
Journal of Catalysis 284 (2011) 126–137
Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
Probing elementary steps of nickel-mediated bond activation
in gas-phase reactions: Ligand- and cluster-size effects q

Maria Schlangen ⇑, Helmut Schwarz ⇑
Institut für Chemie, Technische Universität Berlin, Straße des 17. Juni 115, 10623 Berlin, Germany

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 13 May 2011

This Review Article is dedicated, with
admiration, to Professor Günther Wilke, one
of the founding fathers of contemporary
organo-nickel chemistry (see, e.g.: G. Wilke,
Pure Appl. Chem. 17 (1968) 179).

Keywords:
Bond activation
Catalysis
Cluster-size effects
Gas-phase chemistry
Ligand effects
Nickel
Reaction mechanism
Transition metals
0021-9517/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jcat.2011.03.020

q Part of the material described here has been pre
IDECAT Conferences on Catalysis, Porquerolles, 2009
⇑ Corresponding authors. Fax: +49 (0) 314 21102.

E-mail addresses: Maria.Schlangen@mail.chem.t
Helmut.Schwarz@mail.chem.tu-berlin.de (H. Schwarz
Mass-spectrometry-based experiments, complemented by computational studies, are presented which
demonstrate the richness of nickel-containing reagents when employed in various bond-activation pro-
cesses and conducted under single-collision conditions. We will address the chemistry of ‘‘naked’’ atomic
Ni+, the dramatic effects of ligands L or of the size of clusters, which they exhibit in thermal reactions of
NiL+ or Niþn (n = 2–30). Special emphasis will be paid to identify elementary steps and to uncover mech-
anistic principles; as an example, various aspects of the face-selective dehydrogenation of cyclohexane by
homo- and heteronuclear cluster-ion dimers are discussed in some detail for the first time.
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1. Introduction

Exploitation of the distinct chemical features of transition met-
als, owing to their unique electronic configuration, constitutes the
basis of heterogeneous catalysis [1]. Although the d-block elements
offer an impressive variety of catalytic properties, this versatility is
confronted with an enormous number of challenges, which in
many cases prevent the realization of a catalytic sequence. Varia-
tion of surface textures and the combination of different transition
metals are, among others, possible means to enhance the perfor-
mance and to enlarge the number of given catalytic systems. For
example, synergistic effects of different transition metals proved
crucial to bring about efficient C–N coupling reactions of methane
and ammonia in gas-phase experiments with bimetallic heteronu-
clear cluster cations not being achieved by their homonuclear ana-
logs [2–4]. Further, it is well-known that surface defects, which
often serve as the active site for chemical reactions, have in
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common with support-free transition-metal clusters an electronic
unsaturation; therefore, these clusters may act as suitable models
to study the intrinsic properties of catalysts.

As demonstrated repeatedly, gas-phase studies provide a pow-
erful experimental arsenal to uncover both elementary steps and
mechanistic details of reactions under well-defined conditions
without being obscured by difficult-to-control or poorly under-
stood solvation, aggregation, counterions, and other effects [5–
13]. These studies on ‘‘isolated’’ reactants render an ideal arena
for probing experimentally the energetics and kinetics of a chemi-
cal reaction in an unperturbed environment at a molecular level
and to characterize in detail intermediates that have previously
not been within the reach of conventional condensed-phase tech-
niques. Of course, as a result of the net Coulomb charge of the ions
studied in mass-spectrometry-based experiments as well as the
absence of counterions and solvation, these ‘‘naked’’ species will,
on principal ground, never account for the precise mechanisms
which prevail in the condensed phase; therefore, a direct transfer
of the insight arrived at is, in general, not warranted. Nevertheless,
studies of this kind have proved meaningful, for they provide a con-
ceptual framework to analyze the reactions in question. In fact, the
DEGUSSA process, i.e. the platinum-mediated coupling of CH4 and
NH3, to generate HCN [14], may serve as a good example.
Mass-spectrometry-based experiments [2–4] suggested the key
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role of CH2NH as a crucial transient, and the existence of this spe-
cies was later verified by means of in situ-photoionization studies
[15].

In this Review Article, we will focus on various aspects related
to the gas-phase chemistry of nickel. We will refrain from describ-
ing the experimental and computational methodologies, as these
are available from the extensive references given; rather, emphasis
will be paid to the elucidation of the (often) intriguing mecha-
nisms. In brief, most of the experiments, complemented by either
DFT- or wave-function-based electron-structure calculations, em-
ploy advanced, if not state-of-the-art, mass-spectrometric methods
that allow the generation of mass-selected, electronic ground-state
species, and to explore their chemistry under properly defined
(mostly) single-collision conditions.

On various grounds, the element Nickel has been chosen as a
representative transition metal. Historically, its catalytic activity
was already described as early as 1902 by Sabatier and Senderens
[16] in the context of methanation of CO; later, in the initial
Fischer–Tropsch synthesis nickel was also employed [17,18]. Fur-
ther, nickel salts proved to play a crucial role (‘‘Nickel-Effekt’’) in
the early days of Ziegler’s pioneering, ground-breaking work on
olefin polymerization [19–21], and the element also exhibits an
extraordinary versatility in cyclooligomerization, cycloaddition as
well as coupling reactions [22–25]. The growing, renewed interest
in nickel-mediated enzymatic transformations and in chemical
biology has become obvious in the last decades [26]. It is the inten-
tion of this Review to highlight the very special position which
both ‘‘naked’’ [27] and ligated nickel ions1 also occupy in an impres-
sive variety of gas-phase reactions [28] some of which have a bear-
ing on catalysis.

The organization of the article will be such that in the first part
the focus will be on mononuclear nickel-containing species. Here,
we will describe briefly the chemistry of ‘‘bare’’ Ni+ and then, in
some more detail, the often dramatic effects of ligands L in NiL+

complexes in their reactions with structurally simple substrates.
For a few systems, examples of genuine gas-phase catalysis
brought about by individual Ni+ atoms will be presented, e.g., the
direct conversion CH4 ? CH3OH. In a second chapter, we shall deal
with the role of cluster-size effects as well as that of the chemical
composition of small homo- and heteronuclear clusters on bond-
activation processes. As a specific example, we shall discuss
unpublished experimental findings together with mechanistic as-
pects related to the metal-mediated, face-selective dehydrogena-
tion of cyclohexane. Finally, brief mentioning will be made in the
context of remote functionalization [29,30] brought about by dia-
tomic homo- and heteronuclear metal-cluster ions when compared
to ‘‘naked’’ transition-metal ions.

