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Abstract. In this feature article, I reflect on over 40 years of guided ion beam tandem mass
spectrometry (GIBMS) studies involving atomic metal cations and their clusters throughout the
periodic table. Studies that have considered the role of spin conservation (or lack thereof) are a
primary focus, with a quantitative assessment of the effects examined. A need for state-specific
studies of heavier elements is noted as is a more quantitative assessment of spin-orbit interactions
in reactivity. Because GIBMS experiments explicitly evaluate the kinetic energy dependence of
reactions over a wide range, several interesting and unusual observations are highlighted. More
detailed studies of such unusual reaction events would be welcome. Activation of C-H bonds and
ensuing C-C coupling events are reviewed, with future work encouraged. Finally, studies of
lanthanides and actinides are examined with an eye on understanding the role of f orbitals in the
chemistry, both as participants (or not) in the bonding and as sources/sinks of electron density.

This area seems ripe for more quantitative experiments.
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Introduction

In 1979, building on previous studies of alkyl halides and alcohols,’ 2 Allison, Freas, and
Ridge observed C-H and C-C bond activation of iso- and n-butane by atomic 3d transition metal
cations (Fe*, Co™, Ni', and Ti").? As they noted then, the only other report of C-C bond activation
in alkanes was limited to a study of vaporized nickel with pentane, where the active species could
not be identified but was likely small nickel clusters.* The former gas-phase observation set off a
flurry of activity to further characterize how atomic metal ions could activate alkanes, some of the
most inactive molecules of technological interest. Another key observation was made by Irikura
and Beauchamp, who found that several of the 5d transition metal cations (W, Ta", Os", Ir", and
Pt") could activate methane at room temperature,””’ whereas none of the 3d and 4d metals can do
so. (Although Zr" is reported to dehydrogenate methane at thermal energies, the reaction is
inefficient, <1% of the collision limit,® and later studies showed the reaction is endothermic by
0.11 eV.%) Several reviews have nicely summarized many of the key findings of the many
subsequent studies on gas-phase metal ion chemistry with alkanes.!%!”

At about the same time, Smalley, Bondybey, and co-workers developed laser
vaporization/supersonic expansion sources to produce metal clusters.!® ! A similar explosion of
studies ensued.?’>* These experiments have evolved to include catalysis by clusters®® and even
single atoms?® deposited on substrates. Such deposited species can begin to realize true catalytic
behavior and the utility of gas-phase atomic and cluster results is increased by quantitative
comparisons with such studies.

As a long-term participant in studies of both atomic metal ions (starting in 1977)* and their
clusters (starting in 1984),?® in this feature article, I reflect on over four decades of wide-ranging
research and highlight some of the things that have been learned and some that are still to be

discovered.

Experimental approach



Experimental details of our guided ion beam tandem mass spectrometry (GIBMS) studies
and the interpretation of the kinetic energy resolved cross sections that result can be found in the
original papers cited below and in several reviews.?*>? Included here is a very brief description of
these methods.

Figure 1 shows a schematic of one of our GIBMS instruments. Functionally, such an
apparatus comprises five main sections: an ion source, an initial mass spectrometer (MS), a
reaction region that incorporates a radio frequency (rf) ion guide, a second MS, and an ion detector.
As will be seen below, the ion source can be one of many different types, but for quantitative
GIBMS studies, it must be able to produce ions with a known distribution of internal and kinetic
energies. In that regard, it is much more important that the temperature of the ions be known than
it is for them to be cold. For a particular experiment, a single mass is selected by the initial MS so
that the desirable MS attributes are efficient transmission and high mass resolution. Therefore, we
utilize a magnetic sector in both instruments. For the second mass analysis MS, we have used a
quadrupole mass filter as it permits rapid scanning of the mass, effective mass transmission (which
is essential to accurately measure the absolute reaction probabilities), and reasonable mass
resolution (which is generally sacrificed when needed to ensure good transmission). A time-of-
flight MS would be an alternative choice for the analysis MS, but ensuring no mass bias in the
collection would be important. Both of our instruments also utilize a Daly-type scintillation
detector®® (with a high voltage 22 — 25 kV first dynode) as this affords excellent signal and near
unity detection efficiency for the mass range covered.

The key aspect of a GIBMS instrument is the use of an ion guide in the interaction region
where the neutral gas reactant is introduced in a gas cell. It might be appreciated that at the time
we constructed our first apparatus, the octopole ion guide had been developed by Ernst Teloy and
Dieter Gerlich®* and Gerlich had brought the technology to Yuan Lee’s laboratory.*® My laboratory
was therefore the third to utilize this valuable technique, aided considerably by Lee’s student Scott
Anderson, who had worked with Dieter and continued to perform experiments on that apparatus.

As in those early instruments, we chose an ion guide with eight rods (an octopole) as it was fairly



straightforward to build and assemble and its effective trapping voltage has a 1/r® radial
dependence that does not perturb the kinetic energies of the ions greatly (unlike quadrupole
guides).*® One important aspect of the ion guide is that its radial trapping permits the ion energy
to be very low, essentially thermal, whereas without trapping, energies below about 1 volt would
lead to loss of the ion signal. This ability also allows the distribution of ion kinetic energies as well
as the zero of the energy scale to be routinely measured using a retarding technique.®’ By changing
the voltage difference between the source and the dc bias on the octopole, the ion kinetic energy
can be varied over about four orders of magnitude. This ability is the truly distinguishing aspect
of GIBMS experiments for exploring ion-molecule chemistry, as described below.

Probably the other key development in the projects described below was the mathematical
description of how reaction cross sections depend on energy. Early experiments in my laboratory
explored a number of simple forms to model this kinetic energy dependence. Eventually, we settled
on the modified line-of-centers (MLOC) model that has proven to be robust. This simple form can
then be augmented with additional terms that allow it to describe a very wide range of reactions.>®"
40 A key experiment also enabled us to directly relate this model to the energy deposition function,*!
1.e., how much energy is transferred from translational to internal degrees of freedom during a
collision. Again more detailed descriptions of the model, its evolution, and its rationale can be

found in previous articles and reviews,3% 384042

Is spin a good quantum number for metals?

