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Abstract: Structural characterization of gas-phase [M,C,2H]" (M = Ta, Ir, Pt), formed by reacting
laser ablation formed M with ethylene oxide (¢c-C2H4O) or methane under multiple collision
conditions, is achieved using infrared multiple photon dissociation (IR-MPD) spectroscopy with
the intracavity free-electron laser FELICE. After product formation, part of the product
distribution is complexed with Ar, allowing for simultaneous recording of IR-MPD spectra of both
bare [M,C,2H]", which dissociates via dehydrogenation, and [M,C,2H]"Ar, which loses Ar.
Comparison of the spectra with density functional theory (DFT) calculations allows for an
internally consistent assignment of the spectra to the Ta*CH> (*A") distorted carbene, Pt"CH, (A1)
carbene, and to the HIr'CH ('A’) carbyne-hydride. Evidence for a symmetric Ta"CHa-Ar (°Bz)
complex is also obtained. For Pt and Ir, these structures match those found in previous work when
these species were formed by reaction of M" with methane, CHs and CD4. Under the current
conditions, no clear signs of the previously observed Ir"CH, (*Az) carbene product were found,
consistent with its higher energy, especially after Ar complexation. Potential energy surfaces for

the reactions of Pt and Ir" with ¢c-C>,H4O are also computed.
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1. Introduction

Interactions between methane and transition metal cations have attracted wide interest
because they can provide insight for the rational design of future methane activation catalysts.'?
As the most basic of reactions involving methane and metals, they also form benchmark systems
for the development of theoretical methods describing the interactions with open-shell systems.
Cations of five of the 3™ row transition metal elements (Ta, W, Os, Ir, and Pt) have been shown to
dehydrogenate methane to form [M,C,2H]" ions at room temperature.’'2 [M,C,2H]" can also be
formed for additional metal cations at room temperature when they are reacted with either
cyclopropane, c-C3Hs, or ethylene oxide, c-C2H40."*"'® Understanding the structure of the
[M,C,2H]" ions and the energetics of processes in which they are formed, including the trends
observed along the periodic table, can provide deep understanding of the organometallic chemistry
involved."”

In a recent series of publications, we have used infrared multiple-photon dissociation (IR-
MPD) action spectroscopy to determine the structures of the dehydrogenation products [M,C,2H]".
For M = Ta, W, Pt, and Au, the products adopt an M"CH> carbene structure, which for M = Ta and
W is distorted from Cay symmetry by agostic interactions.'®2° For M = Os and Ir, the structure is
that of a carbyne-hydride, HM"CH,'®2° although Ir" also yielded smaller amounts of a second,
higher-energy carbene isomer.

What simultaneously complicated and facilitated our spectroscopic studies is the fact that,
at the finite temperatures at which the experiments were conducted, the vibrational bands are
strongly broadened by rotational substructure associated with the relatively large rotational
constants. Whereas the a-type transitions of asymmetric top molecules are still relatively
condensed and simple to interpret, b- and c-type transitions exhibit a complex shape that, at room
temperature, can lead to bands that easily extend over tens to hundreds of cm™'. This rotational
substructure can assist in identification of the vibrational transition. However, to profit from this
enhancement, a spectroscopically sensitive scheme is required. Such schemes exist, for instance

in the experiments devised by Schlemmer and co-workers, where reaction products are stored in



ion traps at low-temperatures with a helium buffer gas, and the resonant absorption of IR photons
hinders He complex formation, or leads to dissociation of He complexes formed.?!?? In contrast,
for IR-MPD to detect resonances, sequential absorption of several photons is required such that
the total energy absorbed exceeds the fragmentation energy by an amount that dissociation occurs
within the experimental time frame. This requirement demands a rapid dissipation of the absorbed
photon’s energy into the bath of vibrational degrees of freedom through intramolecular vibrational
redistribution, a process known to be statistical and thus limited by the number of vibrational states
available.”*?* As a consequence, IR-MPD spectroscopy of these stable and small (four atom)
cations has not been easy: irradiation of [M,C,2H]" (M = Ta, Ir, and Pt) using the light produced
by the infrared free-electron laser FELIX did not result in observed fragmentation.”> It took the
pulse energies of the intracavity free-electron laser FELICE to succeed in resonant
fragmentation,!®!82% but the intensities required to overcome the fragmentation energy also led to
broadening effects, prohibiting the observation of individual ro-vibrational transitions.

In analogy to Schlemmer’s methods, vibrational spectra of [M,C,2H]" ions can also be
recorded using the messenger spectroscopy method.?® Here, the ion of interest is complexed with
a weakly bound species, often a rare gas atom, which is eliminated from the complex upon IR
excitation. The binding energy of the messenger is typically substantially lower than what is
required to break covalent bonds in the ion of interest, and because the vibrational density of states
(DOS) increases with the number of constituent atoms, both IRMPD conditions are simultaneously
relaxed. The essence of messenger spectroscopy is that it should not change the nature of the ion
under investigation, but complexation with a messenger atom will result in a change of the
moments of inertia, and therefore in a change in the rotational constants. If this is the case, one can
foresee that the rotational structure of a band may collapse, yielding significantly narrower bands.

In this work, we present IR-MPD spectra of three [M,C,2H]"-Ar (M = Ta, Pt, Ir) complexes
along with [Ir,C,2H]" Ar,. The work was carried out using IR light generated by the FELICE
instrument in the same experimental apparatus as used in the previous publications.!®!82% As the

complexation of [M,C,2H]" is not 100% efficient, and the intensity of the intracavity laser is



sufficient to induce dehydrogenation of the bare systems, we will be able to compare the two
spectra. Two of the systems under study [M,C,2H]" (M = Pt and Ir) were prepared by reacting the
atomic metal cations with ethylene oxide (oxirane), c-C2H40, allowing us to verify whether the

structures of the [M,C,2H]" products are the same as the ones produced using methane.

