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The controlled activation of methane has drawn significant attention throughout various
disciplines over the last few decades. In gas-phase experiments, the use of model
systems with reduced complexity compared to condensed-phase catalytic systems
allows us to investigate the intrinsic reactivity of elementary reactions down to the
atomic level. Methane is rather inert in chemical reactions, as the weakening or
cleavage of a C—H bond is required to make use of methane as C;-building block. The
simplest model system for transition-metal-based catalysts is a mono-atomic metal ion.
Only a few atomic transition-metal cations activate methane at room temperature. One
of the most efficient elements is tantalum, which forms a carbene and releases
molecular hydrogen in the reaction with methane: Ta* + CH; — TaCH," + H,. The
reaction takes place at room temperature due to efficient intersystem crossing from the
quintet to the triplet surface, i.e., from the electronic ground state of the tantalum
cation to the triplet ground state of the tantalum carbene. This multi-state reactivity is
often seen for reactions involving transition-metal centres, but leads to their theoretical
treatment being a challenge even today. Chemical reactions, or to be precise reactive
collisions, are dynamic processes making their description even more of a challenge to
experiment and theory alike. Experimental energy- and angle-differential cross sections
allow us to probe the rearrangement of atoms during a reactive collision. By

“RPTU Kaiserslautern-Landau, Fachbereich Chemie und Forschungszentrum OPTIMAS, Erwin-Schrodinger Str.
52, 67663 Kaiserslautern, Germany. E-mail: jennifer.meyer@chem.rptu.de; Fax: +49 631 205 2750; Tel: +49
631 205 4211

*Universitdt Innsbruck, Institut fiir Ionenenphysik und Angewandte Physik, Technikerstr. 25, 6020 Innsbruck,
Austria

+ Electronic supplementary information (ESI) available: Fig. S1: reaction coordinate for Ta" + CH,4
including stationary points of lower importance. Fig. S2: internal energy distributions. Fig. S3: direct
comparison of internal and TaCH,' energy distributions and mean values of the respective
distributions. Fig. S4: velocity distribution for Ta" + CH, at E,q = 1.0 eV for selected reactant ion
velocity subsets. Fig. S5: graphical error representation of product ion velocity distribution. Table S1:
time-of-flight values for species of interest. Table S2: benchmarking relative energies (in eV) for three
multiplicities in [TaCH,4]". Table S3: benchmarking of reaction energies (in V) including Ta-H and
Ta-C bonds. Cartesian coordinates and energies for optimized structures for Ta" + CH,. See DOL
https://doi.org/10.1039/d3fd00171g

This journal is © The Royal Society of Chemistry 2024  Faraday Discuss., 2024, 251, 587-603 | 587


http://orcid.org/0009-0007-1549-9149
http://orcid.org/0009-0003-8207-8118
http://orcid.org/0009-0000-4098-4292
http://orcid.org/0000-0002-4801-3068
http://orcid.org/0000-0003-1303-2370
https://doi.org/10.1039/d3fd00171g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00171g
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD024251

Open Access Article. Published on 20 Mai 2024. Downloaded on 06/02/2026 06:59:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

interpreting the scattering signatures, we gain insight into the atomistic mechanisms and
can move beyond stationary descriptions. Here, we present a study combining collision
energy dependent experimentally measured differential cross sections with ab initio
calculations of the minimum energy pathway. Product ion velocity distributions were
recorded using our crossed-beam velocity map imaging experiment dedicated to
studying transition-metal ion molecule reactions. TaCH," velocity distributions reveal
a significant degree of indirect dynamics. However, the scattering distributions also
show signatures of rebound dynamics. We compare the present results to the oxygen
transfer reaction between Ta* and carbon dioxide, which we recently studied.