First-row transition metals. Much of the early work conducted in my group was focused
on reactions of specific electronic states of atomic 3d transition metal cations, which could be
isolated by combining experiments that generated the ions using surface ionization (SI), electron
ionization (EI), and a high-pressure drift cell source (DC)* (and later, a flow tube source).*** For
example, we showed that the reaction of ground state Fe* (°D, 4s!3d®) with H,, HD, and D>
(endothermic by about 2 €V) was 68 times less efficient than the reaction of the excited state, Fe*

(*F, 3d"), even though this state lies only 0.25 eV higher in energy (average over all spin-orbit



levels). Notably, both reactions are spin-allowed because they form ground state FeH" (°A) + H
(%S).4-47 Furthermore, the two electronic states exhibit completely distinct branching ratios in the
reaction with HD, indicating very different reaction mechanisms. Both the relative reaction
efficiency and the HD branching ratios can be understood on the basis of the orbital occupations,
namely, the occupied versus empty 4s orbital.*® In these studies, there is no experimental evidence
that the surfaces evolving from these two electronic asymptotes interact, i.e., surfaces evolving
from the °D state do not couple with those from the *F state in order to enhance their reactivity.
Furthermore, the enhanced reactivity of the excited state is not a consequence of the additional
electronic energy. This is conclusively demonstrated by the observation that ground state Ni* (°D,
3d?) is much more reactive than the excited state Ni* (*F, 4s'3d%).*® Again, these differences can
be understood on the basis of the electron configurations.

We then examined reactions of the same two states of Fe" with propane* and later methane
and ethane.’® For the endothermic reactions observed (both C-H and C-C cleavages), the excited
“F state remained much more reactive than the °D state. However, both ethane and propane have
exothermic reaction channels: dehydrogenation in both cases and elimination of methane in the
latter case, such that iron cation alkene complexes are formed. Even though barrierless, these
exothermic reactions are only modestly efficient, about 20% of the Langevin-Gioumousis-
Stevenson collision cross section, ciLgs, at the lowest energy (near thermal).’’ > For these
reactions, the °D state is equally or more reactive at low collision energies (below ~0.5 eV), but
switches at higher energies such that the *F state is again much more reactive, as seen in Figure 2.
(Later, spin-orbit selected experiments by Weisshaar and co-workers indicate that the “F state
remains more reactive than °D by a factor of two at an energy of 0.24 eV and a factor of four at
1.0 eV collision energy. Once the distributions of J levels are considered, these results are within
experimental uncertainty of the GIBMS results, which have large uncertainties at the lowest
energies, Figure 2. They also found that the *Fs), level is about twice as reactive as *F72 and *Fop.>
54) At the time of these studies, which was before the advent of routine ab initio calculations, we

constructed a qualitative potential energy surface from first principles, Figure 3. Because the



inserted intermediates needed for C-H and C-C bond activation, H-Fe"-R or H;C-Fe*-R where R
could be H, CH3, C;Hs, or C3Hy, had to have quartet spin (in order for there to be two covalent
bonds to iron), there had to be a crossing between the sextet spin surfaces evolving from Fe™ (°D)
and the quartet surfaces from Fe" (*F) that lead to products. We hypothesized that the reactivity of
the D state at low energies occurred because spin was no longer conserved and the sextet reactants
followed the adiabatic pathway to form quartet intermediates (full lines in Figure 3). At higher
energies, non-adiabatic spin-conserving behavior (dashed lines) becomes more probable and
coupling of the sextet surfaces to the reactive quartet spin state surfaces decreases. We commented
that “we expect that these crossings are ubiquitous in ionic and neutral transition metal reactions.”
Although prior studies had suggested such phenomena,? #3538 to my knowledge, this was the
first clear experimental demonstration of “two-state reactivity” later coined and touted by
Schroder, Shaik, and Schwarz as a “New Concept in Organometallic Chemistry”.> % For the 3d
transition metal atomic ions, these studies suggest that spin appears to be a reasonably good
quantum number but needs not be rigorously conserved, especially at low collision energies when
the reactants have sufficient time to explore the electronic landscape. Additional details about the
potential energy surface for the Fe" + propane reaction were later obtained by collisional activation
of the Fe"(C3Hs) intermediate®! and by isotope labeling and kinetic energy release distribution
experiments.®? Later theoretical calculations confirm the major aspects (especially the curve
crossing) of the qualitative potential energy surface originally suggested, although details of some
steps were adjusted.®?

Third-row transition metal ions. In metal chemistry, the question then arises whether
spin conservation becomes less of a concern as one moves down the periodic table. In a review
“On the spin-forbiddeness of gas-phase ion-molecule reactions,” Schwarz noted “There is actually
a continuum of ‘forbiddeness’ being largest when the affected electrons are localized on light
atoms, such as first row elements and much less so for the heavier 4f, 5d and 5f elements.”®* In
their seminal study of the 5d transition metal cations activating methane,’ Irikura and Beauchamp

opined “‘strong spin-orbit coupling in the heavy metals weakens the validity of basic concepts such



as total spin and electron configuration.” Indeed, my group has demonstrated that for several of
the 5d metal cation reactions, spin conservation can be quite weak. A notable example is the
endothermic dehydrogenation of methane by Re" (’S),% with the results shown in Figure 4. On the
basis of ab initio calculations, Figure 5, we found “dehydrogenation of methane by Re" appears to
require three spin changes along the lowest energy path available: Re* (’S) + CHs (‘A1) —
H-Re"~CHj; (PA") = (H)2ReCH>" (PA) — (H2)ReCH2" (°B1) = ReCH," (°By) + Ha (X, "). Despite
this requirement, the reaction is found to occur with high efficiency [86 + 10%], suggesting that
spin-conservation is not an impediment for reaction of this heavy metal system.” Thus, this study
provides some quantitative measure of how efficient the coupling between surfaces of different
spin must be for a heavy metal.