2. Experimental and Computational Methods
2.1. Experiment

Key parts of the experimental apparatus are shown in Figure S1. M" ions were produced
by ablating a rod of the precursor metal (solid Ta, or a 0.1 mm thick Pt or Ir foil spot welded onto
a stainless steel rod) with the second harmonic of a pulsed Nd:YAG laser (532 nm) in the presence
of 10 % argon admixed with helium, which cooled and entrained the generated ions down a 3 mm
diameter, 60 mm long channel. The channel was segmented into two parts: a room temperature
stainless steel part where the ablation took place (35 mm long from the point of ablation), and a
copper part (45 mm long) that can be temperature controlled by liquid nitrogen and resistive
heaters. The two parts were separated by a 4 mm thick PEEK disk to thermally isolate the copper
part. Approximately 64 mm downstream from the ablation source, the ions were exposed to a pulse
of 5% ethylene oxide or methane diluted in helium. Pulses of the Ar/He carrier gas and the reactant
gases were adjusted such that minor amounts of products from the M" + ¢-C2H4O/CHj4 reactions
were formed. The temperature of the second part of the channel was kept at 243 K to facilitate
complexation of product ions with Ar atoms. After the initial reaction, the gas mixture was
expanded into vacuum forming a molecular beam. The beam then passed through a 2 mm diameter
conical skimmer and a 0.45 mm slit aperture (both electrically grounded) before entering the
source region of a reflectron time-of-flight mass spectrometer (Jordan TOF Products, Inc). Here,
the ions formed were irradiated by IR laser light, and then a few microseconds after irradiation, all
ions were pulse-extracted into the mass spectrometer, mass analyzed, and detected with
microchannel plates. To enhance the ability to observe depletion of the [M,C,2H]"Ar species, a

movable slit aperture was positioned in the path of the mass-spectrometer.?



The experiment is coupled to the Free-Electron Laser for IntraCavity Experiments
(FELICE) at the Free Electron Lasers for Infrared eXperiments (FELIX) Laboratory in the
Netherlands.>® The molecular beam crosses the laser beam at a 35° angle and can be translated
with respect to laser beam height and focal point, as previously described.*® The laser macropulse
was typically 8 ps in duration and consisted of picosecond-long near-transform limited
micropulses at a 1 ns separation. In the current work, the experiment was positioned as far from
the focus as possible. Pulse energies inferred from a fraction of outcoupled light were typically in
the 0.5 — 2 J range. The out-of-focus position then translates to a maximum fluence of 16 J/cm™ at
1400 cm™. The spectral width was set to approximately 0.6% full-width at half-maximum
(FWHM) of the central frequency. By operating the experiment at twice the IR laser repetition
rate, two sets of mass spectra were generated in alternating fashion, yielding mass intensities Zsiq(v)
with IR exposure at frequency v, and /..r without IR exposure. IR-MPD spectra were recorded by
varying the IR frequency with steps of 2.5 em™.

Two methods were used to further treat the experimental data: depletion and growth
spectroscopy. Depletion of the mass intensity of the ion of interest results from its fragmentation
after having absorbed IR energy in excess of the decomposition barriers. The formula used to
calculate the depletion yield was the logarithmic ratio of the ion intensity without and with
irradition, In(/ef/Isig(v)). Depletion spectra clearly stem from the mass in question, but are not
background-free, and thus inherently noisy. If the ion of interest fragments upon irradiation, and
the fragment ion mass channel is empty before irradiation, a better signal-to-noise spectrum can
be determined through the fragmentation yield, calculated as In(1+ Isg #/Lsig,p), where P and F
represent the precursor and fragment ions. Because the [M,C,2H]" mass channel was not empty
prior to irradiation, vide infra, the Ar-tagged complexes were evaluated using depletion
spectroscopy, while spectra for the bare [M,C,2H]" species were constructed via growth
spectroscopy using either the [M,C]" or [M,C,H]" fragment. For both types of spectra, the yields

calculated as above were corrected for variation of the IR pulse energy.



2.2 Quantum Chemical Calculations

To interpret the observed spectra and evaluate binding energies, density functional theory
(DFT) calculations were performed. Geometries were optimized with the B3LYP hybrid
functional and the def2-TZVPPD basis set, referred to in this work as “def2”. The def2 basis set is
a balanced triple-C valence basis set with double polarization and a diffuse function on all elements.
For C, H, and Ar atoms, def2 is an all-electron basis set, whereas for the metal elements, it has a
small-core (46 electron) effective core potential (ECP), while the 5s, Sp, 6s, 6p, and 5d electrons
are treated explicitly. This approach was successfully used in our previous IR-MPD spectroscopic
studies of products formed in the reactions of 5d transition metal cations with methane and multiple
methane reactant gases.!®18202527 To include dispersive interactions, Grimme’s D3 dispersion
correction scheme was employed.>!

To facilitate comparisons between experimental spectra and the theoretically predicted
vibrational frequencies and IR intensities, each calculated frequency was scaled by a uniform
scaling factor, used to specifically account for anharmonicity, red-shifting, and other deficiencies
within the theoretical spectra associated with the absorption of multiple photons in the IR-MPD
process. Scaling factors used were 0.939 or 0.95 for spectra inferred from dehydrogenation (as
determined in previous work),!” whereas a factor of 0.975 was used for spectra based on Ar-loss.
The broadening resulting from rotational substructure of each band was taken into account by
calculating the rotational transition frequencies and intensities for pure a-, b-, and c-type
transitions. Table S1 lists the rotational constants for all species. For each vibrational transition,
classified as a-, b-, or c-type, the resulting rotation-vibrational transition structure was simulated
by weighting each rotational transition with the thermal (77 or 293 K) population of the originating
rotational level in the ground vibrational state, and by the calculated IR intensity of the vibrational
band. The resulting transition structure was then shifted by the (scaled) harmonic frequency and
convoluted with a Gaussian line shape function having a FWHM of 0.6% of the frequency,
replicating the FELICE spectral bandwidth.