1 Introduction

Methane CH, as a major natural carbon feedstock is currently primarily used as
fuel, but methane is also a valuable C;-feedstock for the chemical industry as
natural oil resources diminish over the next few decades. However, the effective
chemical conversion of methane comes with the challenge of selective activation
and chemical modification of methane. CH, is chemically rather inert, with one
of the strongest C-H bonds, ie., a bond dissociation energy (BDE) of 4.5 eV.!
Additionally, it has no dipole moment, no appreciable quadrupole moment,
a very low polarizability (2.593 A%),* and an ionization energy of 12.6 eV.? All this
makes methane practically inert in chemical reactions and necessitates the use of
catalysts for economical chemical transformations. Herein lies the challenge of
selectivity: at least one chemical bond in most reaction products is more reactive
than the C-H bond in methane, which makes the selective activation of methane
an ongoing field of research across various disciplines of chemistry.>” If we very
crudely sort the studies by objective, we can classically sort them either as
improving on catalyst performance or on understanding the molecular processes
happening during elementary reactions. Separating out individual influences or
molecular mechanisms in a condensed-phase environment is challenging due to
the high complexity of the catalyst material, many participating reactants and the
reaction conditions.”® This necessitates the design and use of model systems in
well controlled environments to single out elementary reaction steps and inves-
tigate the properties of the catalyst as a function of the chosen conditions. One
way to negate the influence of an environment is to not have one in the first place,
that is to move the reaction into the gas phase. Small clusters present one possible
model system for heterogeneous catalysts and have been explored since the early
days of cluster chemistry.>* To achieve better control over the composition of the
cluster, ionic clusters are used, and by means of mass spectrometry the compo-
sition can be easily determined. Numerous techniques have been used to study
the activation of methane by transition-metal clusters covering the periodic
table.>>**° It has been found that the elements of the 5d series are particularly
reactive, down to the smallest possible model system: the mono-cation M", 15212
While the ion, due its high charge density, is commonly more reactive than the
corresponding condensed phase of the element, it allows us to concentrate on the
intrinsic reactivity of the element towards methane. Hence, the mono-cation
presents the ultimate single-site catalyst.™

The reaction of methane with the mono-cations of the 5d series is highly
efficient and the thermal rates are close to, or on the order of, the collision
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rate.'>??>2627 At Jow collision energies, the main product channel is a species with
the formal composition [M,C,2H]" and molecular hydrogen H,. Thermodynamic
arguments and recent spectroscopic investigations showed that the
carbene M=CH, is the favoured isomer compared to the carbyne H-M-CH".?* In
the case of tantalum, the carbene structure has no C,, symmetry but is slightly
distorted due an agostic interaction between one of the hydrogen atoms and the
tantalum cation.

Ta" + CH; — TaCH," + H, (1)
Ta+ + CD4 - TaCD2+ + D2 (2)

Here, we present reactive scattering experiments using a crossed-beam 3D
velocity map imaging set-up. This experimental technique allows us to gain
insights into the energy- and angle-differential cross sections (DCS) of a reactive
collision.”®**> While the integral cross section, thermal reaction rate, structures of
reaction products, and partly intermediates have been thoroughly investigated,
direct experimental investigations into the dynamics of reactions (1) and (2) are
missing. A reactive collision is an intrinsically dynamic process, and information
on the dynamics of a reaction can be extracted from the DCS that is otherwise
hidden or very hard to extract.**** By interpreting the experimental velocity
distributions with respect to the product ion speed and scattering angle, we can
identify dynamic fingerprints. These encode information on the atomic-level
rearrangement during the reaction, and on energy partitioning between the
translational and internal degrees of freedom. Today, studies on the dynamics of
ion molecule reactions by reactive scattering experiments are possible.**** In the
early 2000s, Weisshaar and co-workers investigated the reaction dynamics of
transition-metal ions with hydrocarbon molecules using crossed-beam imaging.
However, the experiment focused on cobalt and nickel cations in reactions with
C;-C,-hydrocarbons.**** The chemistry is dominated by the activation, that is
cleavage, of the C-C bond and not the C-H bond. Early work by Armentrout and
co-workers investigating integral cross sections of reactions between transition-
metal ions and methane CH,, molecular hydrogen H,, and small hydrocarbon
molecules with a C, backbone showed that the reactivity of methane much more
resembles that of molecular hydrogen than that of the longer-chain hydrocarbon
molecules."*>*¢ A recent study by us revealed that the activation of carbon dioxide
CO, by the tantalum cation is dominated by indirect dynamics despite the reac-
tion rate being close to the collision rate*” and the reaction being exothermic by
more than 2 eV. We found a near constant kinetic energy release and that about
60% of the available energy is partitioned into internal degrees of freedom. We
postulated that the reaction is trapped in the entrance well and that either the
submerged barrier or the crossing point from the quintet to the triplet state is
acting as an efficient bottleneck.”” This shows again that experiments are
important because chemical intuition and interpretations of stationary properties
alone can be misleading”*®* and underestimate the influences exerted by
submerged barriers.* The mentioned multi-state reactivity is an accepted
phenomenon in transition-metal chemistry.*® If the reaction on the electronic
ground state is associated with a high barrier, intersystem crossing (ISC) can
occur and quite efficiently. ISC is, for example, assumed to happen with nearly
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unit probability for the heavy 5d elements. Similar to the reaction Ta" + CO, —
TaO" + CO, the reaction with methane forming the carbene is only possible at
room temperature assuming ISC.>* The efficiency of carbene formation in reac-
tion (1) is similar to that of TaO" being formed in the oxygen atom transfer
reaction. Reaction (1), however, is far less exothermic, and one might consider it
even thermoneutral (see Fig. 1). Furthermore, the carbene formation is chemi-
cally much more evolved because it requires the cleavage of two C-H bonds and
the subsequent formation of two new bonds and the release of molecular
hydrogen from the tantalum ion. The mechanism resembles a classic two-step
process of organometallic chemistry: (1) oxidative addition by insertion of the
tantalum ion into a C-H bond followed by migration of a second H-atom to the
metal centre and (2) reductive elimination of molecular hydrogen from the metal
centre.”?

