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ABSTRACT

IR multiple-photon dissociation (IRMPD) action spectroscopy is combined with quantum
chemical calculations to examine the [M,C,2H]" species for the early 4d metals, M = Zr and Nb.
These ions were formed by reacting laser ablated M ions with cyclopropane (c-C3Hg) in a molec-
ular beam apparatus. Both IRMPD spectra exhibit one major band near 700 cm™ and a second
weaker band at about twice that wavenumber, more evident when irradiated in focus. The
[Nb,C,2H]" species also has a sharp band at 800 cm™'. Comparison with B3LYP calculations allow
assignment of the [M,C,2H]" structures to agostic carbenes, which is similar to the structures found
for the 5d analogues, WCH>" and TaCH>". A molecular orbital analysis traces the reasons for the

agostic deformation from a classic C2y symmetric carbene.
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INTRODUCTION

Although the activation and functionalization of C—H bonds has long been of interest,' 2
identification of catalysts that can initiate this reaction has been difficult. Ordinarily, because of
the high C-H bond energies, the initial C-H bond activation step is the most difficult, with subse-
quent chemistry occurring more easily. In particular, because methane is a major component of
natural gas, its activation is one of the best studied and technologically most important processes.*"
> Early ion cyclotron resonance mass spectrometry (ICR-MS) experiments by Irikura and Beau-
champ®® and Freiser and co-workers’ showed that several of the 5d (third-row) transition metal
(TM) cations, Ta*, W', Os*, Ir", and Pt", react with methane at room temperature by dehydrogena-
tion to form [M,C,2H]" products, as also confirmed by later studies.'®!! Guided ion beam tandem
mass spectrometry (GIBMS) studies have determined the favorable energetics of these pro-
cesses.'?"!7 IR spectroscopic characterization of these [M,C,2H]" products showed that the early
TM cations, Ta* and W*, formed carbene structures distorted by agostic interactions.'®2° In con-
trast, the later Os" and Ir" cations yielded hydrido metal carbyne HMCH" structures, although Ir*
also exhibited experimental evidence for co-existence of a higher-energy symmetric IrCH," car-
bene structure.'®2! Moving farther to the right, Pt was shown to form a Cov symmetric PtCH,"
carbene.!®?* The agostic distortions shown by Ta and W occur because empty 5d orbitals on these
metals accept electron density from one of the CH bonds. Because the late metals have no empty
5d orbitals, their carbenes are symmetric.

In contrast to third-row TM cations, the 3d (first-row) and 4d (second-row) TM cations do

11,2235 except for Zr", where the

not react with methane at room temperature by dehydrogenation,
reaction is quite inefficient.® 37 GIBMS experiments show that this inefficiency is because the
reaction of methane with Zr" is slightly endothermic, by 0.13 = 0.05 eV.?® This is also consistent
with the spectroscopic studies of Metz and co-workers,>” who could obtain IR spectra of Ar tagged
Zr'(CHs)12 as well as Zr'(CHa)s4. Interestingly, they also provided evidence for seeing
(H2)ZrCH>"(CHa)o,1. Flow tube experiments have reported that reaction of Nb* with methane
yields NbCHz" (75%) and Nb(CH4)" (25%) at thermal energies, albeit with an even lower overall
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reaction efficiency than Zr", 0.4% of the collision rate.!! ICR experiments found that this exother-
mic dehydrogenation process was associated with electronically excited Nb*.” Once quenched,
these ions do not react with methane at room temperature. This agrees with GIBMS experiments
that show the reaction of ground state Nb* (°D) with methane to form NbCH>" + H is endothermic
by 0.30 £ 0.09 eV.32