2. Mononuclear Ni-containing systems

2.1. Reactions of ‘‘naked’’ atomic Ni+

Under thermal conditions, ground-state atomic Ni+ (3d9, 2D5/2)
is rather reluctant to react with small, inert molecules, e.g., molec-
ular hydrogen [31]. Also, in the ion/molecule reaction with water
only inefficient clustering takes place [32]; bond activation result-
ing in, e.g., the formation of NiO+ and H2 (or of NiS+ and H2 from the
Ni+/H2S couple) are calculated to be rather endothermic [33,34]
and thus not accessible at ambient conditions. The same holds true
for the Ni+/NH3 couple; here, endothermic formation of Ni(NH2)+

and NiH+ occurs only at elevated kinetic energy and HNi(NH2)+
1 For an excellent, exhaustive review covering the literature from 1996 to 2006
with a focus on the thermochemistry and bonding features of Ni+ and Niþ2 containing
ions in the gas phase, see: O. Mo, M. Yañez, J.-Y. Salpin, J. Tortajada, Mass Spectrom.
Rev. 26 (2007) 474.
serves as a common intermediate [35]. Similarly, room tempera-
ture activation of CH4 cannot be brought about by ‘‘cold’’ atomic
Ni+; rather, one observes clustering [36,37]. However, upon kinetic
excitation the formation of NiH+, Ni(CH2)+, and Ni(CH3)+ takes
place [38]. For the reaction of Ni+ and SiH4, Eq. (1), in an endother-
mic reaction proceeding through a common NiIII insertion interme-
diate, an energy-dependent branching occurs. At low internal
energy, dehydrogenation prevails while at higher energy the het-
erolytic cleavage of the Ni–Si bond gains importance [39].

ð1Þ

The scenario changes for larger hydrocarbon substrates; in
addition to a generally increased reactivity one encounters a mech-
anistically rather interesting situation in the Ni+/n-C4H10 and Ni+/
n-C6H14 systems. While bare, atomic metal ions often bring about
1.2-dehydrogenation of larger alkanes, the reaction of Ni+ with n-
butane proceeds via selective 1.4-dehydrogenation (as evidenced
by the loss of D2 from CD3CH2CH2CD3) to afford a bisethylene com-
plex NiðC2H2D2Þþ2 [40]. The reaction commences with an oxidative
insertion of the metal into the central C–C bond of the substrate
[40] to be followed by two sequential b-hydrogen-atom transfers
via multi-centered transition states [41,42] and, finally, completed
by the liberation of molecular hydrogen. Based on rather extensive
labeling experiments, two competing modes of 1.4-hydrogen elim-
ination control the dehydrogenation of n-C6H14 by Ni+ involving
specifically and pairwise the positions C(1)/C(4) and C(2)/C(5),
respectively [43].

Insight into the energetic dependence and the ordering of
sequential C–H vs. C–C bond activation has been provided by
experimental and computational studies for the Ni+-mediated
demethanation of acetaldehyde, Scheme 1 [44–46].

These studies reveal that the jet-cooled encounter complex 1
upon photon absorption decomposes via competitive, consecutive
reactions. At higher internal energies (>200 kJ mol�1) both paths
are accessible, and the rate-limiting step corresponds to k4, i.e.,
the coupled methyl migration and the reductive elimination of
CH4. Below this energy threshold, only the sequence C–C bond acti-
vation/hydrogen-atom migration (1 ? 2 ? 4) plays a role with the
step 2 ? 4 being rate-limiting. Related computational/experimen-
tal studies have also been conducted for the Ni+/(CH3)2CO system
[47,48]. Remarkably, both the Ni+-mediated demethanation of
CH3CHO, Scheme 1, as well as the generation of C2H6 from Ni+/
(CH3)2CO, Eq. (2), require significantly less energy than the me-
tal-free, thermal decomposition of these two substrates; thus, the
presence of ‘‘bare’’ Ni+ opens up energetically favorable pathways,
which is precisely what a catalyst is supposed to do.

½Ni � � �OCðCH3Þ2�
þ ! ½CH3CðOÞ � Ni� CH3�þ ! NiðCOÞþ þ C2H6

ð2Þ
Scheme 1. Reaction network for the Ni+-mediated demethanation of acetaldehyde.



Fig. 1. Partial FT-ICR mass spectrum of the triple-dehydrogenation region for the
reaction of bare Ti+ with [all-cis-1,2,3,4,5,6,-D6]-cyclohexane (adapted from Ref.
[50]).
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Initial C–C bond activation rather than oxidative insertion of the
metal in a C–H bond is also a hallmark in the selective gas-phase
chemistry of atomic Ni+ with n-pentylbenzene. Based on extensive
labeling studies, specific cleavage of the benzylic C–C bond is fol-
lowed by loss of C4H8 from the side chain [49].

A truly remarkable face selectivity in the dehydrogenation of
cyclohexane has been observed in the reactions of this substrate
with ‘‘bare’’ first-row transition-metal cations [50]. As shown in
Fig. 1, atomic Ti+ converts C6H12 quantitatively to C6H6 (benzene),
and the study of [all-cis-1,2,3,4,5,6-D6]-cyclohexane reveals libera-
tion of 3H2 and 3D2, but no HD. Thus, the components of molecular
hydrogen (deuterium) originate from the same face of the ring. For
most of the transition metals M+ (Sc+–Ni+) studied, the first dehydro-
genation occurs stereospecifically in terms of a 1.2-syn-elimination.
Further, the extent of consecutive dehydrogenations, i.e., C6H12 ?
C6H10 ? C6H8 ? C6H6, is controlled by the nature of the transition
metal. For example, Sc+ and Ti+ bring about triple loss of molecular
hydrogen, while Ni+ favors the conversion C6H12 ? C6H10 with smal-
ler contributions of double dehydrogenation and minor products
due to C–C bond cleavage. The overall kinetic isotope effects (KIEs)
for the single and triple dehydrogenation, i.e., kH2=kD2 and kH6=kD6 ,
respectively, center around 4.0.

The systems Ni+/CXS (X = O, S) serve as examples for the cleav-
age of a double-bond. Once more, insertion of the metal rather than
a direct, one-step ‘‘harpoon’’ mechanism occurs in the initial phase
of the reaction giving rise to an [S–Ni–C = X]+ intermediate from
which, in an endothermic step, CX is liberated [51].