However, what about the converse? If the system were to start on the excited state surface,
is the spin-orbit coupling sufficiently complete that the system will remain on the excited surface
and not drop down to the ground state adiabatic surface? Some evidence that the system does not
remain on the adiabatic surfaces comes from the same study.® Here, a small amount of
electronically excited states of Re’ is observed to undergo exothermic dehydrogenation of
methane, Figure 4 (open symbols). The excited states must lie above 0.57 + 0.06 eV (the
endothermicity of the dehydrogenation reaction) and below 2.4 eV (the endothermicity of
formation of ReH"), which therefore includes several excited states of quintet spin starting at 1.7
eV excitation.®® This exothermic reaction occurs with an efficiency of only 0.08% compared with
the LGS collision cross section. This overall reaction efficiency includes both the amount of
excited state present and the efficiency of the coupling between adiabatic surfaces. Because the
former is not known quantitatively, the latter cannot be determined.

Kinetic energy dependence. It can be realized that the coupling between surfaces is
dependent on the kinetic energy at the surface crossing. The ability of GIBMS to examine the
kinetic energy dependence of reactions over a wide range has enabled us to measure this explicitly
on several occasions. One of the first clear examples was our study of the reactions of V* (°D) with

CS; and COS forming VS*.’ (Earlier examples showing many of the same features described here



occur for the reactions St + H, — SH™ + H,°® M™ + CO; — MO" + CO where M = V* and Nb,”°
and later examples include M + COS — MS™ + CO where M = Cr, Mn,”! Fe, and Co.”?) Because
Do(S-CS) =4.50 £ 0.02 eV*75 > Do(V'-S) = 3.72 £ 0.09 eV 76 > Dy(S-CO) = 3.17 £ 0.02 eV,”*
75 formation of ground state VS™ (°%") is endothermic in the reaction with CS, and exothermic with
COS. In the latter reaction, the cross section for the VS™ + CO product channel is barrierless, but
rather than declining with collision energy (E) as predicted by the LGS collision cross section,
namely as £/, it rather declines approximately as £-1°. (Figure 2 also shows this behavior for the
Fe" + C3Hg system.) In the CS; reaction, the VS™ + CS cross section exhibits a threshold providing
the endothermicity of the reaction (from which the VS™ bond energy was determined), but also
peaks at a low energy near 1.2 eV, Figure 6. Ordinarily, cross sections for such a simple exchange
reaction are found to peak at the bond energy of the bond being broken in the neutral (here, S-CS)
because this is where there is enough energy that the ionic product can begin to dissociate, thereby
leading to a decrease in the formation of stable product. Clearly, 1.2 eV is well below Do(S-CS) =
4.50 eV, such that some other factor is influencing the shape of the cross section. Modeling the
data using a modified line-of-centers (MLOC) approach®*-*? demonstrated that the addition of an
E'2 factor in the model was able to reproduce the data effectively, as shown in Figure 6.

Also displayed in Figure 6 is the observation of a distinct feature in the cross section at
higher energies that does reach a maximum near Do(S-CS). The COS reaction similarly showed
an increase in the formation of VS* starting at an energy near 0.9 eV, such that the threshold is
shifted down from that in Figure 6 by an amount consistent with the difference in the bond energies
of CS; and COS (1.3 eV). At the time, this observation was relatively unusual in GIBMS

experiments, although we had seen similar effects in other systems®-"°

and several related systems
since (see below). This led us to suggest that “the routes to the two products in question must differ
in some fundamental way.” Because ab initio calculations’® had predicted a L~ ground state for
VS* with the first quintet state (°IT) lying 1.37 eV higher in energy, we suggested that the two cross

section features could be attributed to formation of the two VS' electronic states. The

“fundamental” difference between these two processes is that formation of ground state products



from ground state reactants in reaction 1 is spin-forbidden, whereas formation of the excited state
in reaction 2 is spin-allowed.
V(D) +CSz2 (1Z%) —» VST(Z)+CS (ITh) (1)
— VS"(CI) + CS (1= 2)
Similarly, the reaction with COS leads to an exothermic and an endothermic feature in the cross
section for the same reason.

The additional E-'? energy dependence observed at low energy may therefore be
attributable to the spin-forbidden nature of reaction 1 and its COS analogue, likewise for Fe*(°D)
+ C3Hs. Ab initio calculations of the potential energy surface for the CS; system suggested that the
minimum energy crossing point (MECP) between the quintet and triplet surfaces lay near -0.6 +
0.1 eV relative to the V' (°D) + CS; entrance channel. A crude estimate for the spin-orbit coupling
constant (Hso) at the MECP geometry was obtained from additional ab initio calculations that
explicitly treated the different spin-orbit states. Those calculations suggested a coupling constant
of ~20 cm™ (0.0025 eV), which lies in the weak-coupling limit.””

Simple models that predict the probability of surface crossings include the Landau’s-
Zener”® (LZ)-Steukelberg®® model.*!

Prz = exp{-[c/(E - Ec)]'?} (3)
Here, c is a surface coupling term that depends on the energy gap between the adiabatic curves (2
Hso) and inversely on the difference in the slopes of the diabatic curves at the crossing point, E is
the relative kinetic energy of the reactants, and E¢ is the potential energy of the crossing point. Eq.
3 describes the probability for a single pass through the avoided crossing region, but as we
discussed,®” the energy dependences for a single, double, or infinite number of passes are all
approximately the same when in the weak-coupling limit (small ¢).

In the Landau-Zener model, the single dimension refers to the relative translational motion
of the reactants. For multi-dimensional surfaces, the component of the nuclear velocity

77,82,83

perpendicular to the surface-crossing seam, which determines the crossing probability, could

be vibrational rather than translational. However, it has been shown that the crossing probability
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between diabatic surfaces of different spin multiplicities has an (E - Ec)’”?> dependence for weakly
coupled diabatic surfaces regardless of the dimensionality of the hypersurface.®® ®* Further,
vibrationally-coupled, spin-forbidden charge-transfer reactions have been shown to exhibit £
energy dependences.®® Generally, in our GIBMS experiments, £ is essentially the translational
energy of the reactants such that the (£ - Ec)'? energy dependence is a general approximation to
the surface-crossing behavior that is appropriate for a variety of crossing mechanisms. Except at
very low collision energies, the (E - Ec)"'? energy dependence can be approximated by £2, which
matches the general behavior noted for the V* + CS; and COS and Fe* + CsHs reactions. In the
former study, various values of ¢ and Ec were tested and the results were insensitive to these
variations. We concluded that “as long as the spin-forbidden process exhibits a power-law energy
dependence, the empirical modeling appears to be capable of providing a reliable estimate of the
energy threshold, certainly within any typical experimental error.” Clearly the model accurately
reproduces the observed cross sections as well, Figure 6.