Theory has shown that for both Zr" and Nb" in their ground electronic state, a methane
adduct, M"(CHa), is the only species that could be formed at thermal energies.>**! Also, in both
cases, formation of ground state MCH>" + H; requires changing spin. For Zr, the quartet spin
surface of the Zr" (*F) + CH4 (‘A1) ground state reactants shifts to the doublet spin surface of
ZrCH," (*A") + H ('Z,") ground state products,® whereas the ground state for Nb* is °D and the
ground state of NbCH," is 3A.>> 4! These theoretical calculations also indicate that the most likely
position for the crossing point between spin surfaces lies in the entrance channel as the metal ion
inserts into the CH bond to form a H-M*-CH3 intermediate having the same spin as the products.
For Zr, this intermediate can evolve to ground state products along a doublet spin surface with no
barriers in excess of the overall endothermicity. For Nb, the triplet spin surface has calculated
barriers in excess of the overall endothermicity, but coupling to surfaces having singlet spin, which
lead to a HONbCH, " intermediate, and then back to the triplet spin state for the products conceiv-
ably provides a lower-energy, overall barrierless pathway.

To understand the periodic trends in the reactions with methane, it is of interest to charac-
terize the structures of the putative [M,C,2H]" products for the 4d transition metal cations (TM").
We recently used IR action spectroscopy to examine two of the late 4d TM's, Ru” and Rh", show-
ing that the results were distinct from their Os* and Ir" congeners.*> Whereas [Os,C,2H]" formed
by reaction of Os” with methane was exclusively HOsCH", [Ru,C,2H]" formed by reaction of Ru”
with oxirane (c-C2H40O) was a mixture of HRuCH" and a symmetric RuCHx" carbene. [Ir,C,2H]"
formed by reaction of Ir* with methane showed a mixture of both IrCH," and HIrCH", but

[Rh,C,2H]" formed by reaction of Rh* with oxirane was found to be composed of two different



spin states of the symmetric RhCH»" carbene. The two spin states led to extensive multiconfigu-
ration character in the calculations needed to properly assign the experimental spectrum.

Here, we extend our studies of the 4d [M,C,2H]" species by examining two early TM"
species, namely M = Zr and Nb. Previous GIBMS studies have shown that the reactions of these
TM" with methane are endothermic. These studies have established that Do(Zr'—~CHb) is 4.61 +
0.05 eV3®* and that Do(Nb"*—CHa) is 4.44 £ 0.09 eV.3? Given Do(CH>—H>) = 4.743 = 0.001 eV, *
the reactions of Zr" and Nb* with CHy are endothermic by 0.13 + 0.05 and 0.30 + 0.09 eV. There-
fore, in order to form the [M,C,2H]" species of interest, we react the corresponding M" ions with
cyclopropane (c-C3Hg). Cyclopropane is reactive with many TM cations because of its ring strain
and because [M,C,2H]" formation is accompanied by the stable C,Hs neutral product, such that
extracting CH» requires much less energy, Do(CH2—C2Hy) = 3.948 £ 0.003 eV.* Thus, the reac-
tions of M" with ¢-C3He to form MCH," + C,H4 are exothermic by 0.66 + 0.05 and 0.49 = 0.09 eV
for M = Zr and Nb, respectively. Zr" has been shown to react with cyclopropane at thermal energies
in GIBMS experiments to yield predominantly ZrCH," (19%), ZrCoHz" (12%), ZrCsHy"™ (20%),
and ZrCsHa" (48%), with small amounts of ZrC>Ha" (0.5%).* ICR-MS experiments found that the
reaction of Nb* with ¢-C3Hs yields NbCH2" (24%), NbC2Hz" (11%), and NbC3Hz" (65%).°

In the present work, we probe the structures of the [M,C,2H]" product ions for M = Zr and
Nb using a combination of infrared multiple photon dissociation (IRMPD) action spectroscopy
and density functional theory (DFT) calculations. IRMPD spectra were recorded using a molecular
beam apparatus without mass-isolation prior to irradiation. Notably, for these four-atom systems,
the sparsity of rovibrational states means that the intramolecular vibrational redistribution (IVR)
is relatively slow, such that the enhanced power afforded by the intracavity configuration of the
Free Electron Laser for Intra-Cavity Experiments (FELICE) is required. This has been demon-

strated previously for PtCH,", where extra-cavity photodissociation could not be observed.*’