2.2. Ligand effects in nickel-mediated reactions

While the addition of closed-shell ligands L, e.g., H2O, CO, or N2

in general lowers the reactivity of NiL+ in comparison with atomic
Ni+ [28], ligation with open-shell ligands to form formal NiII species
is often accompanied with a drastic increase in reactivity. Among
the many examples studied, we first select three representative
classes of covalent M(L)+ species (L = H, CH3, F) for a brief discus-
sion focusing on mechanistic aspects in their thermal gas-phase
reactions with methane. In addition, we shall present some
remarkable findings which point to the role that electronic struc-
ture modifications play.

2.2.1. The NiH+/CH4 system
While Ni+ does not activate CH4 at ambient conditions, in the

NiH+/CH4 couple rather efficient ligand exchange, Eq. (3), occurs
at a temperature as low as 80 K [52]. Labeling experiments reveal
that 93% of the encounter complex undergo a direct ligand switch
and only 7% are subject to hydrogen scrambling between the Ni-
bonded hydride and the H-atoms of the incoming ligand [53,54].
A KIE = 1.7 has been derived for the direct ligand switch; thus,
cleavage of a C–H (D) and making the H–H (D) bond contribute
to the rate-limiting step.

NiHþ þ CH4 ! NiðCH3Þþ þH2 ð3Þ

As to the mechanism, B3LYP-based calculations, Fig. 2, demonstrate
that this reaction constitutes a textbook example for the operation
of a two-state reactivity (TSR) scenario [55–59] in a strictly thermal
reaction. Here, crossings mediated by spin-orbit coupling between
the high-spin 3D ground-state and the low-spin excited 1R+ state
of NiH+ occur at both the entrance and exit channels of the reaction.
This change of spin states enables the system to by-pass the ener-
getically inaccessible TS 5/6 on the ground-state surface. Further,
theoretical work suggests that the reaction proceeds via r com-
plex-assisted metathesis (r-CAM) [60] as shown in Fig. 2; the alter-
native mode of a sequence of oxidative addition/reductive
elimination (OA/RE) is not accessible energetically [54].

2.2.2. The Ni(CH3)+/CH4 system
The degenerate, rather inefficient (ca. 7% of the collision rate) li-

gand exchange has been studied in quite some detail [61]. While in
the couple Ni(CH3)+/CD4 the contribution of the direct ligand
switch CH3 ? CD3 is rather high, nevertheless, single and double
H/D atom exchange between the incoming and outgoing groups
precedes the actual ligand switch. According to DFT calculations,
once more a r-CAM mechanism in combination with a TSR sce-
nario are operative. As the energetically lowest pathway is still
by 28 kJ mol�1 higher in energy than the entrance channel, a small
reaction efficiency results.

2.2.3. The NiF+/CH4 system
In contrast to the unreactive NiII halides NiL+ (L = Cl, Br, I), dia-

tomic NiF+ brings about exothermic ligand exchange F ? CH3 [62];
further, the existence of an intramolecular KIE of 3.3 has been de-
rived from the reaction of NiF+ with CH2D2 [28]. The view that
breaking the C–H(D) and making the F–H(D) bonds contribute to
the rate-limiting step is also supported by DFT calculations,
Fig. 3, which favor a spin-conserving r-CAM reaction on the
high-spin triplet-ground state (7 ? 8). Interestingly, a TSR scenario
does not need to be invoked for this particular system – in distinct
contrast to the NiH+/CH4 couple, Fig. 2 vs. Fig. 3. What is the origin
of this deviating behavior? Generally speaking, r-CAM reactions
favor low-spin states [60,61] because of the better ability to accept
electrons delivered by the incoming r-C–H bond of CH4. In a triplet
state, this electron flow experiences a somehow repulsive interac-
tion. Consequently, for a system with a relatively small triplet-sin-
glet energy gap of the reactants, as for NiH+, a TSR scenario
involving the (excited) singlet state gets favored. For NiF+, how-
ever, this energy gap is much too large (>200 kJ mol�1) to play a
role; however, as the strongly electron-withdrawing F ligand re-
duces the electron density at the Ni center, the repulsive interac-
tion decreases. Consequently, the ligand exchange can proceed
on the high-spin triplet-ground state. This way of reasoning is sup-
ported by an analysis of the Mulliken charges at the Ni center in
NiL+, amounting to 0.69 for NiH+ and 0.91 for NiF+.

2.2.4. The NiL+/RH systems (L = F, Cl, Br, I; R = CH3, C2H5, n-C3H7,
n-C4H9)

Based on a rather extensive reactivity screening [62], general
trends have been uncovered for the rich gas-phase chemistry of
the above-mentioned NiL+/RH couples. The reactions observed



Fig. 2. B3LYP-based, zero-point energy corrected energy diagram for the reaction of NiH+ and CH4 employing a TZVP basis set (adapted from Ref. [54]).

Fig. 3. B3LYP-based, zero-point energy corrected energy diagram for the reaction of NiF+ and CH4 employing a TZVP basis set (adapted from Ref. [54]).
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can be classified in three categories: (a) bond activation of the or-
ganic substrate RH without obvious occurrence of Ni–L bond cleav-
age, that is, the losses of H2, CH4, and C2H6 which formally lead to
the corresponding NiL+/olefin complexes; (b) processes involving
Ni–L bond scission, namely the evaporation of HL, HL/H2, and HL/
CH4, affording nickel-allyl or nickel-alkenyl cations, respectively,
and (c) eliminations of neutral RNiL units (R = H, CH3), concomitant
with the generation of the corresponding carbenium ions. Fig. 4
shows the relative reaction efficiencies of channels (a–c) for all sys-
tems investigated.