Here, we present energy- and angle-differential cross sections as a function of
collision energy for reaction (1), measured by velocity mapping the TaCH,"
product ion. The reaction is dominated by product ions isotropically scattered
around the centre-of-mass, which is a fingerprint of indirect dynamics. However,
we observe more anisotropy in the angular distributions than in the reaction with
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Fig. 1 Reaction pathway for Ta* + CH, — TaCH,"* + H, with structures of the stationary
points along the reaction coordinate (ie., for the pre-reaction complex (entrance
channel), intermediates and post-reaction complexes, as well as the transition states) for
the quintet surface (blue), triplet (red) and singlet (black). (Elements are denoted as follows:
Ta = pink, carbon = orange, and hydrogen = white; structural data can be found in the
ESIT). Energies are given in electron volts relative to the isolated ground-state reactants
5Ta* + CH,. The given reaction energy of E(°Ta™) = —0.3 eV and energy splitting between
5Ta* and 3Ta" are used for calculating the kinematic cut-offs displayed in Fig. 2. Calculated
at the CCSD(T)//B3LYP level (for details, see Methods). The energy of the transition states
below the local minima is induced through the zero-point energy correction. The reaction
pathway including transition states of lower importance is given in Fig. S1.§
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Ta" + CO,, which hints at some more direct dynamics contributing. The velocity
distributions and derived integrated angular and energy distributions are not as
clear regarding their interpretation as for Ta" + CO,, with some of the scattering
signal found outside the energy range defined by the so-called kinematic cut-off.
The experiments are complemented by ab initio calculations of the minimum
energy path of reaction (1) for three spin multiplicities (quintet/triplet/singlet) of
the tantalum cation Ta'. We will first briefly introduce the experimental and
theoretical methods used in the present study. The results section will begin with
a discussion of the minimum energy pathway and is followed by the experimental
results on the title reaction and a comparison to Ta" + CD,. We will finish with
a discussion of the recent results in comparison to the oxygen atom transfer
reaction with CO, and conclude with an outlook on future experiments.

2 Methods

2.1 Experiment

In this experiment, we combine crossed beams with 3D velocity map
imaging.****** We generate an ion beam with a home-built laser vaporization
source.”**” The second harmonic of an Nd:YAG laser (532 nm, 20 Hz, = 4 mJ per
pulse (5 x 107 W em™2)) is focused on a rotating tantalum target. The ions in the
produced plasma are extracted by a synchronized transverse helium pulse (8 bar
of helium, 40 us) into the interaction region of the source. The ion beam passes
through an expansion channel (61 mm length, 2 mm diameter) where the ions
undergo about 10" collisions with helium before expanding into the high vacuum
(approx. 5 x 10~® mbar in operation).” So far, we have no direct control over the
electronic states of the produced tantalum cations. However, it is assumed that no
significant amounts of electronically excited tantalum cations are produced, as
the formation of electronically excited tantalum cations is not only energetically
demanding, but also statistically disadvantaged.»*” The conditions of the ion
source are adjusted in such a way that tantalum cations are generated and the
formation of ionic tantalum clusters is suppressed at the same time. The ion
beam passes through an aperture before it is focused by several Einzel lenses and
deflectors, and finally transferred to the interaction region of the velocity map
imaging spectrometer. In this process, the energy of the ion beam and to some
degree its angle can be adjusted. The ion beam is characterised by velocity
mapping. In the interaction zone, the ion beam is crossed with a neutral beam
generated using a home-built piezo valve.”® Pure CH, is expanded and enters the
interaction zone through a skimmer. The molecular beam can be characterized in
a similar way to the ion beam; the ionization of the neutral beam takes place by
non-resonant electron impact ionization. The two beams are crossed at an angle
of =150° and the resulting product ions are then accelerated perpendicularly in
the direction of the time- and position-sensitive detector unit. The detector unit
consists of a combination of microchannel plates and a phosphor screen with
a camera to record the position of ion impact, as well as a photo multiplier tube to
record the time of arrival. All three velocity components can then be extracted
from the measured data sets in such a way that the Newton sphere can finally be
reconstructed.® The analysis of the recorded data is based on an established
routine from Wester and co-workers.****** The recovered 3D Newton spheres are
visualized in 2D representations, where the velocity distributions of the product
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ions are represented as 2D histograms using the velocity component v, and the
radial velocity v, (which is obtained from the velocity components v, and v,). An
integration of the original distributions over the solid angle or the energy gives
the 1D histograms, which are normalized to the unit area if not stated otherwise.