METHODS

Experimental



IRMPD action spectroscopy experiments on [M,C,2H]" systems were performed on the
first beamline of FELICE using a molecular beam apparatus, as described in detail elsewhere.* 4’
A solid metal target rod was rotated and translated within the molecular beam instrument. Atomic
metal cations were formed in a laser ablation source*® *° by focusing the second harmonic of a
pulsed Nd:YAG laser (532 nm) on the metal target. This created a plasma in a 3 mm diameter x
60 mm long channel that was collisionally cooled with helium injected into the channel via a pulsed
valve (General Valve Series 9, stagnation pressure 5 bar). Cyclopropane (5 % in He, 0.5 bar stag-
nation pressure) was pulsed into the channel with a second pulsed valve approximately 50 mm
downstream from the ablation source. Under the conditions used, 40-60% of the metal cations
were found to react with cyclopropane. At the end of the reaction channel, the gas pulse expanded
into vacuum and was shaped by a 2 mm diameter skimmer and a horizontal slit aperture (8 % 0.45
mm), both being electrically grounded. The molecular beam then entered the intracavity region
and crossed the FELICE IR laser beam at an angle of 35°. FELICE is capable of producing IR
radiation in the 100 — 2100 cm™ spectral range but only the 250 — 1800 cm™! range was used in the
present study. The FELICE pulse train is a macropulse having a ~ 7 us duration that consists of
ps-long micropulses separated by 1 ns. The radiation was near transform-limited, and the spectral
width was set to approximately 0.5% full width at half maximum (fwhm) of the central frequency
(translating to about 5 cm™ at 1000 cm™).

The molecular beam interacted with the FELICE IR light for a few pus before all ions were
pulse extracted into a reflectron time-of-flight (RETOF) mass spectrometer (Jordan TOF Products,
Inc.) with a mass resolution of M/AM = 1700. Transients from the multichannel plate (MCP) de-
tector were recorded with a 400 Msample/s 100 MHz digitizer (Acqiris DP310). The laser ablation
and He/c-CsHg gas pulses were run at twice the FELICE pulse rate. This allows the determination
of fragments with and without the radiation provided by FELICE and permits collection of refer-
ence mass spectra to correct for long-term source fluctuations.

The experimental IRMPD spectra for [M,C,2H]" were constructed by calculating the frag-
mentation yield provided by Y = -In[Ip/(Ip + Ir)] where IF is the fragment ion intensity and Ip is the
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precursor ion intensity. This fragment ion yield was corrected for the IR macropulse energy, as
inferred from a fraction of the light coupled out of the cavity. During the experiments, the typical
macropulse energies amounted to 0.6 — 0.8 J. In this work, the potential bare M* photodissociation
product was not considered because, as noted above, a substantial amount of the bare metallic
cation (40-60%) did not react, leaving it remaining in the molecular beam. Rather, the MC" frag-
ments were considered exclusively.

Niobium is monoisotopic, >*Nb, but the isotopic patterns of zirconium (51.5% *°Zr, 11.2%
NZr, 17.1% **Zr, and 17.4% °*Zr) can obscure some fragment ions. In both metal systems, previ-
ously measured thermochemistry indicates that the decomposition pathways observed require on
the order of 3.0 eV for Zr and 2.5 eV for Nb, Table 1.3%3%% To achieve these decompositions, the
minimum number of 600 cm™ IR photons absorbed for M = Zr and Nb is 41 and 33 + 2, respec-
tively; whereas at 1600 cm™, only 15 and 13 + 1 photons, respectively, are needed. Ordinarily,
more photons than this minimum number are required in order for the rate of fragmentation to be
sufficiently high for observation within the experimental time window, which is on the order of 10
—20 ps.