The following generalizations have been derived: (1) The reac-
tivity of NiL+ follows the order L = F > Cl ffi Br > I and increases with
the size of the substrate RH. (2) In the elimination of HL, this reac-
tion channel decreases in going from NiF+ to NiI+. A reversed trend
is observed in the losses of small closed-shell neutral molecules,
that is, H2, CH4, and C2H6; this channel dominates the gas-phase



Fig. 4. Relative reaction efficiencies for (a) activations of the alkane without apparent cleavage of the Ni–L bond ( ), (b) reactions concomitant with Ni–L bond cleavage ( ),
and (c) losses of neutral RNiL species ( ). Here, the data are weighted with the relative rates and renormalized to a maximal reaction efficiency of 100 for the
dehydrogenation of ethane by NiBr+ (adapted from Ref. [62]).
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chemistry of NiI+/RH. (3) The formal inner-sphere electron transfer,
i.e., the delivery of hydride or methanide ions from the hydrocar-
bons to NiL to generate neutral HNiLi (or CH3NiL) and a carbenium
ion is reserved for NiF+, and constitutes the major pathway in the
reactions of NiF+ with C3H8 and n-C4H10. It is not observed for
any of the NiI+/RH couples studied. (4) Further, quite impressive,
if not unprecedented regioselectivity patterns were uncovered for
some of the systems. For example, for NiF+/C3H8, the selectivity
of the hydride transfer is as large as 360 (!) in favor of the second-
ary C–H positions.

2.2.5. ‘‘Roll-over’’-cyclometalation
Remarkable metal- and ligand-dependent effects were encoun-

tered in the context of ‘‘roll-over’’-cyclometalation reactions [63–
65]. While the platinum complex of 10-M (M = Pt) upon collisional
Scheme 2. ‘‘Roll-over’’ cyclometalation vs. other decompositio
activation undergoes loss of CH4 to specifically generate the ‘‘roll-
over’’ product 11, due to weaker M–C bonds and higher barriers for
the H-transfer from C(3) in a ‘‘roll-over’’ cyclization, the corre-
sponding nickel and palladium complexes 10-M (M = Ni, Pd)
decompose via simple M–C bond cleavage to produce 12, Scheme 2.
The nature of the covalently bonded ligand (L = F, Cl, Br, I, O, Ac
rather than CH3) in 10 matters as well, and an extreme case is gi-
ven by the nickel fluoro-complex 13 for which the loss of HF is ob-
served exclusively. ‘‘Roll-over’’ cyclometalation amounts to <10%
while >90% of the hydrogen in HF originates from C(6), i.e.
13 ? 14. The analogous complex [Ni(Cl)(bipy)]+ undergoes com-
petitive losses of Cl and HCl upon collisional activation, and for
the bromo- and iodo complexes only homolytic cleavage of the
Ni–halogen bond takes place. In the elimination of HCl from
[Ni(Cl)(bipy)]+, >60% of the hydrogen atoms originate from C(3),
n routes of MII-2,20-bipyridine complexes (M = Ni, Pd, Pt).
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and the remaining from C(4, 5, 6), as inferred from labeling exper-
iments [64]. Extensive DFT calculations have been conducted to
unravel, with some success, the underlying grounds of this distinct
metal- and ligand-dependent bond activation scenarios [64,65].
Fig. 7. Thermal ion/molecule reactions of mass-selected Ni(H)(OH)+ with O2. Black
line with 16O2, red line with 18O2, and blue line 16O2/Ni(D)(OH)+ (adapted from Ref.
[68]).
2.2.6. The Ni(H)(OH)+ chemistry
This seemingly simple nickel complex and its gas-phase chem-

istry have generated quite some interest in the context of C–H and
O–O bond activation. The ‘‘formal’’ NiIII cation (see below) can be
generated by electrospray ionization (ESI) of a NiI2 solution in a
mixture of CH3OH/H2O [66]. As to its genesis, the hydridic H-atom
of Ni(H)(OH)+ stems from the methyl group of CH3OH, whereas the
hydroxyl group is provided by water. As shown in Fig. 5, complex
Ni(H)(OH)+ can be easily distinguished from isomeric Ni(H2O)+; the
latter, a genuine NiI-water complex, upon collisional activation
gives rise to H2O loss, Fig. 5a, while isomeric Ni(H)(OH)+ undergoes
preferential cleavage of the Ni–(OH) bond, Fig. 5b. The structural
assignment is further supported by structure-specific ion/molecule
reactions of the two isomers with D2O and D2 [66]. Most interest-
ingly, in the thermal reaction of the two isomers with CH4 it is only
Ni(H)(OH)+ which brings about ligand-exchange H ? CH3, Fig. 6b;
the NiI–water complex is, as expected, completely inert, Fig. 6a.

Ni(H)(OH)+ also exhibits a unique reactivity in its thermal gas-
phase reaction with molecular oxygen [67,68], transformations
which are of broader interest with regard to a molecular-based
understanding of oxygen activation by metal hydride complexes
[69]. While the actual structures of the ionic products generated
from the Ni(H)(OH)+/O2 couple remain by and large unknown, de-
tails about the origin of the neutral molecules liberated in the
course of the reaction can be extracted from labeling experiments,
which reveal an extraordinarily high selectivity, Fig. 7. For exam-
ple, in the formation of HO2 the OH group of Ni(H)(OH)+ is not in-
volved at all. Similarly, the OH radical liberated contains the
hydridic Ni-bonded H atom and an oxygen atom from O2; finally,
the O-atom eliminated from the encounter complex also stems
from O2. Thus, O–O bond activation is crucial, and the network de-
picted in Scheme 3 summarizes a mechanistic scenario which is
Fig. 5. CID mass spectra of (a) Ni(H2O)+ complex

Fig. 6. ESI mass spectra of (a) Ni(H2O)+/CH4 and (b) Ni(H)(O
consistent with the experimental findings and which has been con-
firmed by extensive UB3LYP calculations [68].

The remarkable, if not unique behavior of Ni(H)(OH)+ toward
CH4 and O2 has triggered quite some interest among theoreticians.
Earlier DFT-based work [33] had already suggested that the quartet
state of Ni(H)(OH)+ is ca. 80 kJ mol�1 less stable than its doublet
electromer; further, the latter undergoes a barrier-free isomeriza-
tion to the global minimum, i.e., the chemically inert Ni(H2O)+

complex. This analysis has been confirmed later and extended by
more elaborate calculations [70]. Thus, the quartet state of
Ni(H)(OH)+ is the reactive species, and it must have a lifetime long
enough to undergo the thermal ion/molecule reactions with O2 and
CH4. However, one rightly wonders what may prevent this high-
energy quartet state from spontaneously undergoing intersystem
and (b) Ni(H)(OH)+ (adapted from Ref. [66]).

H)+/CH4 at room temperature (adapted from Ref. [66]).



