LID) at 260 nm and (bottom)
collision-induced dissociation (CID) of a single isotopic peak (m/z 1175.2)
of the precursor ion (6,14,0)2� denoted by a star (see the nomenclature
section of fragments annotations). Both the oxidized (electron-photo-
detached) (6,14,0)1�mono-anion species at m/z 2350.5 and the (6,13,0)2��

dianionic species at m/z 1111.5 resulting from the I� photo-cleavage are
photo-specifically formed. Primary fragments are denoted with thick blue
arrows. See SI Table S1 for details on assignments.
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exclusively the singly charged (6,13,0)1� ion at m/z 2223 (see
Fig. 1/bottom) by loss of iodide (I�, with mass 126.9 Da). This is
consistent with prior CID observations by Warneke and
coworkers.22 They additionally observed secondary losses of I�,
although they remarked in their multi-instrument approach that
‘‘CID substantially varies among mass spectrometers’’. By con-
trast, the photo-activation (at 260 nm in Fig. 1/top) of (6,14,0)2�

yields a much richer variety of ions. Among the photo-product
ions, it is possible to identify three primary ions (thick blue
arrows in Fig. 1 and Scheme 1): first, the electron detachment
product (6,14,0)1� at m/z 2350 (Scheme 1, eqn (1)); second iodide
(I�) loss product (6,13,0)1� at m/z 2223, similar to CID (Scheme 1,
eqn (2)); and lastly the radical iodine (I�) loss product (6,13,0)2��

at m/z 1112 (Scheme 1, eqn (3)).
The precursor (6,14,0)2� was first investigated via QC calcu-

lations with an initial geometry optimization step following the
procedure described in the Computational details section. The
molecular orbital (MO) energy diagram of (6,14,0)2� is given in
Fig. 2 together with the (spin)orbital energy diagram of the
primary photo-fragments (6,14,0)1��, (6,13,0)1� and (6,13,0)2��.
The frontier MOs are plotted in Fig. S4. The (6,14,0)1�� radical
moiety arises from the depopulation of one electron of the highest
occupied molecular orbital (HOMO) which is mainly iodide in
character (61%). The cluster core and the Mo–Ia bonds are
moderately affected by this one-electron oxidation: only a slight
elongation of one apex of the Mo6 octahedra from 2.678 Å to 2.733 Å
Moapex–Mobasal distance, together with a slight shortening of the
Mo–Ia distance from 2.881 Å to 2.834 Å. The resulting spin-density
is spread over the Mo6 cluster (Fig. S5), forming an oxidized metal
Mo6 cluster bearing a formal +11 charge, thus Mo1.83+. In contrast,
the iodine loss (�I�) leads to (6,13,0)2�� where most of the
unpaired electron density (0.9) is localized on the iodine-free
apical site and the spin density forms a lobe pointing toward
the iodine vacancy (Fig. S5). In other words, simulations show that
(6,13,0)2�� is a radical species with the radical localized on the
lacunar molybdenum, leaving unaffected the oxidation state of
the metal Mo6 cluster. Lastly, the electronic structure of the
fragment (6,13,0)1� resulting from iodide loss (�I�) is character-
ized by the presence of an electron accepting MO (Fig. S5).

From an energetics point of view, the non-adiabatic
I�� � �[Mo6I13]2�� iodine-cluster homolytic bond dissociation

energy in the ground state was calculated at 3.547 eV while
the I�� � �[Mo6I13]1� heterolytic apical bond dissociation energy
was calculated at 0.819 eV. For the sake of comparison, the
bromine and bromide bond dissociation energies in
[Mo6Br14]2� were also calculated and are respectively 4.276 eV
and 2.523 eV. Thus, the iodinated cluster [Mo6I14]2� is more
susceptible than the brominated cluster [Mo6Br14]2� (+0.729 eV)
to yield the species (6,13,0)2�� by homolytic halogen bond clea-
vage. This is consistent with the non-observation of (6,13,0)2��

among the LID fragments of [Mo6Br14]2� (see Fig. S6). However, in
both iodinated and brominated cluster simulations, the hetero-
lytic bond cleavage is very significantly favoured with regards to
the homolytic cleavage (+2.728 eV and +1.753 eV, respectively).
This is consistent with the experimental evidence that the loss of
halogenide (I�/Br�) represents the major fragmentation feature
observed in the gas phase in both CID and LID mass spectra. The
calculated ionization potential is +2.755 eV, thus 0.792 eV more
accessible than the homolytic cleavage I�� � �[Mo6I13]2��. The QC
computed energetics is thus in line with the absence of primary
fragments (6,14,0)1�� and (6,13,0)2�� following collisional activa-
tion (CID). It suggests that both electron loss (Scheme 1, eqn (1))
and iodine loss (Scheme 1, eqn (3)) are not thermally accessible
from the ground state. In contrast, their observation following
laser activation (LID) suggests that both phenomena may arise
from processes involving electronic excited states.

Optical spectroscopy of [Mo6I14]2� and wavelength dependence
of the primary fragments

Fig. 3 displays the UV-vis optical spectrum of the precursor
(6,14,0)2� measured in the gas phase by ‘‘action’’ photo-
fragmentation spectroscopy, after mass selection and isolation
in the ion trap, overlaid with the simulated spectrum (TDA-DFT
calculations, see Computational details). Transitions towards
the three first quasi-degenerated excited states (S1, S2 and S3)
are calculated at 580 nm in a vacuum and the onset of
fragmentation in the visible range is measured accordingly
above 560 nm. However, the density of states and transitions
increases very significantly around 500 nm which gives rise to
two bands respectively at 480 nm and 440 nm in the simulated
spectrum convoluted with 20 nm Gaussian profiles (thin black

Scheme 1 Three independent photofragments are initially generated by
irradiation (blue arrows): loss of an electron (eqn (1)), loss of iodide (I�,
eqn (2)) and loss of iodine (I�, eqn (3)). Clusters depleted in iodine
((6,12,0)1�� to (6,7,0)1�) are also observed and may arise as secondary
fragments from further losses of I2 (black arrows) or I� (red arrows, attested
by CID, see Fig. S1 and S2). Loss of I� is also observed in CID of (6,13,0)2��

(red dotted arrow, see Fig. S3).