The macropulse fluence in the experiment can be altered by translating the entire experi-
mental apparatus along the FELICE laser beam. At a fixed wavenumber, the FELICE fluence can
be reduced from the in-focus position by up to a factor of 30 at a maximum translation of 300 mm
out of focus of the FELICE optical beam with its 55 mm Rayleigh range. As seen previously, the
variation of the fluence leads to a relatively linear dependence of the fragmentation yield once a

certain threshold has been overcome,”” !

until all ions in the interaction volume have fragmented
and saturation leads to a broadening of spectral lines. As the strongest resonances can become
saturated at IR fluences where smaller features are barely visible, spectra were recorded both at
the maximum fluence (in-focus) and at a fixed translation of 240 mm from focus (out-of-focus).

The spectra presented here were recorded with a compromise between suppression of broadening

effects and the visibility of small resonances. The range of fluences in the in-focus position



extended from 25 J/cm? at 300 cm™! to 150 J/cm? near 1400 cm’!, with estimated peak power den-

sities ranging from 4 x 10% to 1 x 10! W/cm?.

Computational

Using the Gaussian 16 software package,’> molecular structures were optimized using the
unrestricted B3LYP hybrid functional®® 3 and the def2-TZVPPD basis set.>® This triple-{ basis set
with dual polarization and diffuse functions uses a 28 electron (small core) effective core potential
(ECP) on Zr and Nb, with the 4s, 4p, 5s, and 4d orbitals treated explicitly. All electrons were
treated explicitly for H and C. This theoretical approach was used because the M*—CH> bond dis-
sociation energies calculated for the metals explored here matched the experimental values rela-
tively well: Do(Zr'—CH,) = 4.37 ¢V (experimental 4.61 + 0.05 eV) and Do(Nb*~CH>) = 4.40 eV
(experimental 4.44 + 0.09 eV). Relative energies provided here and below all include zero-point
vibrational energy corrections with unscaled vibrational frequencies. We also performed single-
point energy calculations at the coupled cluster with single, double, and perturbative triple excita-
tions, CCSD(T), level utilizing the B3LYP geometries and zero-point corrections. These calcula-
tions indicate M*-CH, bond dissociation energies of 4.20 and 4.19 eV, respectively, somewhat
below the experimental values.

To ascertain true minima and for comparison with the experimental spectra, harmonic vi-
brational frequencies were calculated. For each vibrational mode, rovibrational envelopes were
simulated assuming pure a-, b-, or c-type transitions and a rotational temperature of 100 K,>® a
temperature found to fit our previous spectral results for the PtCH," species better than room tem-
perature.’’ The resulting rovibrational transition lines were then shifted to the harmonic vibrational
frequencies that had been scaled by a factor of 0.95 to better match the observed band frequencies
and convoluted with a Gaussian line shape function (FWHM = 0.9% of the central frequency),
which mimics the FELICE spectral bandwidth. A similar scaling factor has previously been uti-

lized for the WCH>" spectrum.'’



RESULTS & DISCUSSION

Reactions between M (M = Zr and Nb) and cyclopropane resulted in the ionic products
[M,C,2H]", [M,2C,2H]", [M,3C,4H]", [M,4C,4H]", [M,5C,6H]", and [M,6C,8H]", for both M,
along with minor amounts of [M,4C,6H]", [M,4C,8H]", [M,6C,6H]", and [M,9C,10H]" for Nb.
These product mass distributions are shown in Figure S1. The dominant product in both systems

is dehydrogenation, which yields [M,3C,4H]".