Scheme 3. Network of O2-activation by Ni(H)(OH)+ (adapted from Ref. [68]).
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crossing to the much more stable doublet electromer. Theoretical
work based on DFT using various functionals, coupled-cluster,
and MCSCF calculations reveals an entirely unexpected electronic
structure such that the hydroxyl ligand in Ni(H)(OH)+ behaves as
a redox non-innocent ligand [71] and becomes oxidized to formally
afford an electronic structure that is consistent with a NiII–(OH)�

species rather than the more traditional NiIII–(OH)�assignment.
As a result, the doublet and quartet states are not related by a sim-
ple, single spin flip; consequently, the intersystem crossing be-
comes inhibited. This is further indicated by unexpectedly small
spin-orbit coupling constants. Lifetime estimates based on Lan-
dau-Zener schemes predict a minimal lifetime of the excited quar-
tet state of Ni(H)(OH)+ of a few microseconds; this lifespan is more
than sufficient to permit the truly unique gas-phase chemistry of
this seemingly simple nickel complex with CH4 and O2.
2.2.7. Ni-based CH4 ? CH3OH ? CH2O conversions
The intriguing mechanistic aspects of these economically extre-

mely important conversions [72] which for a long-time were re-
garded as a sort of a mechanistic conundrum have been resolved
recently [13]; in some systems, e.g., FeO+/CH4, a TSR scenario mat-
ters in the catalytic cycle in particular in the step MO+ ? (CH3)-
M(OH)+, Scheme 4 [73–76].

More recently, the room-temperature chemical kinetics has
been measured for the catalytic activity of Group 10 atomic cations
(Ni+, Pd+, and Pt+) in the CH4 ? CH3OH conversion with ozone, and
Ni+ was found to be the most efficient catalyst [77]. Also, metal-
oxide (NiO, FeO, CuO) doped zeolites were suggested as promising
candidates for the direct methane ? methanol conversion [13,78–
Scheme 4. Catalytic cycle for the homogeneous CH4 ? CH3OH conversion with an
oxygen equivalent hOi, e.g. N2O or O3, mediated by atomic metal cations.
80]. In fact, even ‘‘naked’’ CuO+ brings about this reaction at room
temperature with high efficiency [81], and the couple CuO+/CH4

demonstrates how the spin state controls the chemoselectivity,
i.e., H-atom from CH4 vs. O-atom transfer from CuO+ to CH4.

In the mechanistic understanding of the CH3OH ? CH2O oxida-
tion, the relevant questions center around the following topics: (1)
In the initial step, Scheme 5., does a metal-based mediator [M] in-
duce preferentially a cleavage of the stronger O–H or the weaker
C–H bond of CH3OH and (2) for a given sequence of events, which
of the two hydrogen-atom transfer steps constitutes the rate-
determining one? As these questions have been dealt with quite
comprehensively in a recent Review [13], here we will mention
briefly only a few Ni-related examples which demonstrate once
more the rather unique role that this element also plays in this
context.

As shown in Fig. 8 and supported by additional experiments as
well as extensive DFT-based calculations [82,83], ESI of methanolic
solutions of MX2 (M = Fe, Co, Ni; X = Br, I) brings about exclusive
activation of the O–H group for iron, while the nickel precursor
specifically cleaves the C–H group to form Ni(CH2OH)+. For the co-
balt system, one encounters an intermediate situation with a slight
preference for the generation of the methoxy complex Co(OCH3)+

in competition with generating Co(CH2OH)+.
Mechanistic insight into the origin of the bond-selective, metal-

dependent CH3OH activation has been gathered from DFT calcula-
tions and by establishing experimentally the precursors from
which the [M,C,H3O]+ species originate upon ESI of MX2/CH3OH
solutions [82,83]. For iron, the Fe(OCH3)+ product is due to sequen-
tial evaporation of up to eight CH3OH molecules from
FeðOCH3ÞðCH3OHÞþn (n 6 8), and the latter is generated via solvoly-
sis of FeX2 by the nucleophilic CH3OH solvent. Moreover, high-spin
Fe(OCH3)+ is, according to the DFT calculations, 69 kJ mol�1 more
stable than the quintet isomer Fe(CH2OH)+. For the co-generation
of isomeric [Co,C,H3,O]+, two pathways have been identified. The
one, leading to the methoxy complex Co(OCH3)+, is analogous to
that for the iron system starting from CoðOCH3ÞðCH3OHÞþn (n 6 8).
However, this precursor, in competition with sequential CH3OH
Scheme 5. Pathways for a metal-mediated CH3OH ? CH2O conversion.



Fig. 8. Partial ESI source spectra of the Fe, Co, and Ni halides MX2 (X = Br, I) dissolved in (a) CH3OH/H2O, (b) CD3OH/H2O, and (c) CH3OD/D2O. (Adapted from Ref. [82]).
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evaporation, undergoes also loss of CH2O and CH3OH to generate
Co(H)(CH3OH)+. This intermediate, in a spin-allowed elimination
involving the Co–H bond and a hydrogen atom from the methyl
group of CH3OH, then decomposes to H2 and a quartet state of
Co(CH2OH)+; the latter is 25 kJ mol�1 higher in energy than
ground-state Co(OCH3)+ having the same multiplicity. For the
exclusive generation of Ni(CH2OH)+, two pathways were identified,
both involving Ni(X)(CH3OH)+ (X = H, Br) as immediate precursors;
in the subsequent evaporation of HX, the hydrogen atom originates
from the methyl group of CH3OH. DFT calculations, Fig. 9, are not
only consistent with the experimental observations but also ex-
plain why Ni(CH2OH)+ is formed rather than the thermochemically
slightly more favorable Ni(OCH3)+ isomer. Here, the crucial point is
that starting from ground-state triplet Ni(H)(CH3OH)+ (315), the
spin-allowed reaction to produce 3Ni(OCH3)+ via 3TS15/16 cannot
compete energetically with a reaction which, after spin inversion
315 ? 115, proceeds via 1TS15/17 toward 1Ni(CH2OH)+.