Fig. 2 (Spin) Orbital molecular energy diagram of [Mo6I14]2�, [Mo6I14]1��,
[Mo6I13]2��, and [Mo6I13]�. For each system the molecular orbital or spin-
orbital a (HOSOa) with the same spatial extension and sign as the highest
occupied molecular orbitals (HOMO) of the [Mo6I14]2�, were energetically
aligned with it. LUMO = lowest unoccupied molecular orbital. LUSO =
lowest unoccupied spin-orbital (a or b). Isocontours = �0.02 (e Bohr3)

1
2.

The plots of all frontier (spin) orbitals are given in Fig. S4.
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dotted line in Fig. 3). The experimental spectrum accordingly
presents two large, partially unresolved fragmentation bands in
the visible range with maxima between 420–440 nm and 470–
500 nm. In the UV range, one large band appears between 310
and 350 nm, which corresponds to a 20 nm blue shift with
regards to the calculated UV band at 350 nm. Lower in the UV
(higher photon energies), one major feature appears on the
photo-fragmentation spectrum with a maximum around
270 nm, which matches the major feature from simulations.
Overall, the good agreement between experiments and theory
enables the use of simulations for a more in-depth interpreta-
tion of the fragmentation behaviour.

The specific wavelength dependence of the primary photo-
fragments is examined in Fig. 4 and allows several observa-
tions. First, the major feature is the clear predominance of the
iodide loss over all other primary fragments. This fragment is
the only one observed by collisional heating (CID), which
retrospectively denotes for LID the importance of internal
conversion as a relaxation path from the excited state towards
the ground state. It indicates that a large part of the fragmenta-
tion might arise from sequential multiple photons’ absorption
cycle and fragmentation in the ground state.38

The second observation is that among the two bands in the
visible region, the loss of iodine is only observed in the red-most
band at 470–500 nm. Interestingly, natural transition orbital39

(NTO) analysis of the most intense calculated transitions allows
interpreting this asymmetry in terms of the nature of the excited
states (see Fig. 5). The strongest transitions in the red-most band
correspond to the excited states S29 at 495 nm (with oscillator
strength f = 0.023) and S50 at 484 nm (with f = 0.020). The NTO

analysis shows that only 20% of S29 is described by a transition
from the Mo–Ia Sigma bonds to non-bonding NTOs, which
corresponds to a partial weakening of the metal–ligand bond.
On the other hand, S50 hardly affects the metal–ligand bonds but
involves a major (72%) character of iodine electron density
transfer from apical to inner sites. Thus, transition to S50 can
be described as the oxidation of the apical iodines (with strong
ionic character in the ground state compared to Mo–Xi bonds
with strong covalent character) which is susceptible to give rise
to radical iodine loss, as observed experimentally. Interestingly,
the strongest transition in the second band around 440 nm
corresponds to excited state S92 at 439 nm (oscillator strength,
f = 0.017). NTO analysis of S92 shows a major loss of Mo–Ia

p/d-antibonding character partially transferred to Mo–Ia s/d-
antibonding levels, but globally the iodine electron density is
maintained. This band is thus, as observed experimentally, more
susceptible to evolve through prompt dissociation of iodide (I�)
compared to the bands at lower energy examined previously.

The third observation is that electron detachment leading to
(6,14,0)1�� is only observed below 320 nm. This is consistent
with prior photoelectron spectroscopy experiments by Warneke
et al.21 who reported adiabatic/vertical electron binding ener-
gies of 2.2–2.4 eV (560–515 nm) and repulsive Coulomb barriers
of 1.6 eV, leading to a minimum of 3.8–4.0 eV (i.e. one photon
of 310–340 nm) required to efficiently photo-detach an electron
from (6,14,0)2�. Since the Mo6 clusters are rigid and no major
rearrangement occurs in the ionized state (hence the very small
differences between adiabatic/vertical ionization energies), no
major effect of the solution phase environment is expected on
their ionization properties. As a result, the photo-detached
species (either the iodinated but even more the brominated
species which are not even formed in the gas phase) are
unlikely to be formed in solutions irradiated by visible light
and are, thus, unlikely to explain the reactivity observed in
solution.3 Thus, it is likely that this photo-oxidized species is

Fig. 3 Optical action (fragmentation) spectrum of [Mo6I14]2� in the UV-
visible range. The photo-fragmentation was recorded independently for
three regions: o290 nm (blue), [290–390] nm (purple) and 4410 nm
(green). Laser irradiance and alignment conditions vary between regions so
that their absolute intensities should not be compared. Thus, experimental
data was scaled to ease the comparison with the simulated spectrum. Data
were recorded with a 2 nm pitch. Circles on the experimental curves
represent the position of the laser alignment for each spectral range. The
simulated spectrum (thin black line) is calculated from 0.12 eV Gaussian
convolution of the oscillator strength for each transition (red bars). A factor
�15 is applied to simulated data in the visible range (dotted line).

Fig. 4 Distribution of the three primary fragments relative intensities as a
function of the wavelength. Boxplots represent the 1st and 3rd quartiles of
the branching ratios corrected for the laser power profile for the loss of I�

(red) and loss of I� (blue) on the left axis; and for the e� loss (purple) on the
right axis. Thick lines are smoothed medians to guide the eye.
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not involved as a reactive intermediate in the photo-catalytic
cycle. However, since the reported electron binding energy is
relatively low, within reach of a photon in the visible range, it is
very likely that (6,14,0)2� behaves as a visible-light activated
photo-reducer in the excited state. Alternatively, since both
iodide loss (�I�) and iodine loss (�I�) are observed in the visible
range, they might play a role as photo-prepared reactive inter-
mediates and their respective reactivity should be investigated.