As noted above, observations similar to this have now been made for a number of heavy
element systems, where one might imagine that the spin-orbit coupling constant is higher (although
this has not been calculated theoretically). In particular, we have observed this behavior for the
reactions of several ground state lanthanide cations (Ln") (Ln = Gd,%* %7 Nd,* and Pr*’) with CO»,
isoelectronic with CS> and COS. The oxidation of the metal cation by CO> leads to the formation
of LnO" + CO. Because multiple covalent bonds are formed between Ln"™ and O (just as for V" and
S), the spin state of ground LnO" is generally lower than that of the ground state of Ln", such that
the adiabatic reaction is spin-forbidden and there is a spin-allowed process that occurs at higher
energies. As for the V© + COS reaction, this leads to a cross section for LnO" formation that
exhibits exothermic, barrierless behavior at low energies and then an increase in the cross section
at higher energies. For all three Ln* systems, the cross sections at low energies decrease as E™'. We
conclude that even though these heavy element systems should have higher spin-orbit coupling
constants than the vanadium system, the qualitative dependence on velocity (E'?) seems to be

maintained. Furthermore, even though spin clearly needs not be conserved, spin conservation does
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appear to influence the probability of the reactions, with spin-conserving reactions being more

probable, at least at high collision energies.

Are there other adiabaticities/diabaticities besides spin?

Plane of symmetry. Conservation of spin provides a useful paradigm for understanding
the unusual kinetic energy dependence of the systems described above; however, we have also
observed similar cross section features in systems where spin conservation cannot be an issue.
Figure 7 shows the example of Os* (°D) + O, (*Zy ) — 0sO" + O (*P).° Similar behavior has also
been observed for reactions of Re* (’S) + 02°! and more subtly for Ir" (°F) + 0,.%? In all these
systems, because the neutral reactants and products have triplet spin states, a manifold of MO*
electronic states can be formed by spin-allowed pathways. In the case of Os”, the reactants can
evolve along potential energy surfaces having quartet, sextet, and octet spin (s = 3/2, 5/2, 7/2,
respectively) depending on how the unpaired electrons in the two reactants couple. Because the
neutral product is also triplet spin, the intermediates can form OsO" products having doublet,
quartet, sextet, octet, and dectet spin (s = 1/2, 3/2, 5/2, 7/2, and 9/2, respectively). In the case of
0sO*, we calculated that the ground state was either °T*, *I1, or *® (all lying within 0.1 eV of one
another), with *ITs» being favored once spin-orbit corrections were made. Subsequent calculations
by Liu et al. support this assignment.”® Clearly, formation of OsO" (°Z") is spin allowed from
ground state reactants, but so are the *IT and *® states. Thus, the spin-forbidden reaction at low
energies and spin-allowed reaction at higher energies can no longer provide a rationale for the two
features observed in the reactions of Os* with O, and similarly for Re” and Ir".

When we first published these results, we also considered whether the two features might
result from excited state M" reactants or the formation of excited state O ('D), but these
possibilities could be eliminated in all three systems by varying source conditions and a
quantitative comparison of the energies. We also considered the nature of the potential energy
surfaces in the entrance channel where the O; bond is activated by insertion of the metal cation.

For Os" (°D), 60% of the surfaces have A’ (in-plane) symmetry and 40% have A"’ (out-of-plane)
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symmetry. Low-energy (lying below the energy of the reactants) pathways were found along both
A" and *A’ (*B2) surfaces leading to stable OsO," intermediates (*A; ground state and *B, and °A;
states). We imagine that at low kinetic energies, the reactants pass slowly through the crossing
regions, which allows spin inversion to be efficient and adiabatic behavior to ensue. In contrast,
surfaces having A" symmetry have no low-energy pathways and all surfaces exhibit some type of
barrier in the entrance channel. Thus, a plausible explanation for the two cross section features
observed experimentally is that the low-energy behavior corresponds to reactions along the A’
surfaces, which then decline as the energy gets higher, perhaps because spin-forbidden crossings
are needed or because the system becomes increasingly diabatic as the energy gets higher. The
high-energy cross section feature observed experimentally could then be associated with reactions
along the A"’ surfaces with possible contributions from mixing A" and A" surfaces via Coriolis
coupling. Coriolis coupling, a breakdown in the Born-Oppenheimer approximation where the
electronic motion lags out of the plane because of the fast rotation of the molecule, can occur at
high energy as identified in previous studies of Ar" /Kr" /Xe" + Ha/D»/HD reactions at energies
above 1-2 eV.’" % % For the M" + O, systems, the Re" and Ir" systems displayed similar
differences between the A’ and A"’ surfaces in the entrance channel, such that parallel explanations
hold.

To further explore whether the plane-of-symmetry explanation was viable, we pursued
several additional experiments. We first examined the oxidation reactions of these three metals
with CO ('Z%).%¢ As for the reaction with O, these triatomic reactions can evolve along both A’
and A" surfaces. Because this reactant has singlet spin, reactions that conserve spin are more
restricted than in the O, systems; however, because the C (*°P) atom neutral product still has triplet
spin, multiple spin states of the MCO" intermediate remain accessible. Thus, spin-allowed
pathways to form ground state MO™ are available for Os™ and Ir*, but formation of ReO" (*A) is
spin-forbidden from Re® (’S). Despite this, ground state products were observed at their
thermodynamic thresholds in all three systems and only one cross section feature was observed,

Figure 7. The latter observation was attributed to the high kinetic energies needed to break the very
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strong CO bond (11.11 eV”®) and form MO™. Because the reactions are endothermic by over 6 eV,
all calculated potential energy surfaces lie below the product energies such that there are no
surfaces with excess barriers, unlike the O systems where the endothermicities are small.