2.2 Theory

Minima and transition states along the Ta" + CH, reaction pathway were opti-
mized employing density functional theory (DFT) with the B3LYP functional and
the aug-cc-pVTZ basis set on C and H, and the ECP60MDF_AVTZ basis set on Ta.*
To obtain more accurate electronic energies, single-point recalculation at the
coupled cluster level, CCSD(T), with the same basis set was performed, employing
the zero-point energy correction as obtained at the DFT level. This approach was
shown to work reasonably well for the [TaCO,]" system.?” Further benchmarking
is provided in the ESI,} including comparison to multi-reference calculations and
a comparison of Ta-H. Armentrout and co-workers also did benchmarking for
reactants and/or products participating in the present reaction.?** To make sure
that the lowest-lying solution of the electronic Schrodinger equation was obtained
in the given spin multiplicity, wave-function stabilization was performed prior to
every single-reference calculation. Single-reference calculations were performed
in the Gaussian quantum chemical program,” and multi-reference ones in
Molpro.®**

3 Results and discussion

The carbene TaCH," formation is the dominant reaction pathway for methane
with 5d transition-metal cations. A conceivable reaction all the way to the carbide
TaC" is endothermic by more than 3 eV. Three spin states have been considered
by us for reaction (1): quintet, triplet and singlet. The respective structures and
energies of the stationary points are shown in Fig. 1. If we look at the product ion
TaCH,", the energies of the triplet and singlet states are indistinguishable from
each other. The whole reaction pathways for the triplet (red trace) and singlet
(black trace) states go in parallel, while the quintet (blue trace) follows a some-
what different pathway. The reaction of °Ta* with methane is associated with
a barrier of almost 1.5 eV, whereas starting from the triplet state *Ta" (or singlet
state 'Ta"), the reaction shows all the features common to an exothermic gas
phase ion molecule reaction with all transition states submerged relative to the
free reactants. Intersystem crossing (ISC) has to occur before the first transition
state on the quintet surface for the reaction to efficiently happen at room
temperature (Fig. 1). The crossing is only reasonably possible in the vicinity of the
first triplet transition state, which is related to the formation of the first
hydrogen-tantalum bond. Crossing to the singlet surface is possible but unlikely
because it lies higher in energy and can be assumed to have a lower crossing
probability compared to crossing to the triplet surface because two spin flips are
required. The crossing to the triplet surface is the commonly assumed pathway
and *[HTaCH;]" is formed as an intermediate.?>*®® Subsequently, a second
hydrogen atom moves to the tantalum atom which leads to [H,TaCH,]", from
which molecular hydrogen is eliminated. Two isomers are possible for the
[Ta,C,2H]" product but the carbene [TaCH,]" is the lower energy isomer compared
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to the carbyne [HTaCH]". Preferential carbene formation for [TaCH,]" has also
been spectroscopically confirmed.?

Here, we present angle- and energy-differential cross sections for the title
reaction (reaction (1)) from which we can gain insight into the dynamics of the
carbene formation. We studied the reaction as a function of relative collision
energy (0.7 eV, 1.1 eV and 1.3 eV). The product ion velocity distributions together
with the integrated angular distributions are given in Fig. 2.