[Zr,C,2H]"

Zirconium has a complex isotopic distribution with natural abundances at 90 (51.5%), 91
(11.2%), 92 (17.1%), and 94 (17.4%) amu. Experimental thermochemistry (Table 1) indicates that
dissociation of ZrCH>" to yield ZrC" + Ha requires 3.31 £ 0.16 €V and to form ZrCH" + H requires
3.05 £ 0.14 eV, such that the two pathways are comparable in energy. Similarly, theory indicates
that these two channels are nearly isoenergetic. Loss of CH to form Zr" is much higher in energy
at 4.61 £0.05 eV, as also found by theory. Because of the extensive overlap between the isotopes
of Zr and ligation by C, CH, and CH3, upon resonant IR irradiation, only two fragment masses at
m/z =102 and m/z = 103 can be clearly observed, Figure S1. The ratios of these two peaks suggest
they are predominantly the *°ZrC* and *!ZrC* photofragments, although contributions of *°ZrCH"
at m/z = 103 cannot be ruled out. The observation of both product channels is expected on the
basis of the experimental thermochemistry, such that the preference for dehydrogenation observed
here may suggest some revision in the literature thermochemistry for ZrC* or ZrCH" is needed.

Figure 1a shows the experimental IRMPD spectrum of [Zr,C,2H]". The spectrum was rec-
orded using both out-of-focus and in-focus fluence conditions. It is constructed using only the *°Zr
isotope (m/z = 104) with ZrC" as the major photofragment observed (m/z = 102, Figure S2a). Here,
a depletion of about 5% is observed out-of-focus. The spectrum of [Zr,C,2H]" in Figure 1a shows
one dominant band peaking at 710 cm’!, although the top of this band exhibits some structure.
There is a much weaker, but very broad absorption at higher wavenumber that appears to have two
maxima at ~1400 and 1550 cm™!, as is visible in the enlarged spectrum. This broader structure
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becomes more apparent when in focus, where the main band also broadens. A possible absorption
at ~1000 cm™! can also be seen in the in-focus spectrum.

As noted above, different [Zr,C,2H]" isomers and states were calculated at the
B3LYP/def2-TZVPPD level along with single point energies at the CCSD(T) level using the same
basis set and B3LYP geometries. Table 2 contains a complete listing of all stable [Zr,C,2H]" spe-
cies located computationally. The 2A’ ground state (GS) is a distorted (agostic) zirconium carbene
geometry. A low-lying electronic state, A", has a similar geometry and is calculated to lie only
0.18 eV (0.22 eV at the CCSD(T) level) higher in energy. Increasing the spin state of the molecule
leads to symmetric carbene structures (Cay symmetry) with the lowest “Bz and “B; states. These
are calculated to lie 0.73 and 0.74 eV (0.90 and 0.90 eV at the CCSD(T) level) above the 2A’ GS.

The reason for the agostic distortion can be understood by comparing the molecular orbitals
(MOs) of the Cay and distorted structures, as shown in Figure 2. With the convention that the z-
axis lies along the Zr-C bond and that the molecule lies in the yz plane, the (Cay) “B: state has two
CH:; bonding MOs (1a; and 1b, symmetry, both double occupancy), a Zr—C ¢ bonding MO (2ai,
using mainly 4d, on Zr, double occupancy), a Zr—C © bond (1bi, Zr 4dx, single), and two non-
bonding MOs localized on Zr: (1az, 4dxy, single) and (4ai, largely Ss, single). Thus, the valence
MO occupation (including the four CH, bonding electrons) is (1a1)*(1b2)?(2a1)*(1b1)!(1a2)'(4ar)'.
The similar “B; state shifts one of the non-bonding electrons from the 4dxy (1a2) MO to the 4dx2-y>
(3a1), which explains the small energy difference between these two states. When the spin state is
lowered, this enables one of the orbitals on Zr to be empty such that C-H bonding electrons can
donate into this orbital, forming an “agostic” bond. This effect can be seen by noting that the
distortion leads to the 1b, MO (nearly pure CH> in character) gaining 4d character on Zr to become
the 2a" MO. Also, the 2a’ and 3a’ MOs essentially combine the 4d,, and 4dy, orbitals on Zr to
enhance the bonding between Zr and CH». The remaining orbitals remain largely unchanged alt-
hough the 1b; gains 4dx, character as it evolves to the 1a"” MO, and the 3a; (pure 4dx2-y2) hybridizes

with the 5s orbital as it forms the 42’ MO. Thus, the electron configuration of the 2A’ GS is