We next pursued the oxidation reactions with SO, with all three metal cations.”” This
oxidant has a singlet spin ground state and yields a SO neutral product with a triplet ground state,
such that the spin restrictions are the same as for the reactions with CO. Further, Do(O-SO) = 5.66
eV’ is similar to Do(O2) = 5.117 eV thereby minimizing any thermodynamic differences in the
behavior of these two systems. For all three metal cations, the reactions with SO, exhibit only a
single cross section feature, Figure 7. In contrast to the M"™ + O, and CO triatomic systems, the
four atom M" + SO» systems no longer have a plane of symmetry constraining their reactions, such
that there is no distinction between A’ and A” symmetries, consistent with the absence of two
features in the SO> systems. We concluded that the two endothermic features found in the M* + O
reactions is plausibly explained by the plane-of-symmetry argument.

Orbital diabaticity. Although an example of the phenomenon discussed in this section has
not been recognized for metal ion chemistry, I believe that this is because there is yet insufficiently
quantitative information available to allow its identification. This additional possible constraint on
reaction systems has been observed for dissociation of protonated hydrazine, NoHs".!% The
identification of the observed effect relies on the fact that the energetics of the processes are very
well known, unlike the situation for any system involving metals. Collision of NoHs" (and the
perdeuterated version) with Xe leads to homolytic N-N bond cleavage and the formation of NH3"
+ NH: followed at higher energies by heterolytic bond cleavage to yield NH>" + NHj;. The
threshold energy for the former product (average of the results from the perprotiated and
perdeuterated systems after zero-point energy corrections) was determined as 5.10 £ 0.18 eV,
which agrees well with reaction 5 but not the much lower energy reaction 4.

NoHs" ('A") + Xe — NH3* (*A2”") + NH2 (°By) + Xe 3.58+0.03 eV 4)

— NH;" PA2") + NHa (A1) + Xe 5.01+0.03¢eV (5)
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It can be seen that both of these reactions conserve spin, which means the failure to observe
reaction 4 is a consequence of some other constraint. Likewise, the threshold measured for NH,"
formation was 5.96 = 0.22 eV, which agrees with reaction 7 but not the lower energy reaction 6.

NoHs™ ('A’) + Xe — NH2' (°B1) + NH; (‘A1) + Xe 4.57+0.03 eV (6)

— NH" ("A1) + NH; ('A)) + Xe 5.83+0.03 eV (7)

Here, the explanation for the failure to observe reaction 6 may simply be spin conservation.

Theoretical calculations of the various potential energy surfaces for the products of
reactions 4 — 7 indicate that the NoHs* (1A”) molecule diabatically dissociates to the products of
reaction 7, the highest energy asymptote considered.!” Thus, formation of any other product
combination relies on crossings between diabatic surfaces, which exist for all these pathways. As
noted above, reaction 6 is spin-forbidden, and spin is surely a good quantum number for these light
atoms. To explain why reaction 5 was observed instead of reaction 4, our theoretical analysis
considered the N-N o bond being broken as well as the lone pair electrons, which have n-like
character, such that NoHs* ('A’) has a o?n® valence configuration. When the ¢ bond breaks
heterolytically in reaction 7, it forms NH>" ('A;, n?) + NH3 ('A4, 6%), which conserves the o’n?
orbital occupation. When the ¢ bond breaks homolytically, formation of NH3* (?A;"”, ¢') + NH»
(*B1, o’n') in reaction 4 does not conserve the orbital occupation, whereas formation of NH3"
(*A2", o)+ NH; (*A1, 6'n?) in reaction 5 does conserve the o’n? orbital occupation. (Interestingly,
for the unobserved reaction 6, formation of NH>* ('A4, o'n!) + NH3 (1A4, 6°) also does not conserve
the orbital occupation.) It is important to note that this orbital conservation is certainly influenced
by the high energies needed to induce dissociation. This means that the energized N>Hs" molecule
probably has a short lifetime, which directs the reaction along non-adiabatic (non-Born-
Oppenheimer) behavior. Indeed, in mass-analyzed ion kinetic energy spectrometry (MIKES)
experiments by Qiestand and Uggerud, the metastable fragments of NoHs™ (formed with extensive
amounts of internal energy) observed were dominant losses of H> and H along with weak loss of

NH and homolytic N-N bond cleavage.'®! Nevertheless, the observations made in these GIBMS
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experiments may extend to other systems, although the lack of adequate thermochemistry should

make such phenomena difficult to identify in many systems.

C-C coupling reactions on metals

Among the observations made by Irikura and Beauchamp in their landmark paper
exploring the reactions of the 5d transition metal cations with methane was oligomerization
reactions at room temperature.” Ta* and W' reacted readily to dehydrogenate four methane
molecules and the latter with up to eight. Ir" reacted rapidly to dehydrogenate two methanes and
up to three. Os" and Pt" reacted efficiently with only a single methane molecule, but
dehydrogenation reactions with up to 4 and 5 CH4 were observed, respectively. Re" reacts
endothermically with methane (see Figure 4) but ReCH:" reacts with an additional three methane
molecules. It was presumed on the basis of oxidation state arguments that C-C coupling was
involved in the higher order reactions, but no definitive experimental information to justify this
has been presented until recently.

Using infrared multiple photon dissociation (IRMPD) action spectroscopy, in collaboration
with Bakker, we have examined the products formed by 5d transition metal cations reacting with
methane. Early work established the structures of the primary dehydrogenation products,
[M,C,2H]", as “agostic” MCH>" carbenes for M = Ta and W (in which one CH bond donates its
electrons into an empty orbital on M), a classic Cay carbene for Pt, and carbyne hydrides (HMCH™)
for Os and Ir, where the latter also generated a small amount of an excited state Cay carbene.!%2-104
In addition, IRMPD spectra of [Au,C,2H]", generated by reaction of Au®” with oxirane (c-
C2H40),'% identified this species as a carbene, but rather than possessing a covalent double bond,
the Au™-CH> bond is a dative double bond, i.e., the lone pair of electrons on CH> (A1) donates
into the empty 6s orbital of Au* ('S, 54'°) and there is n-backdonation from Au” into the empty 2p
orbital on C.1% 197 (A reviewer comments that the dative designation may be “ambitious”. See also
refs. 19119 for additional examinations of this interesting molecule.) Notably, the rotational

structure of the observed vibrational bands was an important component of accurately reproducing
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the experimentally observed spectra from computational predictions of the vibrational
spectrum, !0 104
In subsequent studies, we have begun to examine the products formed by sequential