At the lowest investigated relative collision energy, we observe an isotropic
distribution of the TaCH," around the center-of-mass (Fig. 2a). This velocity
distribution is a common signature for indirect dynamics.” In this atomistic
mechanism, the reactants form a long-lived complex, whose lifetime outlasts
several rotational periods. The complex subsequently decays statistically in all
spatial directions. During the complex’s lifetime, kinetic energy can be efficiently
redistributed into rotational and vibrational modes of molecular products, here
TaCH," and H,. This specific symmetric signature has already been observed in
other ion-molecule reactions®***”*>7® and is usually associated with small impact
parameter collisions and efficient transfer of angular momentum of the collision
into rotational angular momentum of molecular products.”*' The isotropic
scattering becomes even more obvious in the integrated angular distribution,
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Fig. 2 Experimental differential cross sections. The velocity distributions of TaCH,*
three different relative collision energies (0.7 eV, 1.1 eV and 1.3 V) are shown in the top
row (a—c). The superimposed circles show the kinematic cut-off for the reaction between
5Ta* and methane (green), and *Ta* and methane (orange). The bottom row (d—f) shows
the corresponding angular distributions for the respective collision energies (black line).
The green histogram shows the angular distribution of the events within the kinematic
cut-off assuming °Ta*, that is the events within the green circle. The simplified Newton
diagram at the top indicates the relative orientations of the reactant beams and the
TaCH," scattering direction in the center-of-mass frame.
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which shows a constant scattering probability for the whole scattering range (see
black trace in Fig. 2d). It is apparent that events can be found outside the velocity
space defined by the kinematic cut-off. The kinematic cut-offs are depicted by the
green and orange rings superimposed onto the scattering distributions and give
the maximum possible product kinetic energy taking energy and momentum
conservation into account given that the experiments are conducted under single-
collision conditions. The available energy is defined by the relative collision
energy E., (possible) internal energy of the reactants and the energy freed or
consumed by the reaction, which we refer to as reaction exothermicity E.,,. Here,
we use the reaction exothermicity as shown in Fig. 1. Experimental uncertainties
for the product ion velocities (and energies) are derived by Gaussian error prop-
agation based on the energy and angular spread of the reactant beams.** A
graphical representation of the errors superimposed onto the velocity distribu-
tions at the kinematic cut-off is shown in Fig. S5.1 If the relative collision energy is
increased, some changes in the reaction dynamics can be observed. An asym-
metry in the velocity distribution of the product ions emerges. It is also obvious
that an even greater fraction of events can be found outside the kinematic cut-off.
At 1.3 eV relative collision energy, the majority of events are scattered within the
forward hemisphere, that is the initial direction of the neutral beam. An asym-
metric velocity distribution is a sign of a direct atomistic mechanism. Taking the
kinematics into account, namely a much heavier ion (m(Ta') = 181 amu)
compared to the neutral reactant (m(CH,) = 16 amu), scattering of TaCH," into
the forward hemisphere means that the tantalum ion turns around. We observe
what is generally termed as direct rebound. However, the majority of events are
still scattered isotropically, especially within the kinematic-cut off (see green
histograms in Fig. 2d-f).

The integrated kinetic energy distributions do not significantly differ from
each other as function of relative collision energy (see Fig. 3 and S3t). The
distributions just broaden with increasing collision energy. As discussed above,
the absolute kinetic energy of the product ion TaCH," is very small due to the high
mass difference of both products (m(TaCH,") = 195 amu and m(H,) = 2 amu) and
the required momentum conservation. The corresponding internal energy Ein
distributions are given in Fig. S2 and S3.} The distributions slightly shift towards
larger values with increasing collision energy indicating that at least part of the
additional collision energy is partitioned into ro-vibrational excitation of either
TaCH," or H,. Due to the experimental uncertainty, we will not discuss the energy
partitioning in more detail.

Ere + Eexo = Exin(TaCH,") + Eyin(Ho) + Ein (3)