Potential energy surfaces for the reactions of Pt" and Ir" with ethylene oxide were also



examined at the B3LYP/def2 level of theory. Transition states (TSs) were identified as having a
single imaginary frequency and all intermediates as having none. Energies provided are corrected
for zero-point energy contributions using unscaled frequencies. These calculations are designed
primarily to show feasible pathways for the observed reactions and are not intended to be fully
quantitative. For example, at this level of theory, the bond energy for forming CH, (*B1) + CH,O
from ethylene oxide is calculated to be 3.19 eV, somewhat lower than the experimental value of
3.376 eV.>? However, these calculations overestimate the bond energies of Pt'CH, (A1) and
HIr"CH ('A"), 5.08 and 5.52 eV, compared to experimental values of 4.80 £ 0.03 and 4.92 = 0.03

eV, respectively.®’

3. Results and discussion
3.1 Platinum - Spectroscopy
Upon reacting Pt” with ethylene oxide in the carrier gas mixture, several product masses

are observed. The mass spectrum (Figure S2) recorded under typical experimental conditions is
dominated by the bare Pt" ion having isotopes at 192 (0.8%), 194 (33.0%), 195 (33.8%), 196
(25.2%), and 198 (7.2%). The second most abundant mass channel is that for [Pt,C,2H]", with
smaller contributions of [Pt,2C,2H]", [Pt,2C,4H]"*, and what may be [Pt,C,O,H]". No significant
PtO" was observed, and a tiny signal was found at the mass corresponding to Pt" with an ethylene
oxide adduct. Minor signals were further found at masses corresponding to the complexes of the
previously mentioned products plus ethylene oxide. The presence of Ar in the carrier gas was
revealed by Pt"-Ar and Pt™-Ar, complexes, as well as by the [Pt,C,2H]"-Ar product. Further minor
mass channels were formed by what is likely a complex of [Pt,C,0,H]" with Ar, and of [Pt,C,2H]"
with both ethylene oxide and Ar.

In our previous work investigating the structure of [Pt,C,2H]" formed by reacting Pt" with
methane, we observed a spectrum by monitoring the loss of H from [Pt,C,2H]*."” Because the
complexation of the ion with Ar is not 100%, we still observe the bare [Pt,C,2H]" ion with

appreciable intensity. With the fluences in our current experiment still sufficient to fragment



[Pt,C,2H]", we could simultaneously record a spectrum of the bare ion by monitoring appearance
of [Pt,C,H]". This growth spectrum is depicted in the top panel of Figure 1a by the black trace. It
exhibits only two bands, one at 746 cm™! and one at 991 cm™’. In the same panel, the spectrum
recorded earlier is shown as the red curve.!” The current spectrum differs from that recorded
previously in several ways. First, the former spectrum exhibited a band at 665 cm™ (one could
argue that the current spectrum exhibits a tail from the 746 cm™ band towards these lower
frequencies) and a weak band at about 1310 cm™'. Second, the intensity ratio of the 746 and 991
cm’! bands is significantly different. Third, the 991 cm™ band appears to have shifted towards the
blue in the present spectrum. We attribute this latter effect to a slight difference in the wavelength
calibrations (which are ordinarily within 5 cm™'), whereas the first difference is likely a result of
the lower fluence conditions under which the current spectrum is recorded. In this context, the
reader is reminded that IR-MPD is a technique that is linear with the laser fluence once a certain
threshold has been overcome,** but this threshold is mode-dependent and larger for lower
frequency modes where more photons are required for fragmentation.

When the [Pt,C,2H]"-Ar was irradiated resonantly, the signal intensity observed in the m/z =
248-250 and 252 mass channel was reduced, and there was no sign of growth resulting from
fragmentation of larger species. We thus conclude that the depletion spectrum of [Pt,C,2H]"-Ar is
clean and representative of this isolated mass. Its depletion spectrum is depicted in the top panel
in Figure 1b. The spectrum is dominated by a broad structured band centered around 1050 cm™,
with a second intense, but much narrower band at 752 cm™'. The latter is accompanied by two
distinct sharp bands at 674 and 708 cm’!, respectively. A final, weaker band is discerned around
1360 cm™'.

To interpret the experimental spectra, they are compared to two types of calculated spectra:
stick spectra (blue bars), representing the harmonic frequencies and associated IR intensities
calculated using the DFT methods described above, and the full rotational spectra (lines) simulated
at a specified temperature. Below the experimental spectrum in Figure 1a, the calculated spectrum

for the bare Pt"CH, carbene, simulated at 77 K, shows reasonable agreement with the present



experimental spectrum. Given that the calculated energy for H elimination from this molecule is
3.60 £ 0.11 eV.,% it is no surprise that only the strongest bands are seen for fragmentation of the
bare ion. Both harmonic frequencies and the simulated rovibrational spectra are scaled with the
0.939 factor used in our previous work.! For the 991 cm™ band, the observed peak is narrower
than expected on the basis of the predicted rotational contours at 77 K. This comparison suggests
that the temperature may be lower, which would reduce the spacing between the two branches of
this c-type band. This conjecture is consistent with the narrower band at 746 cm™ compared to
predictions as well.

The spectra simulated for the [Pt,C,2H]"Ar complex have been scaled by a factor 0.975 to
compensate for anharmonicities, and appear to describe the experimental spectrum quite
accurately, Figure 1b. They are calculated for a Pt"CHy-Ar (*A1) carbene structure, where the Ar
is bound to the Pt such that C-Pt-Ar is linear, keeping the Pt"CH, C,y symmetry intact. In this case
two curves are shown, simulated at temperatures of 77 K (black curve) and 293 K (red). The
binding energy of the Ar was calculated to be 0.43 eV, implying that at 752 cm™ at least five
photons must be absorbed to eliminate the Ar. This weak bond is evidenced by an observed
depletion of the Ar-tagged species down to ~10% for the strongest bands. The intense, narrow
band at 752 cm™! is readily assigned to the intense Pt-C stretching mode, calculated at 735 cm™'.
As the transition dipole for this vibrational mode is along the main axis of inertia, this is an a-type
transition where all substructure collapses into one band upon convoluting the individual rotational
levels with a Gaussian lineshape function representing the laser spectral width. On the other hand,
the broad 1050 cm™! band is the CH> out-of-plane bending mode (calculated frequency 1031 cm™),
which is a c-type transition. Although the integrated IR intensity of this band is larger, as seen in
the stick spectrum, the intensity is diluted over a much broader band and clearly exhibits
substructure. For this band, the comparison between spectra calculated for 77 K and 293 K appears
to favor the lower temperature, as it predicts the 1050 cm™ band somewhat better (both in terms
of the relative intensities of the main peaks and side bands and the overall width of the band).