Recently, it was observed that not only the nature of the metal
but, for a given metal, also the ligand L matters with regard to the
course of C–H vs. O–H bond activation of CH3OH [84]. For example,
in the ion/molecule reactions of NiL+ with CD3OH the ratio HL vs.
DL loss amounts to 33 : 1 (L = OH), for the electronically related
NiClþ=CD3OH system it drops to 2:1, and for NiBrþ=CD3OH it is
<0.05! Clearly, an understanding of this unusual ligand effects re-
quires further detailed theoretical investigations. As exploratory
DFT studies already reveal, the strong dependence on the function-
als used suggests to employ more sophisticated wave-function-
based methods.
3. Homo- and heteronuclear nickel-containing cluster ions

3.1. General considerations

Among the principal motivations why to engage in studying the
gas-phase chemistry and physics of metal clusters, the most often
quoted ones include: (i) Clusters may serve as tractable models for
surfaces and heterogeneous catalysis and (ii) clusters generally ex-
hibit unique reactivity and unusual properties. The first of these
two factors is perhaps the most important one and is reasonable
on the ground that highly dispersed metals or surface defect sites
are coordinatively and electronically as unsaturated as ‘‘naked’’
clusters are. Further, quite a few gas-phase studies with mass-se-
lected clusters indicate that as the cluster size increases, the chem-
istry rapidly reaches a behavior comparable to that of a bulk phase.
These and other observations are consistent with the concept that,
in a first approximation, chemical bonds are ‘‘more localized’’ phe-
nomena, in contrast to global quantities such as ionization energies
or electron affinities.

A pertinent concern with regard to the studies of charged
gas-phase species is their actual relevance to real-world catalysis;
fortunately, there exists a few examples demonstrating that the
fundamental chemistry is relatively insensitive to the charge state
of the metal, provided the cluster size is not too small. This is per-
haps a consequence of the fact that the charges are highly delocal-
ized over the metal cluster resulting in no particularly strong
charges at a given atom or point of the cluster surface. Also, the
thermodynamic stabilities, e.g., bond energies of neutral and cat-
ionic transition-metal clusters exceeding a particular size are often
the same; moreover, for some systems there exists an excellent
correspondence between ligands bound to a transition-metal clus-
ter cation or a neutral single-crystal surface. Clearly, differences are
known to exist as well, and understanding their origin(s) can be
advantageous [85].
3.2. Selected examples for cluster-size effects on thermochemical
features and reactivity

The experimental values for the binding of a hydrogen atom to
various nickel surfaces center around 2.72 eV, and guided
ion-beam experiments of mass-selected Niþn (n = 2–16) with D2



Fig. 9. Potential-energy surface for the bond activation of methanol starting from triplet (red lines) and singlet (black lines) precursors 1,3Ni(H)(CH3OH)+ (1,315). The reaction
paths involving O–H bond and C–H bond activations are shown in continuous and dashed lines, respectively. Both structures 16 and 316a correspond to Ni(OCH3)(H2)+

complexes with the H–H bond parallel and perpendicular to the NiOC plane, respectively; no bond activation is involved in 3TS16a/16. 3TS17a/17 corresponds to a haptotropic
metal shift from the oxygen to the carbon atom of the CH2OH ligand. Relative energies are given in kJ mol�1. (Adapted from Ref. [83]).
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demonstrate that the Niþn –D bond energies for larger clusters
(n P 11) are close to that for bulk nickel phases [86]. From beam
experiments of Niþn (n = 2–18) with O2, size-dependent bond ener-
gies could be derived and a comparison with bulk-phase thermo-
chemistry suggests that binding of oxygen in threefold sites
dominates in these small nickel-cluster ions [87]. Studies of the ki-
netic-energy dependences of the endothermic reactions of Niþn
(n = 2–16) with CD4 provided the bond energies for nickel-cluster
cations to C, CD, CD2, and CD3 [88]. The relative magnitudes in
bond energies of these ligand fragments are consistent with simple
bond-order considerations (triple, triple, double, and single bond
orders, respectively). These data which are in reasonable agree-
ment with theoretically derived numbers [89] and which, for larger
cluster sizes, rapidly reach relatively constant values may provide
reasonable estimates for heats of adsorption of molecular carbon-
based fragments to nickel surfaces data which are difficult to
obtain otherwise. For the metal-mediated dehydrogenation of eth-
ylene (C2H4 ? C2H2 + H2), there seems to exist a good correlation
between the nickel-clusters’ size-dependent ionization energies
and the cross-section for dehydrogenation. For Niþn clusters
(n = 3–30), it was found that for cluster sizes n > 10, the clusters al-
ready exhibit a bulk-like electronic structure [90]. In contrast, the
adsorption and chemical degradation of methanol on Niþn clusters
(n = 3–11) changes dramatically with the cluster size [91]. For
example, demethanation proceeds preferentially on Niþn , carbide
formation on Niþ7;8, and chemisorption on Niþ6 . A detailed kinematic
modeling taking into account barrier heights between physi- and
chemisorbed states of the molecule as well as geometrical details
of the cluster structures helped to explain these remarkable obser-
vations. In the context of the industrially important CO oxidation,
the effects of charge states, stoichiometries, and structural aspects
of nickel oxide clusters have been addressed [92]. Anionic clusters
with a stoichiometry containing one more oxygen than nickel
atom, e.g., Ni2O3

� and Ni4O5
�, were found to be rather reactive in

the O-atom transfer to CO. In contrast, cationic nickel oxide clus-
ters react preferentially through the adsorption of CO onto the
cluster accompanied by the evaporation of O2 or cluster degrada-
tion. Genuine catalytic cycles have been reported for the reaction
of Ni2Oþ2 , generated from N2O and Niþn , with CO and small hydro-
carbons (e.g., ethane, propane, and n-butane), and the increased
reactivity of Ni2Oþ2 in comparison with Mn2Oþ2 or Fe2Oþ2 has been
ascribed to a lower oxygen-binding energy in the nickel cluster
[93].

3.3. Homo- and heteronuclear 3d metal-dimer cluster cations Mþ
2 and

M0M+

The observations that (i) Niþ2 in contrast to most other 3d cluster
dimers M0M+ brings about thermal activation of C2H6, a process
which does not take place with atomic Ni+, and (ii) NiM+ dimers
(M = Fe, Co, Ni) exhibit in the initial step selective C–H rather than
competitive C–H and C–C bond activation of linear alkanenitriles
[94] point to a particular role nickel-containing clusters might play.
This is indeed the case as shown in the remarkable chemistry these
clusters exhibit when reacted with cyclohexane [28]. As already
mentioned (Section 2.1), some of the atomic 3d transition-metal
cations undergo highly face-selective dehydrogenation of this sub-
strate. In analogous reactions of homonuclear Mþ

2 (M = Ti, V, Cr,
Mn, Fe, Co, Ni, and Cu), heteronuclear nickel-containing clusters
NiM+ (M = Ti, Mn, Fe, Co, Cu, and Al) and also CoCu+ one observes
exclusive C–H bond activation resulting in the elimination of up
to nH2 (n = 1–4). The data are summarized in Tables 1 and 2.