The trend in the velocity distribution towards the forward hemisphere for
TaCH," in the reaction with methane (reaction (1)) was not expected by us. To
further exclude systematic errors, we therefore decided to carry out the reaction at
the highest investigated relative collision energy with fully deuterated methane
CDj, (Fig. 4). This sounds trivial but gives us a product ion TaCD," with a mass-to-
charge ratio m/z of 197, which makes gating our detector with respect to the time-
of-flight trace a little less challenging (see Table S11). Fig. 4 shows the differential
cross section for reactions (1) and (2) at a comparable relative collision energy.
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Fig. 3 Kinetic energy Ey, distributions for TaCH,* (a—c) and TaCD," (d). The energy
resolution is calculated using Gaussian error propagation from the energy and angular
spread of the reactant beams.?* The + 1g-error interval is given by the light blue area and
the + 2g-error interval by the grey one. The distributions extend beyond the kinematic
cut-offs given by energy and momentum conservation with respect to the relative colli-
sion energy E,q and the reaction exothermicity Eq,o. In other words, this means that an
unavailable amount of energy is converted into kinetic energy.” Possible explanations are
missing contributions to the energy balance, for example, electronically excited states of
Ta* contributing or the internal energy of CH4. The relative contributions of events
scattered within the kinematic cut-off and the two shown error-intervals are given in
Table 1.
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Fig.4 Differential cross section of the reaction between Ta* + CD, at 1.2 eV (a). Kinematic
cut-offs (green: *Ta*; orange: *Ta" are superimposed and calculated using the exother-
micities given in Fig. 1. (b) Integrated internal energy distributions for the reaction with CD,4
in black and CH, in blue together with the +1g-error illustrated as a shaded area around
the kinematic cut-off of the ground-state reaction (CD4 in blue and CHy4 in grey), which is
given as the vertical line (green). The +1s-error is derived from Gaussian error propagation
of the energy and angular spread of the reactant beams.>* (c) The integrated angular
distribution for the reaction with CD,4 in black and CHj4 in blue.

Similar scattering signatures are observed for TaCH," and TaCD,". This suggests
that both reactions proceed by a very similar mechanism. This is in line with our
expectations, since the dominant scattering signature is indirect and therefore
most likely statistical regarding the energy partitioning. In addition, the
chemical properties of the reactants do not significantly change upon going from
CH,4 to CDy,.

The integrated angular distributions for reactions with CH, and CD, (Fig. 4c)
confirm the impression from the velocity distributions. The distribution of the
internal energy Ej,. in the reaction with CD, is very similar to the one in the
reaction with CH, and seems to be slightly narrower, i.e., with less events outside
the kinematic cut-off (see Table 1). The general forms of the distribution for both
reactions hardly differ from each other. Minor deviations can of course be due to
differences in kinematics, but also to isotope effects. However, the experiments
with d4-methane confirm the observations made with methane. The kinematic
cut-off for reaction (2) is calculated using the reaction exothermicity for Ta" + CH,
corrected for the zero-point energy contribution of =+0.10 eV.

Tablel The table lists the 1g-error to the product ion velocity at the kinematic cut-off for
Ta* + CH4 — TaCH,* + H,. In addition, the fraction f of the events within the kinematic
cut-off (fio) is given. This is extended by increasing the kinematic cut-off by 1o (fyc11,) and
20 (fuct20). The whole scattering range of # = 0-180° has been evaluated. Omitting the
scattering range from 6 = 160-180° leads only to minor variations

Relative collision energy (eV)

0.7 1.0 1.3 1.2 (CD,)
Ve(TaCH,") (m s™) 102 115 128 169
1g-error vi(TaCH,") (m s77) 37 52 35 72
Siel % 33 36 39 54
Seer1ol% 58 50 61 84
Sieradl % 81 66 81 ~100
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We observed a large amount of events scattered outside the kinematic cut-off.
We discuss these events below, including why a majority of these events can be
explained by the experimental uncertainties. The fraction of events scattered with
the kinematic cut-off and the +1¢ and +2¢-interval defined by the error of the
product ion velocity are presented in Table 1. The fractions for the respective
intervals are on the order of what to theoretically expect. Comparing the error to
the product ion velocity in absolute numbers for the reactions with H, and D, at
comparable relative collision energies, we see that although the error is on the
same order, the fraction of events found within the kinematic cut-off is signifi-
cantly higher in the case of CD,. The present reactions suffer from unfortunate
kinematics, i.e., a high mass difference between the two product species. A similar
observation of a significant number of events scattered outside the £2¢-interval
has been seen before in ion-molecule reactive scattering experiments.”* Addi-
tionally, the tantalum ion is very heavy compared to the neutral reactant, and the
uncertainties of the reactant ion beam are larger than the ones of the molecular
beam of the neutral reactants. Thus, a careful adjustment and monitoring of the
ion-beam performance is required. An example of this effect is given in the ESI
(Fig. S4).}