Failure to observe the clear double-peaked structure as predicted in the simulation leads us to
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speculate that this band is saturated. This hypothesis is also consistent with the mismatch in relative
intensities for the two experimental bands at 674 and 708 cm™' with respect to that of the main
band at 752 cm™!, in comparison to the simulated spectra. The potential band at 1360 cm™ could
be assigned to the 1387 cm™! a-type in-plane CH; scissoring mode. Regarding the two bands at
674 and 708 cm™!, the only calculated band with appreciable IR intensity in this region is the in-
plane CH, bending mode. This mode is calculated at 720 cm™!, falling close to the strong band at
735 cm’!. If this band is shifted down by 40 cm™ (as shown in Figure 1b), the double-peak structure
characteristic for this b-type transition, now matches the experimental band structure quite well.
We have applied the same 40 cm™ down shift to the in-plane CH, bending mode in the simulated
spectrum for bare Pt'CHo, Figure 1a. There we see quite reasonable agreement with the observed
bands in both the previous and present spectra, perhaps even recognizing the predicted substructure
in the present spectrum. All observed band frequencies for [Pt,C,2H]" and [Pt,C,2H]"-Ar, together
with their assigned calculated normal mode frequencies and a mode description are listed in Table
1, which also includes values for the M = Ir and Ta systems discussed below.

If we compare the calculated spectra for the bare Pt"CH, with that of its Ar-complex, we
note that the addition of Ar leads to significant changes in the spectrum, but a drastic reduction in
observed line widths is not found. The rovibrational simulation for the Ar complex is slightly
sharper, mainly reflecting the change in the B and C rotational constants (A =9.6687, B =0.0553,
and C = 0.0550 cm™! for the Ar complex versus A = 9.4815, B =0.3537, and C = 0.3410 cm™ for
the bare ion). Thus, because the Ar is attached on the symmetry axis, thereby not breaking Cay
symmetry, its addition does not allow for much higher resolution through the collapse of the
rotational profile. Although not directly relevant here, it is of interest to note that the tagging atom’s
influence on the rotational constants may be underestimated in DFT calculations because of zero-
point motion.*® On the other hand, the lower binding energy of the Ar does allow the use of lower
IR intensity, revealing the minor band at 1360 cm™ as well as substructure in the 680 and 1050

cm’! bands not discernible in spectra monitoring the direct fragmentation of the Pt"CH> carbene.
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3.2 Platinum — Reaction Mechanism

The formation of the platinum carbene from the reaction of atomic platinum cations with
ethylene oxide is straightforward and shown in Figure 2. All species have doublet spin (except for
the ethylene oxide reactant and formaldehyde product). Initially, the reaction forms a Pt"(c-C2HO)
adduct, intermediate 1. Activation of one of the CO bonds through TS1/2 leads to the cyclic
intermediate 2, c-PtOCH2CH>". Cleavage of the CC bond through TS2/3 gives a formaldehyde
adduct of PtCH,", intermediate 3, which can easily lose the CH>O ligand to form the final PtCH,"
product. The overall reaction is calculated to be exothermic by 1.89 eV and all intermediates and
transition states lie at least 1.5 eV below the reactants. Clearly, the Ar adduct can be formed during

the collisional cooling of these products.

3.3 Iridium - Spectroscopy

The product distribution formed upon reacting Ir" with ¢-C2H4O shows a similar pattern as
that for Pt" (Figure S3), with the atomic ion being dominant and showing both the 191 (37.3%)
and 193 (62.7%) isotopes. [Ir,C,2H]", [Ir,2C,2H]", and [Ir,2C,4H]" product ions are most
abundant. In contrast to the reaction with Pt", an [Ir,2C,0,2H]" product, presumably resulting from
single dehydrogenation of c-C>H40O, is also found with an intensity comparable to that for
[Ir,C,2H]". The [Ir,C,2H]" product is found with one and two Ar adducts, and with a mass
coinciding with a ¢-C>;H40 adduct as well.

Just as for the spectrum of bare [Pt,C,2H]", that for [Ir,C,2H]" (Figure 3a, black trace),
obtained as the growth spectrum for !IrC*, shows fewer bands than the one published
previously,!” shown in red in Figure 3a. The current spectrum shows a triad of close-lying bands
at 663, 701, and 751 cm™!, respectively, and a broad ‘bump’ around 875 cm™!. This ‘bump’ and the
sharp 751 cm™! band appear in contrast with the spectrum in red. The [Ir,C,2H]" products formed
by reacting Ir" with methane were previously identified as a combination of a HIr'CH ('A’)
carbyne-hydride and smaller amounts of a Ir"CHa (*A2) carbene, both formed exothermically with

respect to the Ir” + CHj reactants. In the previous work, bands at 656, 694, 1034 (as well as 2198
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and 2940) cm™! were assigned to the carbyne-hydride, and those at 961 and 1301 (as well as 1933)
cm™! corresponded to the carbene.

When simulating the rotational structure of the spectrum of the carbyne-hydride, we
previously found that shifting the C-H out-of-plane bending mode (calculated at 747 cm™) by 60

cm’! provided a much improved match with experiment.?

If we also do this here and compare to
the current IR spectrum, Figure 3b, the 77 K simulated band of HIr"CH, although slightly broader,
favorably compares to the left two bands of the triad, and to the spectrum in red (where the high-
frequency tail was assigned to the Ir-C stretch mode of the carbene at 733 cm™!), but cannot explain
the rightmost band at 751 cm™ nor the ‘bump’. The 751 cm™! band could be assigned to the Ir-C
stretch mode of the carbene, Figure 3¢, but that species is predicted to have a stronger band at 972
cm’! (the CH; out-of-plane bend) that was observed in the red spectrum, but is not apparent under
the current conditions.