The last observation is that below 300 nm the electron,
iodide and radical iodine losses present similar band shapes,
pointing towards a low spectral selectivity in the UV. However,
even if band shapes are similar, iodide loss dominates by a factor
of 2 over the photo-specific radical iodine loss, which in turn
dominates the electron photo-detachment by a factor of 20.

In summary, a photo-reducer excited state Mo6 cluster might
be formed with low-energy photons (Z560 nm) with a reduced
propensity for fragmentation. The radical (6,13,0)2�� is opti-
mally formed (relative to other fragments) around 500 nm. The
oxidized species (6,14,0)1�� is only formed below 320 nm and is
never a major fragment. Overall, the path with I� loss system-
atically dominates other fragmentation paths.

Secondary fragments (6,n,0)1�

In addition to the three primary photo-fragment ions discussed
above, several ion series are observed in the LID mass spectrum
(see Fig. 6 and Scheme 1). A full description is given in SI
Complements S2 with complete QC and MSn experiments
supporting assignments and discussions on the dissociation
mechanisms. In brief, the first series corresponds to iodine
depleted cluster complexes from (6,12,0)1� to (6,7,0)1�. They
may arise as secondary fragments from photo-specific sequen-
tial losses of I2 (Scheme 1, black arrows) or from consecutive I�

losses (Scheme 1, red arrows). In general, and although QC
geometry optimization indicates that all I� loss reactions are
largely endergonic (around 3 eV, see Fig. 7), iodine loss would
be consistent with prior mass spectrometry results by Warneke
et al.22 which revealed that upon collisional activation and after
the initial loss of iodide I�, further losses of halogen radicals
represent the main fragmentation channels.

In any case, whether it results from I2 or from I� losses, the
formation of such secondary fragments is energy demanding
and requires excess energy in the primary fragments.

Interestingly, Warneke and coworkers have shown with ion
mobility and computational simulations that the octahedral
Mo6 structure remains largely unchanged in the iodine-depleted
Mo6 complexes.22 This is consistent with prior ion mobility mass
spectrometry results in our group which showed that the Mo6

cluster size and shape are retained irrespective of the chemical
nature of the ligands (halogenides or hydroxides),40 which
advocates for a very robust Mo6 octahedral cluster structure. It
is also what we calculate for the series (6,n,0)1� for n ranging
from 14 to 5. It should nevertheless be emphasized that the
symmetry of the Mo6 core is importantly decreased. Indeed, in
order to compensate for the electronic depletion due to the
iodine departure, the metal–metal bonds involving the more I-
depleted Mo atoms are importantly shortened: down to 2.391 Å
in (6,5,0)1�, compared to 2.678 Å in the parent (6,14,0)2� cluster.
The shorter Mo–Mo distance in I-depleted sites is in the order of
magnitude of reported triple Mo–Mo bonds (while close to bond
order 1 in the parent cluster).41

Reactivity of the photofragments with O2

Another series of ions observed on the LID mass spectra
corresponds to the addition of one or multiple O2 on the
complexes. While oxygenation products are absent for both

Fig. 5 Electron/hole natural transition orbital representations of the three
lowest degenerated excited states, and of the excited states of [Mo6I14]2�

with oscillator strengths f 4 0.007 (only one of the three degenerated
states is represented in each case).

Fig. 6 Photo-fragmentation spectrum (LID) at 260 nm of a single isotopic
peak (m/z 1175.2) of the precursor ion (6,14,0)2� denoted by a star
(zoomed in LID spectrum shown in Fig. 1). The focus is made on secondary
fragment ion series: (6,n,0)1� iodine-depleted ions (grouped in I2 loss
series), and (6,n,2k)1� reaction products with one, two and three O2

molecules. Example of �I2/+O2/�I� inter-series connectivity is shown
with curved black arrows. See SI Table S1 for details of assignments.
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(6,14,0)1�� and (6,13,0)1� even at long reaction times (300 ms in
Fig. S7 and S8), they are observed for (6,12,0)1�� and further
iodine-depleted complexes. Noteworthy, there are only trace
levels of O2 in the ion trap. However, the 10 Hz laser repetition
rate together with the asynchronous mass spectrometer beha-
viour enforces on average a significant delay between the
irradiation of selected precursors and the detection of the
fragment ions. In our single laser pulse experiments, photo-
product ions experience an average 60 ms reaction time post-
irradiation, which is enough for several collisions to occur
between ions and neutrals, even at trace levels below 1% in
the background gas at the trap pressure (5 mTorr (ref. 42)).
While the formation of H2O adducts is not common but not
atypical in mass spectrometry (since most of the ESI experi-
ments use at least partially aqueous solvent mixtures and the
addition of water often corresponds to an early sample

solvation stage with stabilizing H-bonds possible with most
organic samples), the addition of O2 is on the contrary very
unusual under ion trap conditions where very low oxygen trace
levels are expected. Thus, the appearance of such O2 adducts
(see the orange series in Fig. 6 and peak list in Table S1) reveals
a specific affinity between O2 and the Mo6 cluster-based com-
plexes. Further series of ions displaying up to 3 O2 additions
were observed (red and green series in Fig. 6).

Globally, the greater the depletion in iodine ligands, the
more oxygenated the clusters become. Fig. 8 shows that the
single O2 addition onset appears after the loss of at least 2
iodine atoms from the Mo6 complex (blue trace), but becomes
systematic and the major cluster components after 4 iodine
losses. Similar observations and onset of reactivity with O2 were
also reported by Warneke and coworkers22 under similar ion
trap conditions.