Events found outside the expected scattering range could also be due to
a missing contribution to the energy balance (eqn (3)), which puts the kinematic
cut-off at the wrong value. The presence of electronically excited states of Ta"
seems to be the most obvious source of additional energy for the present reaction.
The first electronically excited state is a triplet about 0.4 eV above the ground
state.” The kinematic-cut off for this potential reactant state is indicated by the
orange circles in Fig. 2a-c. We do not assume contributions from this state to be
a significant source for the high velocity events found. Firstly, as can be seen, the
velocity spacing between the kinematic cut-offs is small (=20 m s ). Secondly, in
a previous study, we gave an upper limit of about 20% contribution of the first
electronically excited triplet. Here, we used similar source conditions (He backing
pressure, laser power, timings) as for recording the Ta" + CO, data® and we
recorded the data with a break in between measurements and two different piezo
valves in the ion source and observed similar signatures in the velocity distribu-
tions. We should also keep in mind that the spin-orbit manifold of the quintet
spans 0.8 eV and significantly overlaps with the manifold of the first triplet state.
Another contribution to the energy balance could be internal excitation of the
methane. However, we consider methane to have little or no vibrational excitation
given our source conditions and for it to be rotationally cold.

Besides the arguments related to the energy balance, a different product
channel could be the source of events found outside the expected range. A
different center-of-mass combined with a different exothermicity leads to scat-
tering observed in a different area. To account for the observed events, we would
need (a) a more favourable mass ratio of the two products and (b) an exothermic
reaction. For the reaction Ta" + CH,/CD,, the carbene formation is the lowest
energy channel, and up to 2 eV relative collision energy no other product channels
were observed in guided ion beam experiments.** The first product to appear is
TaH", which we would not have been able to detect due to the mass difference of 1
amu. The conceivable formation of the carbide TaC" is beyond the energy range of
the present experiment because TaC" formation is endothermic by more than
3.2 eV. We do not see any evidence in the time-of-flight trace for higher-mass
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products. We, therefore, conclude that we do not have a second product channel
contributing. Another possibility to consider is that we do have a different reac-
tant ion or neutral reactant present. We expand a pure CH, beam with the CH,
used from the gas cylinder. The carbene formation is highly efficient, i.e., on the
order of 10% of the collision rate. Any contamination would have to be present in
the interaction region at the timing of the crossing of the two beams, at a density
plus cross section to compete with methane. This is highly unlikely and we
exclude this possibility. We saw no evidence of cluster formation in the expan-
sion. A contamination to the ion beam at the levels needed is also unlikely. The
small time-of-flight differences between the reactant and product ion makes us
sensitive to contamination (see Table S1} for TOF-values). The ion beam is orders
of magnitudes more intense than the product ion signal. We set the amplification
for scattering experiments to single-ion counting mode. The most likely
‘contaminations' from the source are TaO" and TaC". If we have any traces of
these present, and so far we only saw TaO", we cannot run a scattering experi-
ment. The TaO" could always be traced back to leaks in the gas lines after
maintenance of the source. The stability of the ion beam is key for our reactive
scattering experiments. We expect that the addition of an ion trap into the ion
beam path will help with the long-term stability of the ion beam.

3.1 Comparison to Ta" + CO,

This study investigated the reaction between tantalum cations and methane at
three different relative collision energies up to approximately 1.3 eV. Initially, an
isotropic distribution around the center-of-mass is observed, which gains some
forward contribution as the relative collision energy increases. At low relative
collision energy, we observe scattering signatures that are very similar to the
experimental velocity distributions for the reaction between tantalum cations and
carbon dioxide (reaction (4)).*” For the oxygen atom transfer, a slight asymmetry
towards the forward hemisphere in the velocity distribution of the TaO' was
observed only at 2.0 eV collision energy. This trend is more obvious for the
reaction with methane, with an onset at much lower collision energies. At this
point, it is interesting to discuss the chemical and physical differences between
carbon dioxide and methane.

Ta™ + CO, —» TaO" + CO (4)