Neither the carbyne-hydride nor the carbene can explain the 875 cm™ ‘bump’, and neither
this nor the 751 cm™ band are consistent with the previous spectrum for [Ir,C,2H]" formed when
reacting Ir" with methane.!” Thus, we considered whether there was another source for these bands.
For this, we consider the [Ir,2C,0,2H]" product, presumably resulting from single
dehydrogenation of c-C,H40. Upon IR irradiation, this species shows resonance depletion bands
(recorded by growth of "!IrC", Figure 3d) that coincide with the rightmost triad band and the bump
observed in the [Ir,C,2H]" spectrum. Inspection of the mass spectra for possible
photofragmentation products indicates that the appearance of 'IrC* (loss of [C,0,2H] from
[Ir,2C,0,2H]") forms a high-energy loss channel (only visible at the peak of the 751 cm™! depletion
and not intense enough to explain the full intensity loss observed). A loss of CO would leave the
mass of the [Ir,C,2H]" product, for which the growth (recorded in the ['**Ir,C,2H]* channel)
mirrors the depletion of [Ir,2C,0,2H]", as evident in Figure 3d. A [Ir,C,2H]" species formed from
photofragmentation is likely to retain internal energy that is not easily dissipated, such that it could
either directly fragment further or could non-resonantly absorb further photons to eliminate H, and

appear in the growth spectrum recorded in the 'IrC* mass channel, Figure 3a. Figure 3e shows
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the calculated spectrum for OIrCHCH® (*A"), which clearly matches the depletion spectrum of
[Ir,C,0,2H]" in Figure 3d well.

The IR spectrum for the [Ir,C,2H]" ion complexed with a single Ar (the depletion spectrum
of [Ir,C,2H]"Ar) is shown in Figure 4a. It is dominated by two bands centered at 673 and 756 cm™!
with widths of approximately 60 cm™’ FWHM. A third band can be discerned at 1059 cm™.
Although the signal-to-noise ratio of the spectrum is modest, and the noise is notably larger
towards the 1500 cm™ spectrum edge (amplified by the pulse energy correction), it is possible that
a fourth band around 1360 cm™! can be discerned. The [Ir,C,2H]" products formed by reacting Ir*
with methane were previously identified as a combination of a HIr'CH (*A") carbyne-hydride and
smaller amounts of a Ir"CHa (°A) carbene, with the former calculated to lie 0.25 eV below the
latter.!” At the current level of theory, we find the same values. The binding of Ar to the carbyne-
hydride (0.47 eV) is significantly stronger than to the carbene (0.36 eV), such that the carbyne-
hydride-Ar complex now lies 0.36 eV below the carbene-Ar complex. Thus, it can be expected
that the IR spectrum for [Ir,C,2H]"Ar is biased towards the carbyne-hydride. Indeed, the two main
bands can be identified as the concerted in-plane bending of the H-C-Ir-H group at 657 cm™ and
the C-H out-of-plane bending mode predicted at 806 cm™! but shown in Figure 4a shifted to 748
cm’!. The broadening of both bands is a result of the b- and c-type character of the transitions. The
red trace in Figure 4a depicts a simulation of the spectrum at 293 K, giving a substantial broadening
and overlap of the two bands. Thus, we again conclude that the estimate of 77 K (black trace)
better reflects the temperature of the beam. The band at 1059 cm™ can be identified as the Ir-C
stretch mode in the carbyne-hydride (calculated 1084 cm), which has a narrow rotational
envelope characteristic of a-type transitions. It is difficult to assess whether the preferred Ar
binding to the carbyne-hydride results in any appreciable formation of the carbene, as there is little
sign of the main band predicted at 1005 cm™. Another band at 738 cm™ is also predicted, but this
coincides with the carbyne-hydride band at 748 cm™ (after being shifted down). Only the weak
perceived band at 1360 cm™! (calculated 1402 cm™, CH; in-plane bending) could be a sign of the

carbene, if that band is truly there.
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Complexation with Ar has allowed for confirmation of the formation of the previously
assigned minimum energy carbyne-hydride HIr'CH structure. Again, the addition of Ar has not
achieved a significant reduction in the spectral widths of the bands observed, confirming that the
Ar does not significantly change the principal moment of inertia, i.e., it must attach more or less
along the Ir-C axis, as also suggested by calculations on this species, Figure 4a. Interestingly, this
result is in contrast with the depletion spectrum of the [Ir,C,2H]"-Ar; ion complex. Its spectrum is
shown in Figure 4b, and exhibits two significantly narrower bands at 708 and 782 cm™ with a
FWHM of less than 30 cm™!, as well as a sharp band at 1088 cm™'. The narrower bands indicate
that the second Ar (or both Ar) binds to a location off the principal axis. It is compared to a
spectrum calculated for two Ar attached to the carbyne-hydride HIr'CH structure, where both Ar
are bound to the Ir in the H-Ir-C-H plane. The resulting structure has Cs symmetry ('A’ ground
state) and exhibits two intense bands predicted at 688 and 747 cm™! (scaled by 0.975, with the latter
CH out-of-plane bending mode first shifted down by 60 cm™). The rotational envelope now
directly reflects that the second Ar has been added off the Ir-C axis. This is evidenced by a
significant reduction in the A constant, going from HIr'CH-Ar to HIr'CH-Ar: (5.5026 to 0.0669
cm™!). The reduction is most obvious for b- and c-type transitions, which can be seen by comparing
the simulated spectrum to that for HIr"CH-Ar: the 688 and 747 cm™! bands (b- and c-type) are
significantly reduced in width, whereas the width of the a-type band at 1088 cm™ has barely

changed.

3.4 Iridium — Reaction Mechanism

The potential energy surfaces for formation of [Ir,C,2H]" products from reaction of atomic
iridium cations with ethylene oxide are shown in Figure 5. The ground state Ir" (°F) and low-lying
3F excited state follow a mechanism directly analogous to that for Pt" (D). Only the triplet species
are shown in Figure 5b, with the quintet species being very similar. Coupling to the singlet surface
is required in order to form the HIr'CH ('A’) product observed experimentally. Along the singlet

surface, after CO bond activation to form the cyclic c-IrOCH>CH>" intermediate '2, a hydrogen
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atom transfer over 'TS2/4 yields intermediate 4, c-HIrOCH,CH". Cleavage of the CC bond over
ITS4/5 then yields the HIr'CH species complexed to formaldehyde, intermediate !5, which can
easily lose the ligand to yield the final products. Coupling between the high-spin surfaces and this
singlet surface can presumably occur most readily in the vicinity of intermediates 1 and 2.