Lastly, the third primary photo-product ion (6,13,0)2�� was
also observed to react with O2, with (6,13,2)2�� becoming the
major product ion after 250 ms reaction time (Fig. S9).
Although both (6,13,0)2�� and (6,13,0)1� display one non-
coordinated site, no sign of reactivity with O2 is observed for
the singly charged (6,13,0)1� (see Fig. 8 and Fig. S10). This is
consistent with computations which reveal that the O2 addition
to (6,13,0)1� is not significantly favoured: only very slightly
exergonic towards the most stable geometry and spin state of
(6,13,2)1� (triplet state, DG298K = �0.023 eV) and even weakly
endergonic towards its most stable singlet state (DG298K =
0.082 eV). Interestingly, our experimental results reveal that
the O2 affinity of the dianion (6,13,0)2�� is comparable to that
of (6,12,0)1��, which has two vacant sites with radical character:
B10% O2 adduct formation under the same experimental
conditions, Fig. 9. This is also consistent with QC calculations
of DG298K for the O2 addition reactions which are of the sameFig. 7 Difference of Gibbs free energy at 298 K of sequential iodine loss

and O2 addition reactions starting from the most stable isomer of
(6,12,0)1�. These energies (in eV) correspond to the reaction leading to
the most stable possible isomer (S = singlet state; more details in the SI). The
red star indicates the Mo centre close to which the O2 molecule was
positioned to generate the (6,n,2)1� initial geometry. The dotted circles
show which iodine atom was removed to yield the most stable (6,n � 1,0)1�

and (6,n � 1,2)1� isomers. See SI Table S4 for all reaction energy changes.

Fig. 8 Evolution, as a function of the number of I removed from the
precursor, of the complex oxygenation ratio (continuous line) calculated
as the sum of all (6,k,2n)1� ion intensities (n Z 1) normalized by the sum of
all (6,k,2n)1� ion intensities (n Z 0). The dashed red line corresponds to the
ratio of multiple oxygenation (6,k,2n + 2)1� (n Z 1) normalized by (6,k,2n)1�

(n Z 0). Data are averaged from the 4 experimental fragmentation ranges
in the UV and visible ranges.
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order of magnitude, respectively �0.949 eV and �1.221 eV for
(6,12,0)1�� and (6,13,0)2��.

Interestingly, the addition of a second O2 on the complexes
is shifted by 2 iodine losses in Fig. 8 (red curve), which suggests
that, beyond the onset, binding of O2 may involve 2 coordination
sites. The O2 coordination modes on the various (6,n,0)1�

parents and their relative energetics were examined closely by
QC calculations. The (6,n � 1,0)1� parent isomers considered in
the present work (n = 13–7) were generated by sequential single
I� loss of the most stable (6,n,0)1� isomer starting from
(6,13,0)1�, considering all apical and inner positions. The reac-
tivity of these (6,n,0)1� ions with O2 was evaluated for all possible
attack positions of the O2 molecule identified on the basis of the
spatial extension of the lowest unoccupied (spin)orbitals
(LUMOs/LUSOs) and of the spin density (if applicable).

Warneke and collaborators reported QC calculations on the
reaction of O2 with (6,n,0)1� for n = 12 and the subsequent I�

loss leading to (6,11,2)1�.22 Our calculations on these specific
systems are in full agreement with their results which show that
O2 binds one of the opposite vacant apical sites in Z1 coordina-
tion mode (via one oxygen atom) in the most stable (6,12,2)1�

isomer. In the present work, we extend the study (6,n,0)1� with
n = 11–7, testing all active Mo coordination sites. The geometry
optimizations reveal that many O2 coordination modes invol-
ving one or multiple Mo binding sites exist, leading to inner,
face-capping or edge bridging modes involving one or the two
oxygen atoms. Interestingly, the most stable (6,11,0)1� isomer
possesses one vacant apical site and one adjacent inner vacant
site. The most stable optimized (6,11,2)1� isomer has a struc-
ture in which O2 is fully dissociated with one of the oxygen
atoms in an apical position and the second oxygen atom in a m3

bridging, inner position (Fig. 7). The optimized (6,9,0)1�

structure which has 4 free apical sites and one inner site
available for coordination gives rise to the same O2 full dis-
sociation. For (6,10,0)1� and (6,8,0)1�, the most stable struc-
tures possess respectively 3 and 5 vacant apical sites and one
vacant inner site and the most stable O2 adducts display Z2O2

coordination to an apical position. Lastly, the optimized
(6,7,0)1� contains 5 vacant apical sites and 2 vacant inner sites
and the optimized O2 adduct yields full O2 dissociation with
one O in the apical position and the other oxygen atom in the m2

edge-bridging position. Note that the optimized O2 adduct
geometries, for all (6,n,2)1� species, result from the geometry
optimization of systems including an O2 molecule positioned
close to reactive Mo sites on the (6,n,0)1� isomers.

From the energetics point of view, QC simulations show that
the coordination of O2 is systematically exergonic for all clus-
ters with n r 12, irrespective of the O2 coordination mode on
(6,n,0)1� (see energies of all calculated systems in Table S3 and
reaction energy changes in Table S4). However, the extent of
exergonicity strongly depends on the coordination mode of O2

on the cluster. Typically, Z1O2 releases less than 1 eV while
Z2O2 releases 1.5–1.7 eV and O2 dissociation releases consider-
ably more energy: 4.8 to 5.6 eV. Similarly, QC calculations show
that the magnetic character (non-zero spin value) of the parent
iodine cluster is not a prerequisite to the O2 addition. However,
the spin state of the most stable parent cluster seems to affect
the coordination mode of O2, in particular its dissociation fate,
and therefore the exergonicity of the reaction between the
(6,n,0)1� clusters and O2.