It is obvious that only four atoms are involved in the reaction with CO,,
whereas six atoms are involved in the reaction with methane. Reaction (1) is much
more complex and will be a major challenge for theory, especially for quantum
theory. In both reactions (reactions (1) and (4)), diatomic neutral products are
formed and a double bond to the tantalum cation is formed. At first glance this
indicates a similarity, but the chemistry of both reactions is very different. The
long-range interaction between Ta' and CO, is dominated by the charge-
quadrupole term and steers the reactants into a co-linear pre-reaction
complex.*””> During the reaction, the geometry shifts over to a bent configura-
tion, potentially allowing for torque between TaO" and CO to occur. The data of
Meta et al. shows that most of the available energy is transferred into internal
degrees of freedom of the products, which means into vibrational and rotational
modes of TaO" and/or CO.*” Reaction (1) is chemically much more complicated.
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The bond between the two hydrogen atoms to the carbon atom must first be
broken while Ta-H bonds are formed. These are cleaved when the H-H bond is
formed to release molecular hydrogen H,. The experimental data also indicate
that the available energy is not exclusively transferred into internal energy, but
that a substantial part goes into the kinetic energies of the reaction products,
although we have to tread carefully here. We now want to speculate on why the
more complex and less exothermic chemical transformation seems to slightly
favour direct dynamics. The central carbon atom in CH, is partially negatively
charged due to its slightly higher electronegativity relative to hydrogen. This is
a difference compared to CO,, for which the negative charge is more centred on
oxygen atoms. In contrast to CO,, methane also has no appreciable quadrupole
moment, which makes the charge-induced dipole interaction the leading term for
the long-range potential. The well depth of the pre-reaction complex [TaCH,]" is
similar to that of [TaCO,]", but the barrier to the first transition state (*TS) is lower
in the case of Ta" + CH, and associated with less structural rearrangement. This
might result in a better coupling of translation to the reaction coordinate
compared to reaction (4). Even though more atoms are involved and more bonds
are cleaved, formed and rearranged, the overall geometry changes at the carbon
atom appear not as pronounced for Ta" + CH, as for Ta" + CO, when crossing over
the first transition state. The crossing is followed by a second H-abstraction,
which needs about 1 eV for the intermediate [HTaCH;]" to transfer a second
hydrogen atom to the tantalum and is followed by H, formation. Once the second
H-atom is abstracted, the surface is rather flat and not associated with another
barrier that could act as a bottle-neck. All of the above arguments are speculative
and could be answered by trajectory simulations that are not available yet.

4 Conclusions

We presented energy- and angle-differential cross sections for the reaction
Ta" + CH, — TaCH," + H, as a function of collision energy. The dynamics of the
reaction are dominated by an indirect complex-mediated mechanism that allows
for efficient partitioning of energy into internal degrees of freedom. The present
reaction shows a little more direct character compared to the oxygen atom
transfer reaction Ta" + CO, — TaO" + CO. For both systems, the direct mecha-
nism leads to scattering into the forward hemisphere due to a direct rebound,
that is turn-around of the tantalum indicative of a head-on collision. The exper-
imental velocity distributions extend beyond the kinematic cut-off defined by the
energy balance of the collision: relative collision energy, internal energy of Ta"
and CHy, and reaction exothermicity. The majority of events found outside the
kinematic cut-off fall into the +£2s-interval defined by the uncertainty of the
product ion velocity distribution. If we are missing contributions to the energy
balance, from which we derive the kinematic cut-off, the most obvious missing
candidates are (1) an electronically excited state of Ta" or (2) calculations not
being converged despite the high level employed here. We will further address
these open questions by investigating another transition metal, having a more
detailed look into the source conditions, and by further testing different levels of
theory. The theoretical description of open-shell transition-metal species is
notoriously difficult due to the strong multi-reference character and thus we need
further collaborations between experiment and theory. A final answer might be
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given by comparison with trajectory simulations. The present data set will be
subject to further scrutiny from ourselves, for example, by repeating experiments
at lower collision energy with CD,4 once the ion trap is built in. The design follows
that of the imaging experiment developed by the Wester group.® While we do not
expect the intrinsic velocity spread of the ion beam to reduce significantly below
the current values for individual measurements, we expect a better long-term
stability in the central velocity of the beam and the angular spread. These two
points lead to an uncertainty in the centre-of-mass of the collision, which is
known to generally be the main error in reactive ion molecule scattering.

The carbene TaCH, " presents a reactive carbon centre that can readily undergo
further reactions. For example, it is known that platinum or iridium cations can
undergo reactions with more than one methane molecule.**”*~” In the next step, we
will modify our crossed-beam imaging experiment by including a radio-frequency
ion trap into the ion beam path, similar to the instrument operated by the Wester
group.®*”® Reactive carbon species will be formed in situ in the ion trap” and
transferred into the interaction region of the velocity map imaging spectrometer.
We aim for [M-CH;]" and [MCH,]" carbon species to investigate whether C-C
coupling reactions occur with small hydrocarbons such as methane or ethylene.
These reactions are postulated to proceed via cyclic transition states, but if they
occur via a step-wise or concerted mechanism is still debated. Our aim is to
contribute to this debate by exploring the dynamics of C-C coupling reactions.
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