For any reaction channel observed with c-C6H12, none of the di-
meric cations give rise to products indicative for C–C bond activa-
tion; instead, only single or multiple dehydrogenations take place.
Furthermore, relatively efficient dehydrogenation is reserved for
three of the eight homonuclear clusters investigated, namely for
Tiþ2 , Niþ2 , and Cuþ2 ; for the remaining dimers Vþ2 , Crþ2 , Mnþ2 , Feþ2 ,
and Coþ2 , dehydrogenation occurs either only sluggishly (Vþ2 , Crþ2 ,
and Feþ2 ) or does not take place at all (Mnþ2 and Coþ2 ). In contrast,
heteronuclear dimers of nickel combined with a late transition me-
tal – except for NiFe+ – i.e., NiCo+ and NiCu+ show almost the same



Table 1
Branching ratiosa of the neutral losses, relative rate constants, and efficiencies (/) in
the reactions of mass-selected, homonuclear Mþ

2 cations (M = Ti, V, Cr, Mn, Fe, Co, Ni,
Cu) with cyclohexane.

M –H2 –2H2 –3H2 –4H2 kexp
b /c

Ti 8 90 2 4.2 36
V 100 0.2 2
Cr 100 0.03 0.3
Mn – – – – <0.001
Fe 100 0.005 0.02
Co – – – – <0.001
Ni 5 95 9.3 83
Cu 100 2.5 23

a Normalized to a sum of 100.
b Given in 10�10 cm3 s�1 molecule�1.
c Given in %.

Table 2
Branching ratiosa of the neutral losses, relative rate constants, and efficiencies (/) in
the reactions of mass-selected, heteronuclear NiM+ cations (M = Ti, Mn, Fe, Co, Cu, Al),
and of CoCu+ with cyclohexane.

M0M+ –H2 –2H2 –3H2 kexp
b /c

NiTi 75 25 5.8 51
NiMn 90 4 6 0.9 8
NiFe 100 0.01 0.1
NiCo 13 87 6.9 62
NiCu 20 80 9.3 85
NiAl 65 35 8.8 73
CoCu 26 74 7.1 65

a Normalized to a sum of 100.
b Given in 10�10 cm3 s�1 molecule�1.
c Given in %.
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high efficiency toward C–H bond activation of cyclohexane as
homonuclear Niþ2 . Likewise, also the branching ratios of double
vs. triple dehydrogenation are similar, with triple dehydrogenation
being the major reaction channel. Interestingly, also CoCu+, which
is isoelectronic with Niþ2 , brings about efficient dehydrogenation
with the liberation of up to 3H2. Note the distinct behavior of their
homonuclear brothers: for Coþ2 no reaction is observed, and for Cuþ2
only single dehydrogenation takes place with a much smaller effi-
Table 3
Isotope patternsa of double and triple dehydrogenation in the reactions of [all-cis-1,2,3,4,5

M0M+ Ni2 Ni2
b,c NiTid NiCoc

–2H2 3 3 (8) 43 (45) 3 (4)
–[H3,D] 4 (6)
–[H2,D2] 1 8
–[D3,H] 4 (3)
–2D2 8 9 (5) 12 (11) 10 (10)
–3H2 52 61 (60) 21 (15) 77 (77)
–[H5,D] 2 (0)
–[H4,D2] 7 4 (2)
–[H3,D3] 0 (3)
–[H2,D4] 6 1 (1)
–[H,D5] 0 (0)
–3D2 23 27 (27) 1 (6) 10 (9)
k1/k2 0.11 0.03
krad/k2 1.01 1.43
KIE 1.21 1.28 1.43

a Given in %.
b Disregarding the mixed isomers.
c Modeled numbers according to Scheme 7 are given in parenthesis. See Ref. [28] for
d In the modeling (numbers are given in parenthesis), face-specific dehydrogenation f

ratios are fspec = 76% and fscr = 24%, respectively. The ratio for double dehydrogenation of
side has been fitted to 0%.

e Due to the low intensity of the corresponding signals, double- and fourfold dehydro
f Numbers derived from modeling are given in parenthesis; a complete scrambling of

assumed.
ciency when compared to CoCu+. Apparently, 19 valence electrons
in the valence shell of the 3d dimers may be favorable for reactiv-
ity. However, electron count alone is not sufficient to explain the
reactivity pattern, as the 18 electron systems FeCu+ and NiCo+ dif-
fer significantly with respect to reactivity. According to the early
work of Freiser and co-workers [95], FeCu+ is unreactive with lin-
ear (C1–C6) and cyclic (C3–C6) alkanes while NiCo+ efficiently dehy-
drogenates cyclohexane (see Table 2). What is also remarkable and
cannot be elucidated yet only based on the present gas-phase
experiments is the non-reactivity of NiFe+ in comparison with
the highly reactive NiCo+ and Niþ2 cluster cations, or, in other
words: it is not clear which electronic factors make the nickel-con-
taining cationic dimers so special and distinct. That nickel often
(but not always) plays an outstanding role in these diatomic heter-
onuclear clusters is also indicated by the efficient thermal dehy-
drogenation of C2H6 mediated by NiM+ (M = Ni, Cu, Al) [28].
While these three heteronuclear cluster ions exhibit high efficiency
(and for the case of NiAl+ also high regioselectivity resulting in
quantitative HD loss from CH3CD3), combinations of Ni+ with Ti,
Mn, Fe, and Co are practically non-reactive toward this substrate
[28].

Back to c-C6H12. In the reaction with c-C6H12, the combination
of nickel with a 3d metal onward the left side of the periodic table,
i.e., NiMn+ and NiTi+ leads again to a successive reactivity increase.
However, in terms of chemoselectivity, the main reaction channel
for NiTi+ corresponds to double instead of triple dehydrogenation
in contrast to Niþ2 and Tiþ2 ; for the latter cluster, even fourfold dehy-
drogenation is observed. In contrast, for NiAl+, which features a
high efficiency, only single- and double dehydrogenation take
place. Again, for a coherent explanation and understanding of these
puzzling findings rather thorough theoretical studies are
warranted.