1 we examined the reactions of Pt in a molecular

reactions with methane. In our first such study,
beam apparatus in which the Pt" ions were formed by laser ablation, entrained in a flow of He,
exposed to methane in the source channel, and then expanded into vacuum. Product ions had
PtCyHan2" formulae where n=1—4, i.e., only a single dehydrogenation was observed. Comparison
of the experimental IRMPD spectra of these species indicated that the n = 2 — 4 species were
Pt(CH3)2(CHa)n2". Thus, the initially formed PtCH," species reacts with another CH4 molecule to
form the platinum dimethyl cation, which can then adsorb one or two additional methanes. Note
that the single dehydrogenation observed is in contrast to the observations of Irikura and
Beauchamp, but this difference could be attributed to the high-pressure conditions of the molecular
beam versus low-pressure conditions in the ICR experiments. This conclusion was confirmed by
later repeating the experiment using a different apparatus operating under low-pressure
conditions.!'? Now, both PtC2H4" and PtC4Hs" (but no PtC3Hs") were observed and shown to have
Pt'(ethene) and Pt'(ethene), structures. Thus, C-C coupling reactions were definitively
demonstrated. The failure to observe PtCsHs" (or PtC3Hs") suggests that this species reacts rapidly
with a fourth methane molecule under our experimental conditions.

Similar experiments have been conducted for Ir" reacting with multiple methane
molecules. In the molecular beam apparatus, IRMPD spectra were obtained for [Ir,3C,8H]",
[Ir,3C,10H]", [Ir,4C,10H]", and [Ir,4C,12H]".!"* As for Pt", the high pressure environment in this
experiment suppresses the sequential dehydrogenations that would lead to [Ir,3C,6H]" and
[Ir,4C,8H]". Comparison of these four spectra to those predicted by theory indicated that these
species have structures of IrCH>(CH3)2", HIr(CH3)3", Ir(CH3)2(C2Ha4)*, and a complex mixture of
structures, respectively. Notably, evidence of C-C bond coupling is evident for the reactions with

four methane molecules. Ongoing experiments conducted at lower pressures find the expected
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dehydrogenation products, [Ir,2C,4H]", [Ir,3C,6H]", and [Ir,4C,8H]", which all show evidence of
C-C bond formation.

Perhaps our most intriguing recent result is the observation that C-C bond coupling occurs
with Ru” in a low-pressure environment.''* This is surprising because the dehydrogenation reaction
of Ru" with methane is endothermic by 1.14 + 0.05 eV,'!*> which seems like it should shut down
the sequential reactions performed at thermal energies. Nevertheless, we observe formation of
[Ru,2C,4H]", identified as the Ru" ion with an ethene ligand attached, and [Ru,4C,6H]", assigned
to a Ru(n*-cis-1,3-butadiene)” complex. Calculations indicate that the barrier toward formation of
Ru(C2H4)" + 2 Hz is 0.80 eV above the energy of the ground state Ru” (*F) + 2 CHy reactants,

suggesting that the reactants have considerable energy, perhaps in the form of electronic excitation.

What role do f orbitals play in metal ion chemistry?

Asnoted above, several ground state lanthanide cations (Ln") (Ln = Gd,*%%" Nd,* and Pr®)
are oxidized by CO; to exhibit both an exothermic and prominent endothermic cross section
feature. One question that arises in these studies is the role that the forbitals play. In the exothermic
reactions forming LnO" with COs, it can be realized that the ground state lanthanide cations do not
have the appropriate atomic orbitals occupied to form the strong LnO" triple bond. The latter
utilizes two 5d orbitals on Ln coupled with the four 2p electrons from the oxygen atom. Most Ln"
ground states have a single 6s orbital occupied with the remaining valence electrons in the 4f
orbitals. Gd* is an exception because the stability of the half-filled 4f orbitals leads to a 4 5d’ 6s’
ground state configuration. In all cases though, the surfaces evolving from ground state Ln* must
couple with those evolving from an excited state having a (4/"5d°) configuration in order to form
ground state LnO" exothermically. This concept leads to the intriguing notion that the f orbitals
can potentially play a role as both sources and sinks of electrons during such chemical reactions.
In this regard, lanthanides, and by extension actinides (An), might be more versatile catalysts than
transition metals because of such electronic flexibility. However, this requires that electrons can

move readily from f orbitals into d orbitals when needed and vice versa when they are not. Such



18

transitions are parity forbidden spectroscopically, but is such coupling between orbitals facile
during a reaction?

Two of our studies have begun to try to answer this question in a more quantitative way. In
our study to determine the SmO™ bond energy, we found that reaction 8 exhibited a barrier, even

17 indicate the

though our initial GIBMS!'® and subsequent photodissociation measurements
overall reaction is exothermic (by 0.143 + 0.004 eV).
Sm’+CO2 — SmO" +CO (8)

Note that this observation contrasts with the exothermic and barrierless behavior noted above for
the analogous reaction with Gd*, Pr’, and Nd*. A more detailed study of process 8, its reverse, and
of the Sm"(CO2) and OSm*(CO) intermediates showed that the reverse of reaction 8 also exhibits
a barrier, which is larger than the forward reaction by the exothermicity of reaction 8.!'® 4b initio
calculations (Figure 8) indicated that this barrier corresponded to the crossing between the surfaces
evolving from the ground state Sm"* (®F, 4f°6s!) + CO» ('X;") asymptote and that evolving from
Sm" (4£°5d%), which diabatically correlates with the ground state SmO™ (°A) + CO ('Z") products.
Thus, the overall reaction is spin-forbidden (as is also the case for the formation of GdO™, PrO",
and NdO™ at low energies), but in this case, the crossing between the surfaces is measured to lie
1.77 £ 0.11 eV above ground state reactants, consistent with the minimum energy crossing point
(MECP) calculated as 1.47 eV. The appreciable barrier is a result of the large excitation energy of
the Sm™ (4£°5d?) state, 2.35 eV.!!” In contrast, the excitation energies for Gd*, Pr*, and Nd" are
more modest at 0.55, 0.73, and 1.20 eV,** respectively, such that the comparable curve crossing
can occur below the energy of the reactants.