Figure 6 shows the triplet-spin potential energy surface for the dehydrogenation reaction
forming the OIrCHCH" species observed experimentally, Figure 3e. Starting from the cyclic
intermediate 32, ¢-IrOCH,CH,", activation of the CO bond over 3TS2/6 yields the OIrCH,CH,"
intermediate 36, which can then transfer a hydrogen to Ir to form (Ht)OIrCHCH,", 37. Here, the
hydrogen is oriented trans to the CH> group (as indicated by t). Rearrangement of the hydrogen
ligand position over 3TS7/8 forms (Hc)OIrCHCH:", 38, where the hydrogen is now in a cis
orientation relative to CH>. This conformation allows transfer of another hydrogen atom to the
iridium center over 3TS8/9 to form the dihydride, (H):OIrCHCH™, 39. Coupling of the two hydride
ligands over 3TS9/10 forms the dihydrogen adduct of the final product, (H2)OIrCHCH®, 310.
Overall, the dehydrogenation reaction is exothermic by 2.34 eV compared to the Ir* (°F) + ¢-C2H40
reactants, with 3TS1/2 being the rate-limiting step (followed by 3TS8/9). As shown in Figure 6a,
the pathway to form IrCH>" (*Az) + CH,O requires slightly more energy than 3TS8/9, suggesting
a reason why this latter product is not observed. We also considered whether dehydrogenation
might occur from the four-membered cyclic species, but this yields c-IrOCHCH*, which has a high
barrier for transformation to OIrCHCH®. (This TS lies 1.02 eV below the Ir" (°F) + ¢c-C,H4O
reactants, such that this process should not be competitive with that shown in Figure 6.)

Finally, we examined how the OIrCHCH" product can rearrange to expel CO and form
HIr"CH ('A"). The potential energy surface shown in Figure 7 starts at the triplet-spin OIrCHCH"
product, 3COL1. Its singlet spin analogue lies 0.68 ¢V higher. Twisting of the C2H> ligand allows
access to STSCO1/2 leading to ¢-IrOCHCH", intermediate 3CO2. An analogous transformation
could not be located on the singlet surface. From 3CQO2, cleavage of the IrO bond over 3STSCO2/3
leads to IrCHCHO", 3CO3, which can now transfer a hydrogen to the iridium center over

3TSCO3/4. This yields the HIrCHCO" intermediate 3CO4, from which CO can be lost and form



16

HIrCH" PA") + CO. An analogous pathway between 'CO2 and 'CO4 was located along the singlet
surface with intermediates and TSs that are very similar to those shown for the triplet surface (and
hence are not included in Figure 7b). Conversion from the initial triplet surface to the singlet
surface that yields the ground state HIrCH" ('A’) + CO products can presumably occur at both

1C0O2 and 1CO4, as both intermediates have similar energies to the triplet analogues.

3.5 Tantalum - Spectroscopy

In the case of Ta", ethylene oxide could not be used because this reaction produces primarily
TaO". Therefore, methane was used as the reactive precursor in the carrier gas mixture. Several
product masses are observed as shown by the mass spectrum in Figure S4. The dominant species
is the bare Ta" ion having its single isotope at 181 followed by the [Ta,C,2H]" product. Smaller
amounts of Ta" and [Ta,C,2H]" adducts each with one methane, two methanes, one Ar, and one
Ar + one methane are also observed. The only other species is [Ta,2C,4H]" and its adduct with
one Ar + one methane.

As in our previous work investigating the structure of [Ta,C,2H]" formed by reacting Ta" with
methane, we observed a spectrum by monitoring the loss of H from [Ta,C,2H]".!” The growth
spectrum of [Ta,C,H]" is depicted in the top panel of Figure 8a by the black trace and compared
with the spectrum recorded earlier (red curve).!” The agreement between the two spectra is clearly
good although a shift is obvious for the two intense bands peaking at 700 and 846 cm™ in the
current spectrum. This is apparently a difference in wavelength calibrations similar to that noted
above for the Pt system. Notably, the band at 700 cm™' exhibits structure that is reproduced in the
previous spectrum but slightly better defined. The spacing and relative intensities of this spectral
structure are well reproduced by the 77 K rotationally resolved band shown in the lower panel of
Figure 8a. (Here, both harmonic frequencies and the simulated rovibrational spectra are scaled
with the 0.98 factor used in our previous work.?’) As before, the observed spectrum can be
attributed to the ground state TaCH>" (*A"), an agostically distorted carbene structure. (There

could also be contributions from a A’ state, which has an identical spectrum and is calculated to
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lie only 0.032 eV higher in energy.!*!” The 699 cm™ predicted band is the out-of-plane wag of the
hydrogen lying nearly along the principal axis and has a c-type transition, Table 1. The 850 cm’!
band is the Ta-C stretch and the 1304 cm™! band is the CH; scissoring bend, both of which are b-
type transitions.

When the [Ta,C,2H]"-Ar ion was irradiated resonantly, the signal intensity observed in the m/z
= 235 mass channel was reduced, and there was no sign of growth resulting from fragmentation of
larger species. We thus conclude that the depletion spectrum of [Ta,C,2H]™Ar is clean and
representative of this isolated mass. Its depletion spectrum is depicted in the top panel in Figure
8b. The spectrum is dominated by a broad structured band centered around 710 cm™ that is
narrower than the comparable band in the [Ta,C,2H]" spectrum, suggesting that the Ar must be
bound off the principal axis. The band at 850 cm™! in the bare ion spectrum is reproduced but now
accompanied by a pair of bands at 910 and 940 cm™. Likewise, the broad band at 1334 cm™ in the
bare spectrum reappears for the Ar adduct, slightly blue-shifted and with more structure and
accompanied by two additional bands at 1192 and 1244 cm™!. Clearly, the adduct spectrum must
represent several species.

Because of the asymmetry of the distorted TaCH»" species, a number of low-lying Ar adducts
could be located. When the Ar remains in the plane of the carbene, *A’, A", and 'A’ states could
all be located and have similar spectra. Here, the ground state is *A” with the A’ and 'A’ states
lying 0.005 and 0.417 eV higher in energy. Further, the Ar can attach perpendicular to the plane
of the carbene, yielding a >A state, 0.016 eV above the *A"” ground state. All four spectra contain
the same three bands observed for the bare carbene, each with systematic shifts, but are narrower
because of the much smaller rotational constant induced by the presence of the Ar. These spectra
simulated for the [Ta,C,2H]"-Ar complex have been scaled by a factor 0.975 to compensate for
anharmonicities, but appear to describe the experimental bands observed at 700, 850, and 1400
cm’!, Figure 8b. They do not reproduce the pairs of bands at 910 and 940 cm™ and 1192 and 1244
cm™l.