To shed some light on possible reaction mechanisms, the study
of ion/molecule processes of the cluster ions with [all-cis-
1,2,3,4,5,6-D6]-cyclohexane proved useful, Table 3.

From the data reported in Table 3, it is obvious that face selec-
tivity, as observed for most of the atomic 3d cations, is not always
preserved for the dimeric clusters. For example, complete scram-
bling of all 12 H/D atoms occurs in the reaction of C6H6D6 with
Tiþ2 as indicated by the good agreement between the experimental
and computational data for triple hydrogen (deuterium) loss. Also,
,6-D6]-cyclohexane with M0M+.

NiCuc NiAlc CoCuc Ti2
e,f

3 (7) 24 (27) 10 (10)

19 (15) 18 (15) 27 (29)
50 (53) 49 (49) 54 (49) 10 (7)

27 (28)
32 (37)
20 (21)

11 (6)
0 (1)

28 (25) 9 (9) 9 (12) 0 (0)
0.03 0.36 0.04
1.73 0.99 1.77
1.11 1.33 1.10 2.58

details of the modeling.
rom one side of the ring as well as scrambling processes have been considered; the
one face of the carbon ring combined with single dehydrogenation of the opposite

genation have been neglected.
all H/D positions of [all-cis-1,2,3,4,5,6-D6]-cyclohexane with a KIE of 2.58 has been



Scheme 6. Stereoselective dehydrogenation of two faces of the cyclohexane ring.

Scheme 7. Kinetic scheme for radiative cooling in competition with consecutive
dehydrogenation of [D6]-cyclohexane with dimeric metal cluster ions Mþ

2 .
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of quite some mechanistic interest are the findings for Niþ2 . The
eliminations of some ‘‘H2D4’’ and ‘‘H4D2’’ (in addition to the major
losses of ‘‘D6’’ and ‘‘H6’’) demonstrate that triple dehydrogenation
is not restricted exclusively to the face of the substrate on which
the reaction commences; however, the absence of signals indica-
tive for ‘‘H5D,’’ ‘‘H3D3,’’ or ‘‘HD5’’ rule out a classical equilibration
of the two sides. Conceivably, after the first dehydrogenation allylic
C–C bond activation, followed by a ring flip and de-sertion of the
Ni2-cluster, the activating Niþ2 -species is capable to operate on
two faces of the cyclohexane ring, Scheme 6. However, in the ac-
tual formation of each pair of molecular hydrogen only atoms from
the same face are involved, thus accounting for the elimination of
even-numbered HnDm from [all-cis-1.2.3.4.5.6.-D6]-cyclohexane.

To model the experimentally determined isotope patterns of
double and triple dehydrogenation by the clusters Niþ2 , NiAl+,
NiCo+, NiCu+, and CoCu+, a rather detailed kinetic scheme had to
be considered. For these five dimers, the experimental data for
double dehydrogenation, given in Table 3, suggest a higher and,
thus a faster rate for the loss of 2D2 vs. 2H2, which implies the
Scheme 8. Hydrogen/deuterium scrambling invo
operation of an inverse KIE. Inverse KIEs are typically found for sec-
ondary KIEs and are often caused by a change in hybridization from
sp2 to sp3. As in the present system dehydrogenation of the sub-
strate changes the hybridization of the carbon atoms from sp3 to
sp2, the phenomenologically observed higher degree of 2D2 vs.
2H2 eliminations is, more likely, not based on an inverse KIE, but
rather on the fact that the expulsion of H2 from M0MðC6H2D6Þþ

(mandatory for face selectivity) proceeds faster than the loss of
D2 from M0MðC6H2D6Þþ. This, again, is not necessarily caused by
an intrinsically high KIE for the third dehydrogenation but is more
likely the result of an increased lifetime of the rovibrationally ex-
cited M0Mþ=D2-cyclohexadiene intermediate. As the third dehy-
drogenation is subject to a KIE, the presence of a sizeable isotope
effect may cause an isotopically sensitive branching [96–101] in
the competition between dehydrogenation and radiative cooling
[102,103]. This way of reasoning has been taken into account in
the modeling of the experimental data, Scheme 7; here k1 being
the combined rate constant for the first and second dehydrogena-
tion, k2 represents the rate constant of the third dehydrogenation,
and krad stands for the radiative cooling of the M0M+/cyclohexadi-
ene intermediate, respectively. As shown in Table 3, the agreement
with the experimental data is quite pleasing.

As the H/D scrambling processes, indicated by the elimination
of odd numbers of H/D atoms in molecular hydrogen liberated, can-
not be explained by a ring-flip mechanism, Scheme 6, a different
scenario has to be invoked. The fact that both neutral and cationic
early 3d metal clusters tend to form multiple sandwich complexes
with benzene, e.g., M-C6H6-M [104–106], may suggest that the me-
tal–metal bond of the Tiþ2 cluster will be cleaved at some stage of
the multiple dehydrogenation sequence with the two metal atoms
then moving to different faces of the cyclohexene ring; after a se-
quence of b-H(D) and retro b-H(D) transfers, the release of HD is
possible. A conceivable scenario is suggested in Scheme 8.

While various mechanistic features of the metal-mediated
dehydrogenation of cyclohexane remain to be clarified, the data
presented here clearly point to the extraordinary rich variability
of small cluster units that awaits to be exploited. This holds true
also for the rather selective, remote C–H bond activation of flex-
ible linear alkanenitriles, brought about by homo- and heteronu-
clear cluster cations M0M+ (M0M = Fe, Co, Ni) [94]. In comparison
with atomic cations, these diatomic clusters react more specifi-
cally and only insert in C–H bonds in the initial step, whereas
bare atomic M+ activates both C–H and C–C bonds. Like for
M+, dehydrogenation proceeds via remote functionalization
[29,30] of the terminal positions of the substrate [94]. Once
more, nickel exhibits some special features in that only the Ni-
containing clusters Niþ2 and NiCo+ bring about double dehydroge-
nation as well as C–C bond activation after the first
dehydrogenation.
lving different faces of the cyclohexane ring.
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As stated in footnote 1 and underlined by the examples dis-
cussed in this article, the element nickel deserves to be regarded
as a rather distinguished member among 3d transition metals
[28]; future work with an emphasis on both gas-phase ion spec-
troscopy and reliable electronic structure calculations is indicated
to shed further light on the amazing chemistry these species
exhibit.
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