Interestingly, as soon as O2 is coordinated more strongly
than Z1 (i.e. for (6,n,2)1� with n r 11), the exergonicity of O2

additions may be large enough to induce further fragmenta-
tion, especially in a dilute gas phase environment where inter-
nal energy cannot diffuse away via collisions with the solvent.
In particular, the large exergonicity may compensate for the
global endergonicity of I� losses and yield another I� loss (see
Fig. 7). Thus, O2 binding (6,11,0)1� may favorably yield the
(6,10,2)1� species by I� loss (2.678–4.828 = �2.150 eV) whereas
O2 binding (6,12,0)1� may not decay into (6,11,2)1� (2.839–
0.949 = +1.890 eV). These QC calculations are consistent with
experiments in both the current work and that of Warneke
et al.22 where the O2 addition onto (6,n,0)1� is generally
followed by an I� loss for n r 11. However, it is interesting to
observe that the most stable structure yielded after O2 addition
followed by I� loss may be different from the structure resulting
from I� loss followed by O2 addition: the coordination of O2

affects the preferential iodine departing site, which limits the
O2 coordination rearrangement in the final structure (see for
instance (6,11,2)1� coming from (6,11,0)1� or (6,12,2)1� in
Fig. 7).

According to the calculations, the onset of reaction with O2

in Fig. 8 can be associated with the radical character of
available binding sites on the cluster complex where O2 may
bind as m0Z

1. This property is applicable for (6,n,0)1� species
with n = 12, 10, 8 (which are, according to simulations, doublets
with strong radical character) as well as for (6,13,0)2��. This is
consistent with the increased reaction rate of O2 with open-

Fig. 9 Evolution of the precursor ion [Mo6I13]2�� survival yield after
variable reaction times in the ion trap filled with various background gas
compositions: He with unavoidable traces of O2, 0.5% O2 seeded in
helium, 0.5% CO2 seeded in helium. Boxplot boundaries represent the
first and 3 quartiles; thick continuous and thin dashed red lines show the
respective positions of the median and the mean for each reaction time
dataset. Notches give impressions of the uncertainty windows estimated
via a bootstrap approach. The dotted line corresponds to the 1/e level
relevant for mono-exponential decays.
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shell transition metal clusters described in the literature (see the
very complete review by Fielecke11), and has been explained by
their lower electron binding energies correlated with a facilitated
electron transfer towards O2 to yield the superoxo Z1O2 structure.
Then, the sudden step in oxidation ratios measured after 4
iodine losses likely results from the increased O2 affinity for
the cluster with increased binding strengths permitted by the
appearance of neighboring free sites that allow both Z2O2

binding (peroxo structures have also been described by
Fielecke11) but also, more importantly, O2 dissociation that
yields oxo structures (see Fig. 7). In addition to this increased
affinity, the large exergonicity associated with O2 dissociation is
responsible for the (6,11,2)1� oxygenated cluster dissociation
into (6,10,2)1�, which explains the unexpectedly low and high
apparent oxidation ratios measured for n = 11 and 10 in Fig. 8.
More generally, the exergonic character of the Z2O2 binding, and
even more markedly the exergonicity of the O2 dissociation on
the cluster, may be at the foundation of the extended dehalo-
genation and advanced oxygenation of the Mo6 cluster com-
plexes as observed experimentally in the present work (see
Fig. 10 bottom panel). The structure and energetics of the fully
oxygenated species extend beyond the scope of the present paper
and will be described in more detail in a future communication.

Interestingly, despite the large exergonic character of Z2O2

or O2 dissociative binding, no fragmentation of the cluster core

is observed experimentally. Actually, cluster core fragmentation
was only observed after reaction of the dianionic (6,13,0)2��

with O2 (Fig. S3 with CID and S9 without CID but 250 ms
IMR with O2 traces). In both cases, aside from a major peak
corresponding to (6,13,2)2�� and the associated iodine loss
product (6,12,2)2�, two major fragment ions are detected with
complementary masses summing up to the oxygenated pre-
cursor ion and with isotopic patterns typical for respectively
[MoI2O2]� and [Mo5I11]� (especially visible in Fig. S9). This
points towards the Mo6 core fragmentation from the (6,13,2)2��

species, i.e. after addition of O2 on the precursor radical
dianion. Additional cluster core fragments are observed at m/
z 1652 and 1525 (Fig. S9 and S11) and tentatively assigned to
(4,10,0)1� and (4,9,0)1�, respectively. As a confirmation, longer
reaction times (250 ms, Fig. S9) yield higher [MoI2O2]� peak
intensity and further core fragmentation than shorter reaction
times (100 ms, Fig. S11 top panels). Also, when the trapping
atmosphere is seeded with 0.5% O2 (Fig. S11 middle panels), all
reactions immediately shift towards oxygenated products (in
particular, species (6,13,2)2�� becomes the most abundant
dianion within less than 100 ms) and all ensuing secondary
products massively increase, in particular the Mo6 core degra-
dation paths. Interestingly, MoI2O2 has been reported as neu-
tral in the gas phase,43 with the MoVI oxidation state. The
observed species [MoI2O2]� was never reported individually:

Fig. 10 Ion–molecule reactions under irradiation (photo-IMR-MS2) spectra of precursor species (6,9,0)1�. No collisional energy is applied but
precursors are irradiated with a CW laser at 488 nm (80 mW) during the whole experiment, from the ion accumulation/injection time, through the
200 ms reaction time with the background gas and up to ion detection. Background gas composition: helium with O2 traces (bottom) and He seeded
with 0.5% CO2 (top). (6,n,2k)1� adducts formed by reaction with O2 are marked in black while (6,n,2k + 1)1� adducts specifically formed in the presence of
CO2 are marked in red. See SI Table S2 for details on assignments.
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oxidation state MoV is well known but predominantly exists
under the form of metal dimers sharing e.g. an oxo-bridge.44,45

The MoV is nevertheless a stable oxidation state, thus fragment
[MoI2O2]� is not unexpected. However, the [MoI2O2]� fragment
is only formed from the di-anionic, oxygenated (6,13,2)2��. The
cluster complex fragmentation was never observed previously
for the iodinated Mo6X14 mono- or di-anions, and was observed
only for higher collision energies (between 80 and 150 V) for the
chlorinated clusters.22 These elements point towards the spe-
cific instability of the Mo6 core in (6,13,2)2��. This is consistent
with QC calculations which show that the coordination of O2

leads to the destabilization by B0.2 eV of the HOMO in
(6,13,2)2�. In addition, the analysis of the simulated geometry
of (6,13,2)2�� (see Fig. S12) shows that O2 binds at the apical
free site in Z2 mode while an inner face-capping iodine
decoordinates from the Mo which binds O2 (MoO2) to become
edge bridging on the opposite 2 Mo of its original face. This is
accompanied by the MoO2–Mo bond weakening (elongation up
to 2.828 Å) together with the elongation of the Mo–I distances.