Examination of the isovalent reaction of Sm* (°F, 4f°6s!) with COS reveals a similar result
for reaction 9.!%°

Sm"+COS — SmO" + CS 9)
— SmS*+CO (10)

Here, the reaction is endothermic by 1.28 + 0.04 eV and yet the SmO™ product is not observed

until 2.8 £ 0.3 eV, 1.5+ 0.3 eV above the thermodynamic threshold, Figure 9. Note that this excess
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energy is comparable with the barrier observed in the CO; reaction, 1.8 = 0.1 eV, and therefore we
attribute it to the same origins, namely a crossing between the potential energy surfaces evolving
from ground and excited state reactant asymptotes. Theory is consistent with this, although a
specific MECP could not be located.

Contrasting with this behavior is the cross section for reaction 10, Figure 9. Now the
reaction is exothermic by 0.23 £ 0.09 eV given Do(SmS*) = 3.37 + 0.09 eV.'?! In contrast to
reaction 8, which is exothermic by a similar amount, reaction 10 proceeds with an efficiency of 26
+ 9% compared with the collision cross section calculated using the trajectory method that
accounts for the dipole moment of COS.!?? This efficiency is invariant with kinetic energy (up to
0.4 eV), as measured by GIBMS cross sections (Figure 9), and or temperature (200 — 600 K), as
determined by variable-temperature selected ion flow tube (VT-SIFT) rates. Note that the SmS™ +
CO product asymptote lies 1.5 + 0.1 eV below the SmO™ + CS asymptote, such that if the surface
crossing drops by a similar amount, there is no longer a barrier (within the experimental uncertainty
of ~0.4 V), consistent with observation. At higher collision energy (above ~0.5 ¢V), the SmS*
cross section increases to match the collision limit. This cross section feature can plausibly be
assigned to formation of the spin-allowed SmS* (*T') + CO ('=*) products, which are calculated to
lie at an energy of 0.53 eV above ground state reactants. We concluded that the weakness of the
OC-S bond coupled with the higher polarizability of the sulfur atom compared to oxygen allowed
the system to create radical character more readily on the sulfur center compared to oxygen. This
lowers the energy for formation of covalent bonds between Sm" and S, which also requires
coupling with the sextet surface evolving from the excited Sm* (4f°5d%) asymptote. Overall, we
conclude that the ability of reaction systems to move electron density in and out of f orbitals is
dependent on the details of the specific reaction involved and on the promotion energies associated
with the electron configurations most conducive to bond formation.

Another question that arises in studies of Ln and An chemistry is whether f orbitals can
participate directly in their reactions. In general, it is thought that the 4f orbitals of the lanthanides

are too compact to participate broadly in bonding, whereas the 5f orbitals of the actinides can
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participate, increasingly so as one moves to the right in the periodic table. Indeed, we have
demonstrated the participation of 5/ orbitals in our measurements of the bond energies of ThO>",
Do(Th™-0) = 8.57 + 0.14 eV'® and Do(OTh"-0) = 4.94 + 0.06 eV.'?* (Notably, the ThO* + O
endothermic reaction used to determine the latter bond energy has a ThO>" + O cross section that
exhibits two distinct features. Here, entropic arguments were used to suggest enhanced formation
of an electronically excited state of the ThO," product.) This thermochemistry was compared with
that for the group 4 transition metal cations as they all have three valence electrons. TiO>" and
ZrO," both have second oxide bonds that are one-half of the first oxide bonds. This can be
explained by the fact that these molecules have bent structures that utilize the d orbitals to form
multiple metal-oxygen bonds. In the dioxides, the same set of d orbitals are shared by the two
oxygen ligands, leading to the decrease in the bond energy. In contrast, calculations indicate that
ThO," is a linear molecule, which has been demonstrated previously to indicate f orbital
participation.'?> 126 Furthermore, we find that the second oxygen bond is 0.58 times as strong as
the first oxygen bond, i.e., enhanced compared to the 0.50 factor found for the transition metals.
Thus, 5f orbital participation (five electrons in two my, and one ou molecular orbitals) enhances the
second oxygen bond by 1.5 eV (after accounting for the promotion energy needed to put Th* in
the appropriate configuration for bonding), which is appreciable but still much weaker than the
covalent bonds formed using the 6d orbitals.

In contrast to their potential electronic flexibility, these heavy elements may have their
reactivity restricted by their mere size. We have recently studied the reactions of Th™ and U* with
SFe and CF4.'?" 128 Multiple fluorine and fluoride transfer reactions were observed at thermal
energies in the SFs systems (yielding AnFx" and SFy" product ions) consistent with the
exothermicity of these processes. In contrast, although comparable reactions are strongly
exothermic for reaction with CF4, both Th* and U" formed only AnF" at thermal energies with
reaction efficiencies of only 0.1%. Additional fluorine and fluoride transfer reactions (yielding

AnFy" and CF," product ions) exhibited appreciable barriers (near 2 €V). The origins of this
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behavior are not completely understood although we suggested that the short CF bonds did not

permit facile activation by the relatively large actinide cations.

Conclusions

As alluded to above, although early work in my laboratory was able to study state-selected
reactions of the 3d transition metal cations, to date, no specific excited state chemistry has been
explored for heavier (4d, 4f, 5d, 5f) metals, except for Y* ('S, *D), which we have studied with
silane, Mo" (S, *G), which we have studied with methane,'?® and Au" ('S, *D), which has been

130. 131 and my group with Oz and N,O."3? In

studied by Taylor and co-workers with methyl halides
all cases, except Mo", variations in the ion source enabled different populations of the states to be
generated and then quantitatively separated. Such a procedure does not work for most heavy
elements because spin-orbit interactions interleave the different J levels of a single electronic term.
Au' is an exception because the splitting of the 'S and D states is unusually large (>1.8 eV). Y*
is an exception because the flow tube source generates a nearly pure beam of ground state 'S
whereas a surface ionization (SI) source makes mainly °D, with some contributions from 'S and
'D because the degeneracy of the °D state (15) is so much higher than 'S (1). In the case of Mo®,
ion source variations (different electron ionization energies of Mo(CO)s) were combined with ion
mobility separation to compare the °S and *G states, both of which have 4d° electron
configurations. The ability of ion mobility to separate electronic states with different

configurations'?

should be a valuable approach for many more heavy elements.