(1a")*(2a")*(3a")*(1a”")*(4a’)". The similar >A" state is formed by shifting the non-bonding 4a’ (5s-
4dx2.y2) electron to the 2a’ (4dxy) MO, explaining their similar energies.

In addition to these carbene structures, we also located hydrido zirconium carbyne states,
HZrCH". The lowest of these is a A’ electronic state that lies 1.28 (1.33 for CCSD(T)) eV above
the A’ carbene GS. Figure 2 shows the evolution of the MOs for this structure compared to the
carbenes (Cs, Cav). The (1a’, 1a;) MO remains a CH bonding orbital (1a’), whereas the CH» (2a’,
1b2) MO increases in energy and becomes the in-plane Zr-C « bond (4a"). The (3a’, 2a;) MO re-
mains the Zr-C ¢ bond (2a"); and likewise, the (12", 1b1) out-of-plane Zr-C 7 bond retains similar
character in the 1a"” MO of HZrCH". The 3a’ MO is the Zr-H o bond and can be seen to evolve
from the 4a" MO of the Cs agostic structure, where the 4dx>-y2 orbital has hybridized with the Zr
(5s) orbital. The next non-bonding 4dxy MOs (2a”, 1az) evolve to the HZrCH" (2a”") MO and ac-
quire some out-of-plane Zr-C n bonding character. The (52a’, 4a1) MOs, largely Zr (5s), retains this
character in the 5a’ MO of HZrCH". For the lowest energy 2A’ state of HZrCH", the valence MO
occupation is (1a")*(2a’)*(3a’)*(1a”")*(4a’)!. In addition, there are A", *A"”, and *A’ states lying
1.53 (1.55), 2.07 (2.24), and 2.23 (2.35) eV above the carbene GS. In these states, a 1a’" electron
is moved to the 4a’, 5a’, or 2a’"" MO, respectively.

To examine the relationship between these various states and ensure that no low-lying
states were missed, we also conducted relaxed potential energy surfaces scans at the B3LYP/def2-
TZVPPD level. These are shown in Figure 3. At small ZC-Zr-H bond angles, the difference be-
tween the agostic interactions of the doublet spin states (minima near 30°) and the C,y symmetries
of the quartet spin states (minima near 20°) is evident. As this bond angle increases, the surfaces
evolve to the HZrCH" geometries with minima near 100°. Clearly, these hydrido carbyne struc-
tures are much higher in energy than the carbene-like structures. Along the A"’ surfaces, there is
a curve crossing that is probably avoided and occurs because of differing orbital occupations along
the two surfaces.

Other possible structures, dihydrido zirconium carbides, H2ZrC", or dihydrogen zirconium
carbide, (H2)ZrC", were also explored. Both A" and A"’ states of the former were located and lie
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3.92 (3.96) and 4.47 (4.56) eV above the GS. For (H2)ZrC" structures, A’ and *A"’ states were
found at 2.62 (2.51) and 3.55 (3.54) eV above the GS, Table 2. Because the reaction of Zr" with
cyclopropane is exothermic by 0.66 + 0.05 eV, none of these alternative structures are expected to
be formed easily in the present experiments.