Reactivity of the photofragments with CO2

Primary photo-fragments and comparison between O2 and
CO2. In view of the photo-catalytic character of the Mo6 cluster
complexes, the reactivity of the photo-specific fragments was
investigated with CO2. At 0.5% seeding percentage, the colli-
sion rate of CO2 with the precursor dianions/monoanions is
calculated as B910/455 collisions per second in the HPT (see
the Methods section and more details in the SI, section
Complements S1). Neither (6,14,0)1�� nor (6,13,0)1� displays
any sign of reaction. In the case of (6,13,0)2��, all three
previously identified reaction paths are maintained: first, for-
mation of the oxidized (6,13,2)2�� species, and subsequently
loss of I�/I� or Mo6 core dissociation (see Fig. S11, bottom
panels). The relative intensities of these reaction products are
nevertheless much lower than in He:O2. For instance, after 100
ms reaction time, the precursor ion (6,13,0)2�� is still the major
species detected in He:CO2 (B60% of the total ion signal on the
full m/z range [305–2500]) while it has nearly completely reacted
in He:O2 (B0.4% of the signal). This observation confirms that
these paths are bound to the initial reaction with O2 (the
concentration of which falls back to trace levels in He:CO2).
The absence of any specific and new reaction product ion in the
mass spectrum after the introduction of CO2 discards the
possibility of a direct chemical route between the precursor
and CO2. Since CO2 is not itself a radical, the radical character
(6,13,0)2�� must be set aside and it can only be concluded that
it is not a potent enough reducing agent to directly reduce the
very stable CO2.

However, unexpectedly, the O2-related fragments’ intensities
rise a little compared to unseeded helium, which is reflected by
a significantly lower survival yield in CO2 than helium as
reaction time increases. Fig. 9 displays the precursor relative
intensity as a function of trapping time in helium with traces of
O2 (blue) vs. 0.5% CO2 (green) or 0.5% O2 (red). Under the
rough but reasonable approximation of a first-order kinetics
reaction of the precursor with O2 (maintained at a constant

concentration in the ion trap), the precursor survival yield
ought to be modelled with a mono-exponential decay function.
Thus, the reaction time constant can be approximated by the
reaction time at which the precursor level is down to 1/e (Fig. 9
dotted line). In terms of reaction rate, the estimations evolve
from 2.5 s�1 (400 ms) to 5 s�1 (200 ms) from unseeded helium
with traces of O2 to He:CO2. Thus, the precursor disappears
nearly twice as fast with 0.5% CO2 than with only O2 traces.
This enhanced apparent reactivity of the precursor under CO2

atmosphere, although with exactly identical fragments as with
O2, likely corresponds to a mere collisional activation effect
stemming from the high instability of the precursor ion (very
small activation energy required to induce reactions, see the
above section, ‘‘Secondary fragments (6,n,0)1�’’) combined with
the frequent collisions (910 s�1) and higher collisional energy
between the precursor ions and CO2 (1 order of magnitude
higher in reduced mass compared with helium). This combi-
nation is likely to mechanically increase the internal tempera-
ture of the precursor ions and result in higher reaction rates.

Remarkably, the reaction rate in 0.5% O2 can be estimated
to be 4200 s�1 (o 5 ms), i.e. Z80 times faster than in pure
helium, with only traces of O2. Considering a constant reaction
rate per collision, the trace level of O2 in the ion trap with
unseeded helium can thus be estimated to be less than 0.5%/
80, i.e. B0.005%. Since the collision rate between (6,13,0)2��

and O2 in He:O2 is B840 s�1, the reaction probability per
collision with O2 can be calculated and its lower boundary
amounts to 0.24, which is considerable (1 of 4 collisions at least
is reactive) and definitely points at O2 additions as a major
limitation to the radical photofragment (6,13,0)2�� lifetime.

Case of the reactivity of highly dehalogenated cluster com-
plexes. Beyond the case of the primary photofragments, the
reactivity of under-coordinated Mo6 cluster-based complexes
was also assessed. First, the major observation is that through-
out experiments with CO2, the major ions are identical to what
is observed in helium with traces of O2: (6,n,2k)1� fragments
with variable numbers of halogen and dioxygen adducts (Fig.
S13 and S14 top). In other words, no major effect is observed
due to the presence of CO2 in the trapping gas. However, two
significant observations are made among lower intensity peaks:
first, several peaks are detected with unusually large width and
asymmetrical shape and, second, several ions are detected with
an odd number of oxygen atoms. Both observations, detailed
below, are specific to the presence of CO2.