In all of these studies, it would be desirable to provide a more quantitative evaluation of
spin-orbit coupling as one moves throughout the periodic table. As mentioned above, a quantitative
predictive ability with regard to whether a system (both ground and excited electronic states) will
behave diabatically or adiabatically is presently absent. Further, how these tendencies change with

the energy or temperature of the system is needed and will provide better tests of the simple LZ

model.
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In this feature article, I pointed out that we have observed several interesting effects that
are only evident when the kinetic energy of the system is varied over a wide range. In some cases,
these can probably be identified as spin-forbidden versus spin-allowed reactions, but in other cases,
changes in the qualitative nature of A" versus A" surfaces may be operative and in still others, an
interesting orbital diabaticity may be in play. Clearly, it would be of interest to test our hypotheses
with additional spectroscopic or reactive characterizations of the species formed at these high
energies.

The oligomerization reactions first noted by Irikura and Beauchamp’ deserve further
attention because the ability to activate methane and then induce C-C coupling reactions is of
technological importance. Several additional 5d metals need to be compared with the already
studied Pt" and Ir", to contrast and compare what kinds of products are feasible. Perhaps most
intriguingly, the observation that under certain conditions an unreactive atomic element like Ru”
can undergo these reactions indicates that many species and associated reaction conditions are
worthy of further exploration.

Studies of the lanthanides and actinides as components of catalysts remain intriguing with
regard to the role that the f orbitals play. More quantitative understanding of how strongly the f
orbitals participate in bonding is needed. A better appreciation for limitations in the motility of
electrons between different types of orbitals would be insightful.

The work suggested here could easily be extended to small metal clusters, which have been
shown to exhibit changes (sometimes drastic) in their reactivity. The quantitative comparison of
such gas-phase studies (for neutrals, cations, and anions) to ongoing work on single atoms and
clusters deposited on substrates would be valuable. Such comparisons could elucidate the effects
that the substrate has on the reactive species, as well as evaluate the charge state of the deposited
species. Such insight could allow further developments in the overall reactivity and specificity of

the catalytic processes.
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Figure 1. A schematic of one of our GIBMS instruments showing the major components. Shown
for the source is an electrospray ionization, rf ion funnel, rf hexapole source. Pumping is

indicated by the ports with wavy lines.
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Figure 2. Cross sections for exothermic reactions of Fe™ and propane as a function of kinetic
energy in the center-of-mass (lower scale) and laboratory (upper scale) frames. Symbols show

results for Fe"(°D) (blue circles) and Fe*(*F) (red triangles). Open black symbols show results for
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Fe" produced in the surface ionization (SI) source. The dashed line shows c16s divided by 4 and

the full blue line shows an energy dependence of E™!. Vertical bars show approximate

uncertainties in the derived cross sections for reaction of Fe*(*F). Adapted with permission from

ref. ¥*. Copyright 1987 ACS.
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Figure 3. Qualitative potential energy surfaces for the state-specific reaction of Fe™ and propane.
Full lines represent the adiabatic surfaces while dashed lines show the quartet and sextet diabatic

surfaces. Reproduced with permission from ref. *°. Copyright 1987 ACS.
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Figure 4. Cross sections for the dehydrogenation reaction of Re” with CDs as a function of
kinetic energy in the center-of-mass frame (lower axis) and laboratory frame (upper axis).
Results are shown for Re" produced without (open circles) and with (closed circles) methane
added to the flow tube source. At low energy, the line shows the LGS collision cross section
scaled down by a factor of 1300. At higher energies, the lines are the results of phase space
calculations (PSC) including (solid lines) and excluding (dashed line) the kinetic and internal
energy distributions of the reactant neutral and ion. Above ~3 eV, the two lines show the PSC
with (lower line) and without (upper line) competition with formation of ReD* + CD3.

Reproduced with permission from ref. ®°. Copyright 2004 ACS.
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Figure 5. [ReCH4]" potential energy surfaces (blue dash-dot, green solid, and red dashed lines

for septet, quintet, and triplet spin, respectively) derived from theoretical results except for the

ground state product asymptote, which is experimental. Circles indicate approximate crossing

points between surfaces. Adapted with permission from ref. %°. Copyright 2004 ACS.
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Figure 6. Total cross section (symbols) for reaction of V" with CS; as a function of kinetic
energy in the center-of-mass (lower axis) and laboratory (upper axis) frames. The estimated 0 K
cross sections for formation of VS* (") and the sum of VS* (°IT) + VCS™ are shown by the
broken lines. The full line shows the sum of these after convolution over the experimental
internal and kinetic energy distributions. At threshold, the dashed lines show contributions from
both the V" (°F) excited state and V* (°D) ground state. The vertical arrow indicates the bond

energy of CS; at 4.50 eV. Adapted with permission from ref. ®’. Copyright 1999 AIP.
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Figure 7. Product cross sections for the reactions of SO (green inverted triangles), O (blue
circles), and CO (red squares) with Os* (°D) as a function of the center-of-mass frame energy
minus the BDE of the neutral reactant (solid vertical line), which aligns the threshold energy for
all three systems (dashed vertical line). Adapted with permission from ref. *’. Copyright 2020
ACS.
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Figure 8. Potential energy surfaces as a function of the OSmC bond angle for the reaction of Sm”*
with CO> corrected for the SO splitting of the ®F1/> level. Red and blue lines indicate surfaces of
sextet and octet spin, respectively. Thick short horizontal lines indicate experimentally determined
energies. Dark green lines show dissociation to the SmO" + CO asymptotes, with the dashed
portions no longer corresponding accurately to the OSmC bond angle. The dashed light green line
shows the sextet surface for an electron configuration with five 4f’electrons at the same geometries
as those with six 4f electrons (solid light green line). The minimum energy crossing point (MECP)

is indicated by the green circle. Adapted with permission from ref. '2°. Copyright 2018 ACS.
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Figure 9. Cross sections for the reaction between Sm™ and COS as a function of energy in the
center-of-mass (lower x-axis) and laboratory (upper x-axis) frames. The solid black line shows the
collision cross section calculated using the trajectory model of ref. 122, The vertical arrow indicates
the thermodynamic threshold for SmO™ + CS formation at 1.28 V. Adapted with permission from

ref. 120, Copyright 2018 ACS.
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