The pair of bands at 910 and 940 cm™! are suggestive of the splitting observed for a-type, and
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— to a lesser extent — c-type bands in systems with large rotational constants. We therefore looked
for a symmetric Ta"CHa-Ar carbene structure, where the Ar is bound to the Ta such that C-Ta-Ar
is linear. A °B; state of such a species was located and found to have no imaginary frequencies,
but it lies relatively high in energy, 1.12 eV above the A" ground state. This species has a strong
vibration corresponding to the out-of-plane CH, wag located at 870 cm™ that corresponds to a
c-type transition. The rotational band structure shows two equally intense peaks split by 40 cm’!
at slightly lower frequencies than those observed. Presumably, this high energy species is
kinetically trapped by the cold conditions in the expansion.

With regard to the peaks at 1192 and 1244 cm™!, we were unable to identify a likely source. Ar
adducts of the HTaCH" species in several spin states were considered but none of these has a
vibration in the appropriate range. We do note, however, that there is a low-intensity shoulder in
the spectrum (both present and literature) for the bare [Ta,C,2H]" species in a similar frequency
range that also has gone unexplained. Presumably, the presence of the Ar narrows the band
intensity allowing it to be observed more readily. One possibility for these bands is TaN", isobaric
with [Ta,C,2H]". Calculations at the same level of theory used elsewhere indicate this species has
a 2% ground state with a vibrational frequency of 1128 cm™ (no scaling). Ar complexes
perpendicular to the TaN" bond, leading to a >’A” ground state and a low-lying 2A’ state (0.21 eV
higher in energy). (In these two complexes, the singly occupied orbital switches between the two
5d5 orbitals of TaN".) The TaN" vibrations in these two complexes shift to 1097 and 1110 cm!
(no scaling), respectively. These frequencies are too low to reproduce the observed peaks, but it is
possible that they are not accurately predicted by the B3LYP approach. Other levels of theory
(PBEO, M06, and M06-2X) yield higher frequencies for TaN* (1157, 1166, and 1210 cm’,
respectively), with the latter in fair agreement with experiment. For TaN"™Ar, M06-2X predicts
frequencies of 1158 (?A”) and 1181 (*A’) cm™!, again somewhat low and with less splitting than

observed experimentally.

4. Conclusions
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We structurally characterized the products formed by reacting Pt" and Ir" ions with ethylene
oxide (c-C2H40) and Ta" with methane under multiple collision conditions using IR spectroscopy.
By cooling the reaction channel to 243 K and introducing Ar in the helium carrier gas, a fraction
of the [M,C,2H]" products (M = Ta, Ir, Pt) can be complexed with Ar, allowing for the
simultaneous recording of spectra for the bare [M,C,2H]" ion, via either direct elimination of H
for M = Ta and Pt or H> for M = Ir, and for its complex with Ar, via loss of Ar.

The spectra for [Pt,C,2H]" and [Ir,C,2H]" recorded via direct fragmentation are very similar
to those recorded earlier for the products formed upon reacting the metal ions with methane.!” We
therefore conclude that the activation of ethylene oxide results in the same thermodynamically
stable [M,C,2H]" products as the activation of methane. For Pt", we find good agreement with the
spectrum for the Pt"CH, (*A) carbene, whereas for Ir* the spectrum is in good agreement with the
HIr'CH ('A’) carbyne-hydride. Under the current conditions, no clear signs of the previously
observed Ir*CH, (*Az) carbene product were found. Consistent with this, we also observe an
OIr'CHCH (A") product, for which formation is kinetically favored over that of the carbene. For
[Ta,C,2H]", we reproduce the spectrum obtained previously although the additional cooling
reveals obvious structure in one of the bands that can be attributed to the rotational contour.

Spectra of the Ar-complexed [M,C,2H]" are significantly different from those for the bare
product ions, reflecting the non-negligible influence of the Ar atom to both the vibrational
frequencies and the rotational constants. Notably, the broad spectral envelopes observed for the
bare products are only significantly reduced if the Ar is attached off the principal axis of inertia.
The spectra of the Ar complexes are fully consistent with the assignment for the bare complexes.
Further, tentative indications for a symmetric Ta"CH> carbene are found when complexed with
Ar. The observation of such a species would suggest that electron donation by Ar helps to stabilize
the symmetric Cyy carbene, which otherwise spontaneously distorts because of the agostic
interactions with an empty orbital on Ta. The lower binding energy that needs to be overcome for
messenger spectroscopy allows for somewhat better resolved spectral features, which allow us to

conclude that significant cooling takes place after expansion into vacuum.
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Table 1: Frequencies (in cm™) of observed bands and of the assigned, scaled harmonic vibrations
(unshifted values in parentheses) with their mode description.

Species Observed Calculated® Mode description Type
[Pt,C,2H]" ~650 662 CH: bend, in-plane b
746 719 Pt-C stretch a
991 984 CH: bend, out-of-plane c
[Pt,C,2H]"Ar 674 681 CH: bend, in-plane b
708 681 (720) CH: bend, in-plane b
752 735 Pt-C stretch a
1050 1031 CH: bend, out-of-plane c
1360 1387 CHp: scissor, in-plane a
[Ir,C,2H]" 663 632 H-C-Ir-H bend, in-plane b
701 690 (747) CH bend, out-of-plane c
751° 746 OIrCHCH': CH bend, out-of-plane b
875° 873 OIrCHCH': CH bend, in-plane c
[Ir,C,2H]"Ar 673 657 H-C-Ir-H bend, in-plane b
756 748 (806) CH bend, out-of-plane c
1059 1084 Ir-C stretch a
13607 1402 CH: bend, in-plane (carbene) a
[Ir,C,2H]"Ar> 708 688 H-C-Ir-H bending, in-plane b
782 747 (805) CH bending, out-of-plane c
1068 1088 Ir-C stretch a
[Ta,C,2H]" 700 701 CH2> bend, out-of-plane c
846 841 Ta-C stretch b
1334 1304 CH: bend, in-plane b
[Ta,C,2H]"Ar 710 712 3A"  CH; bend, out-of-plane c
851 841 3A"  Ta-C stretch b
g ;; S;g B,  CH> bend, out-of-plane c
1192 1158° 2A"  TaN" stretch
1244 1181° ’A’  TaN" stretch
1400 1332 A" CH; bend, in-plane a