It is striking that in the presence of CO2, no CO2 adduct is
apparently formed with cluster complexes displaying multiple
binding sites available. However, several peaks are detected
with unusually large width and asymmetrical shape at B42 Th
above (6,n,k)1� species. For instance, in the CID spectrum of
(6,5,6)1� (Fig. S14), such deformed peaks are detected at m/z
999.8 and 1110.1, 42 Th above ions (6,3,7)1� and (6,2,8)1�. The
width and shape of these peaks recall peak fronting, which has
been reported in ion traps, specifically for fragile ions during
their ejection towards the detectors.46,47 During resonant ejec-
tion, collisions with the buffer gas may energize the ions: in the
case of fragile ions, part of the ions can fragment before ions
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reach the detector, which results in deformed peaks with
inaccurate mass assignments. By analogy, this suggests that
in our experiment the ions detected with such profiles are very
fragile/metastable. In addition, the relative amplitude of the
fronting and the global mass assignment of these fragile ions
depend on the survival of the precursor ions during the ion
detection which depends on the scan speed. Yost and co-
workers have reported up to 1.09 Th shifts towards low m/z
for precursor anions with mass 314 Da.47 Since the ions
detected in the present study are significantly higher in m/z
(towards 1000 Th), and the mass resolution of the spectra is
significantly higher than in Yost and co-workers’ study, it is
likely that the scan speed is also significantly slower. Under
these conditions, it is expected that the fragile ions’ mass shift is
higher than that reported previously. Thus, the actual m/z value
of the very fragile ions detected in the present study is probably
significantly more than 1.09 Th above their measured position.
In other words, the hypothesis of short-lived, metastable CO2

adducts (+44 Da) that do not survive detection is very plausible
despite the inaccurate mass difference. Despite the fact that
these potential CO2 adducts have only been observed from
oxygenated cluster (Fig. S14) which would suggest the Z1- or
Z2-carbonato coordination mode of CO2 on a metal-oxo site,11

peak fronting is most probably a sign of weakly physisorbed CO2

with only little or no electron transfer from the cluster.
Alternatively, CO2 might bind to the cluster and dissociate

rapidly into CO and O and yield, after neutral CO loss, a
product anion with an odd-number of oxygen atoms. Such
CO2 activation with CO loss has been observed previously on

anionic pure metal clusters,11 but also on highly reduced
transition metal oxide clusters including molybdenum oxide
clusters16 as well as on niobium clusters17,19,20 and metal
carbides.18 Interestingly, while O2 addition only yields species
with an even number of oxygen atoms, the dissociation of CO2

might yield species with an odd number of oxygen atoms. In the
present study, Mo6 species with odd numbers of oxygen atoms
were observed exclusively in the presence of CO2 in the trap. Thus,
(6,7,5)1� is observed readily after in-source CID of the precursor
(6,14,0)2� (Fig. S13) while (6,2,9)1� and (6,3,7)1� are formed after
CID of the mass-selected precursor (6,5,6)1� (Fig. S14). These odd
numbers of oxygen species are particularly present when ion–
molecule reactions with CO2 are performed under CW irradiation.
Fig. 10, top panel, displays an MS2 spectrum corresponding to
reaction for 200 ms of precursor (6,9,0)1� with CO2 (0.5%) under
constant irradiation with a 488 nm CW laser. The following odd
numbers of oxygen species are then detected: (6,0,11)1�, (6,1,9)1�,
(6,2,7)1�, (6,3,7)1�, (6,4,3)1�, (6,4,5)1�, (6,5,3)1�, (6,5,5)1�,
(6,6,3)1�, (6,7,1)1�, and (6,8,1)1�. Thus, these species seem speci-
fically related to the presence of CO2 in the ion trap and
significantly favoured by irradiation, which is evocative of light
induced electron transfer (LIET) from the cluster to CO2. Remark-
ably, such LIET seem to be favoured in adducts where no charge
transfer occurs in the ground state,48 which would be the case for
transient, weakly bound physisorbed CO2.

Computational studies were performed considering sequen-
tial addition of CO2 and loss of CO to the most stable isomer of
ion (6,8,0)1� observed in Fig. 10. The Gibbs free energies of
reaction are given in Fig. 11 together with the geometrical

Fig. 11 Difference of Gibbs free energy at 298 K for the sequential addition of CO2 and loss of CO to the most stable isomer of (6,8,0)1�. All possible
coordination de-coordination sites are considered. See SI Table S4 for all reaction energy changes.
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representation of the different isomers. Interestingly, the CO2

binding is exergonic in all configurations that were found after
considering all active binding sites (�0.148 eV r DG298K

Z

�1.17 eV). The CO2 binding energy remains modest compared
to O2 (3–5 eV, see the prior section) and in any case lower than the
Mo–I binding energy, which explains that CO2 adducts cannot be
stabilized by I� losses as for O2 adducts and may dissociate rapidly
in the gas phase. QC calculations show that CO2 coordination
modes are diverse, similar to what is reported in the literature,11

with the carbon atoms or the oxygen atom(s) interacting with one
or two molybdenum atoms. Simulations on the non-oxygenated
(6,8,0)1�� show that CO2 binding can occur under multiple
configurations (Fig. 11), and is associated with various degrees
of electron transfer yielding bound CO2

� and attested by the
appearance of an angle in the otherwise linear neutral CO2: Z1-

�CO2 (isomers D and F), Z1-�OCO (isomer E), Z2-�O�CO (isomers B
and C), and m2k

3(Z2-�O�CO, Z2-O�C�O) (isomer A). The most stable
adduct, labelled A in Fig. 11, shows a bent configuration of CO2

where each ‘‘CO’’ branch interacts with a Mo center in Z2 manner.
The Gibbs free energies associated with CO loss from these
structures are all endergonic with slightly larger absolute energy
values than the DG298K CO2 binding. The energy balance for the
successive CO2 binding, dissociation and CO release is endergonic
by B0.35 eV for most of the configurations (except F) if the
reactions are barrierless. This may explain the added efficiency of
odd oxygen species under light irradiation: the absorption of a
photon may promote the precursor ion (or the short-lived CO2

adduct) into a reactive electronically excited state and, more
generally, provide the system with the necessary additional energy
to enable the dissociation of CO2.

Conclusions

The photo-activation of the [Mo6I14]2� cluster ions interestingly
yields both the oxidized [Mo6I14]�� species and the electron-
rich [Mo6I13]2�� radical clusters in addition to [Mo6I13]�. The
latter is also produced by collisional heating (CID). The former
two products are both photo-specific since neither is formed by
collisional activation. The optical fragmentation spectrum of
[Mo6I14]2� displays features in both the UV and visible ranges,
consistent with its QC simulated spectrum. Although the major
fragments always include CID-type ‘‘thermal’’ fragments,
both photo-specific fragments display remarkable wavelength
dependence. The oxidized species [Mo6I14]�� is only signifi-
cantly formed below 310–340 nm where photon energies exceed
the sum of the repulsive coulombic barriers and electron
binding energy. Although this species is only formed in the
UV and ion–molecule collisions show no sign of reactivity with
CO2 or O2, its mere presence is a sign that the cluster possesses
strong reducing properties in the electronic excited state. Thus,
it is possible that the photo-catalytic reaction takes place when
the cluster is in an excited electronic state rather than with a
ground state photo-product.

In contrast to [Mo6I14]��, the radical [Mo6I13]2�� clusters are
formed along the first absorption band in the visible range

B500 nm. Since the photo-reduction properties of these Mo6

clusters have been reported upon irradiation in the visible range,
it may seem plausible that [Mo6I13]2�� is a reactive intermediate
in photo-catalytic cycles. However, ion–molecule collisions
between CO2 and the electron-rich [Mo6I13]2�� showed no sign
of reactivity, which discards the possibility for the direct
reduction of CO2. It does not necessarily discard [Mo6I13]2�� as
a reactive intermediate: its electron rich character corresponds to
a non-reduced core surrounded by a radical site which could be
driving radical reactions with alternative intermediate chemi-
cals. Thus, ion–molecule reactions and QC calculations showed
that [Mo6I13]2�� reactions with O2 are very efficient and exergo-
nic. However, QC and experiments also show that the oxygena-
tion of [Mo6I13]2�� was largely responsible for the Mo6 core
destabilization and fragmentation, which could arguably be seen
as catalyst poisoning.

Aside from the primary photo-products, many halogen-
depleted clusters are observed experimentally via laser irradiation.
Halogen depletion yields clusters with stronger metal–metal
bonds compared to the original [Mo6I14]2� species, reinforcing
the metallic character of the cluster. These species also react very
efficiently with O2 and QC calculations show that these reactions
are all exergonic, with associated B5 eV or more released upon O2

dissociation. Binding of O2 becomes quantitative with at least 3
vacant/radical sites, i.e. when apical-to-face-capping scrambling
allows for bridging O2 or dissociative binding configuration of the
oxygens on the cluster. Lastly, ion–molecule reactions between
these halogen-depleted clusters and CO2 show, under constant
irradiation, proof of CO2 reduction into CO and O, with the
release of CO and formation of the oxidized clusters. QC predicts
that these reactions are slightly endergonic and may be favoured
in the excited spin states, which could explain the specific role of
photon excitation. The release of CO and formation of oxo
complexes is in line with similar reactions on small metal clusters
and points a priori towards Mo6 acting as a sacrificial photo-
reactant rather than a photocatalyst.
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The data supporting this article have been included as part
of the supplementary information (SI). Supplementary informa-
tion includes details on (1) the collision rate calculations; (2)
the secondary fragmentation; (3) the experimental optical
spectroscopy method; (4) the COSMO correction. Tables report-
ing peak list, mass differences and assignments for all MS data
shown are included. Tables reporting energies calculated for all
species and reactions envisaged are included. Additional fig-
ures are included (optical data analysis, CID/LID-MS2 spectra of
various ions, representation of the frontier MOs and spin
density for primary species, IMR-MS2 spectra of various
photo-products). See DOI: https://doi.org/10.1039/d5cp02611c.
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K. Kirakci, J. Warneke and X. Wang, Photoelectron spectro-
scopy of [Mo6X14]2� dianions (X = Cl–I), J. Chem. Phys., 2019,
151, 194310.

22 P. Su, Z. Warneke, D. Volke, M. F. Espenship, H. Hu,
S. Kawa, K. Kirakci, R. Hoffmann, J. Laskin, C. Wiebeler
and J. Warneke, Gas Phase Reactivity of [Mo6X14]2�

Dianions (X = Cl – I), J. Am. Soc. Mass Spectrom., 2023, 34,
161–170.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 1

40
4.

 D
ow

nl
oa

de
d 

on
 2

4/
12

/1
40

4 
01

:5
0:

10
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/d5cp02611c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02611c


23178 |  Phys. Chem. Chem. Phys., 2025, 27, 23166–23178 This journal is © the Owner Societies 2025

23 S. Gronert, Mass Spectrometric Studies of Organic Ion/
Molecule Reactions, Chem. Rev., 2001, 101, 329–360.

24 C. C. Bright, M. B. Prendergast, P. D. Kelly, J. P. Bezzina,
S. J. Blanksby, G. da Silva and A. J. Trevitt, Highly efficient
gas-phase reactivity of protonated pyridine radicals with
propene, Phys. Chem. Chem. Phys., 2017, 19, 31072–31084.

25 R. A. J. O’Hair, Mass spectrometry based studies of gas
phase metal catalyzed reactions, Int. J. Mass Spectrom., 2015,
377, 121–129.

26 K. Kirakci, S. Cordier and C. Perrin, Synthesis and Character-
ization of Cs2Mo6X14 (X = Br or I) Hexamolybdenum Cluster
Halides: Efficient Mo6 Cluster Precursors for Solution Chem-
istry Syntheses, Z. Anorg. Allg. Chem., 2005, 631, 411–416.

27 L. L. Lopez, P. R. Tiller, M. W. Senko and J. C. Schwartz,
Automated strategies for obtaining standardized collisionally
induced dissociation spectra on a benchtop ion trap mass
spectrometer, Rapid Commun. Mass Spectrom., 1999, 13, 663–668.
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