# Scaled by factors detailed in the text. ®From [Ir,2C,0,2H]". ¢ From TaN". M06-2X results.
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Figure Captions

Fig. 1. IR spectra of [Pt,C,2H]" (a, top panel, growth in [Pt,C,H]', black line) and
[Pt,C,2H]"-Ar (b, top panel, depletion) accompanied by harmonic fundamental transitions (blue
sticks) and rotational envelopes simulated for each transition, calculated for the indicated
structures (Pt — blue, C — grey, H — white, Ar — pale blue) at 77 K (black line) and 293 K (red
line), in the bottom panel of each graph. Harmonic frequencies were scaled by 0.939 (a) and
0.975 (b), respectively. The red trace in the top panel of b) is a spectrum for [Pt,C,2H]" formed
by reaction of Pt" with methane, adapted from Lapoutre ef al.'!® Dashed vertical lines are guides

to the eye.

Fig. 2. Part a) Doublet-spin potential energy surface for PtCH," formation calculated at the
B3LYP/def2 level of theory. Part b) Structures associated with the intermediates and TSs in
part a. Bond distances between heavy atoms in A are provided along with relative energies

(eV) in parentheses.

Fig. 3. IR spectra of [Ir,C,2H]" (a, growth spectrum of ['*'Ir,C]", black line) and [Ir,2C,0,2H]"
(d, top panel, depletion in red and growth spectrum of ['**Ir,C,2H]" in black). Panels b, c, and
e show harmonic fundamental transitions (blue sticks) and rotational envelopes simulated for
each transition, calculated for the indicated structures (Ir — blue, C — grey, H — white, O — red)
at 77 K (black line). Harmonic frequencies were scaled by 0.95 (b and c) and 0.975 (e),
respectively. The red trace in panel a) is a spectrum for [Ir,C,2H]" formed by reaction of Ir*

with methane, adapted from Lapoutre et al.'” Dashed vertical lines are guides to the eye.

Fig. 4. IR depletion spectra of ['**Ir,C,2H]"Ar (a, top panel) and ['*Ir,C,2H]"Ar (b, top
panel) accompanied by harmonic fundamental transitions (blue sticks) and rotational envelopes
simulated for each transition, calculated for the indicated structures (Ir — blue, C — grey, H —
white, Ar —pale blue) at 77 K (black line) and 293 K (red line). Dashed vertical lines are guides

to the eye.***the quality of the embedded structures is not as good as the other figures
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Fig. 5. Part a) Potential energy surfaces (quintet — blue, triplet — green, singlet — red) for HIrCH"
and IrCH" formation calculated at the B3LYP/def2 level of theory. Parts b and ¢) Triplet and
singlet structures associated with the intermediates and TSs in part a. Bond distances between

heavy atoms in A are provided along with relative energies (eV) in parentheses.

Fig. 6. Part a) Triplet-spin potential energy surface for OIrCHCH" formation calculated at the
B3LYP/def2 level of theory. The dashed line reproduces the pathway for IrCH>" formation in
Figure 5a. Part b) Structures associated with the intermediates and TSs in part a. Bond distances

between heavy atoms in A are provided along with relative energies (eV) in parentheses.

Fig. 7. Part a) Potential energy surfaces (triplet — green, singlet — red) for HIrCH" formation
from OIrCHCH" calculated at the B3LYP/def2 level of theory. Part b) Triplet structures
associated with the intermediates and TSs in part a. Bond distances between heavy atoms in A

are provided along with relative energies (eV) in parentheses.

Fig. 8. IR spectra of [Ta,C,2H]" (a, top panel) and [Ta,C,2H]"-Ar (b, top panel) accompanied
by harmonic fundamental transitions (sticks) and simulated rotational envelopes at 77 K (lines)
for each transition, calculated for the structures (Ta — blue, C — grey, H — white, Ar — pale blue)
indicated, in the bottom panels of each graph. The spectra are color-coded with the states and
structures shown. Harmonic frequencies were scaled by 0.98 (a) and 0.975 (b), respectively.
The green and red dashed simulated spectra are for the 2A” and A’ structures of TaN"-Ar (M06-
2X/def2 results), multiplied by a factor of 10. The red trace in panel a) is a spectrum for

[Ta,C,2H]" formed by reaction of Ta" with methane, adapted from Lapoutre et al.'
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SUPPORTING INFORMATION

Table S1: Rotational constants (in cm™) of observed species calculated at the B3LYP-D3/def2-
TZVPPD level of theory.

Species State A B C
[Pt,C,2H]" Al 9.4815 0.3537 0.3410
[Pt,C,2H]"Ar A4 9.6687 0.0553 0.0550
[Ir,C,2H]" A 6.9506 0.4438 0.4172
SA> 9.6239 0.3478 0.3356
[Ir,C,2H]"Ar A 5.5027 0.0580 0.0574
SA> 9.8208 0.0528 0.0525
[Ir,C,2H] " Ar» A 0.0669 0.0552 0.0302
[Ta,C,2H]" A 12.3638 0.3489 0.3394
SA" 12.0773 0.3465 0.3368
[Ta,C,2H]™Ar A 1.0913 0.0546 0.0520
SA" 1.0552 0.0543 0.0516
A 1.7907 0.0533 0.0518
A 0.3607 0.0656 0.0560
’Ba 10.2082 0.0405 0.0403
[Ta,N]"Ar A 0.5120 0.0708 0.0622
SA 0.5073 0.0743 0.0648

Figure Captions

Fig. S1. Schematic of the source, interaction of molecular beam with IR laser, and mass
spectrometric detection of the ions. Not shown are the slit aperture shaping the molecular beam,
and the slit aperture in the time-of-flight mass spectrometer.

Fig. S2. Mass spectrum of the product distribution resulting from reaction of Pt with ethylene
oxide in an argon-seeded helium carrier gas.

Fig. S3. Mass spectrum of the product distribution resulting from reaction of Ir” with ethylene
oxide in an argon-seeded helium carrier gas.

Fig. S4. Mass spectrum of the product distribution resulting from reaction of Ta" with methane

in an argon-seeded helium carrier gas.
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