Figure 1b-¢ shows simulated IR spectra of different [Zr,C,2H]" isomers and states calcu-
lated at the B3LYP level, with further isomers shown in Figure S3 of the Supporting Information.
Table 3 includes the frequencies, intensities, and mode descriptions for all of these. The B3LYP
IR spectrum for the A’ GS of ZrCH," (Figure 1b) is dominated by the CH, wag (a broad c-type
transition) and Zr-C stretch (a narrow a-type transition) modes, which are calculated at 712 and
802 cm™!, respectively. In Figure 1b, the vibrational spectrum has been scaled by 0.95, such that it
now matches experiment quite well. The rotational band structure of this state could conceivably
reproduce the fine structure seen in the experimental band. These vibrations are shifted to 658 and
793 cm™! for the low-lying >A"" state (Figure 1c), where they retain similar intensities but are some-
what broader. The CH rock of both states (calculated at 513 and 462 cm’!, respectively) is very
weak in intensity and is a broad b-type transition. In contrast, the CH> scissors mode (a broad b-
type transition), which lies near 1340 cm!, has appreciable intensity that is smeared out by the
rotational band contours. Nevertheless, this mode does reproduce part of the broad band observed
experimentally. As noted above, the formation of ZrCH>" + ethene from reaction of Zr" with cy-
clopropane is exothermic by 0.66 + 0.05 eV, such that only the ?A’ and A" states should be formed
easily. The predicted spectra for both species match the experimental spectrum rather well but are
so similar that neither of them can explain the second band of the high-frequency broad structure
around 1550 cm™! or the band at 1000 cm™! that becomes visible in the laser focus. One speculative
assignment for the 1550 cm™' band could be combination bands or overtones of the intense bands
at 700 — 800 cm™!. Another could be an electronic transition between the vibrationless ground states
of the 2A" and 2A" states, that according to the current calculations would lie at 1460/1742 cm’!
using the B3LYP/CCSD(T) energies. Although unusual, electronic transitions have been observed
previously in IRMPD spectra of MsC3>® and cobalt clusters.”® We have no obvious explanation for
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the possible band at 1000 cm™'. Despite these minor discrepancies, we assign the [Zr,C,2H]" spe-
cies to the agostic zirconium carbene structures.

Figure 1d shows the spectrum for the symmetric ZrCH," (*B>) state. This exhibits peaks at
371 (CHz rock, a broad b-type transition), 607 (M-C stretch, a narrow a-type transition), and 687
(CH2 wag, a broad c-type transition) cm™. The nearly isoenergetic “B; state has a very similar
spectrum (Figure S3) with peaks at 365, 606, and 686 cm™. For both states, the CH scissors mode
lies near 1326 cm™ with very weak intensity (<1 km/mol). The sharp intense bands predicted at
606/607 cm™! do not reproduce the experimental spectrum well. Likewise, the spectra for the hy-
drido zirconium carbyne cation in any state, Figures le and S3g - j, predict bands at lower wave-
number than the primary band observed at 710 cm™ as well as an intense band near 1770 cm’!
(MH stretch) that has no experimental counterpart. We conclude that these higher energy alterna-

tive states and structures are unlikely to contribute to the experimental spectrum.

NbCH2*

Literature experimental thermochemistry indicates that dissociation of NbCH," to yield
NbC" + H; requires 2.48 £ 0.17 eV and to form NbCH" + H requires 2.75 + 0.22 eV, such that the
two pathways are comparable in energy, Table 1. Loss of CH» requires more energy, 4.44 + 0.09
eV. Computational thermochemistry in this work places both lower-energy channels at near iden-
tical energies (Table 1). Upon photofragmentation of [Nb,C,2H]" (m/z = 107), NbC" (m/z = 105)
was the only fragment observed, as shown in Figure S2b, consistent with the experimental ther-
mochemistry mentioned above. The experimental IRMPD spectrum of [Nb,C,2H]" is shown in
Figure 4a. Similar to the spectrum for the zirconium analogue, we observed a broad band peaking
at 675 cm™' again with some structure, along with a fairly sharp band at 800 cm™. In contrast to
the ZrCH," spectrum, at lower fluences (out-of-focus), no extra structure appears, but at the higher
fluence of the in-focus position, intensity at higher wavenumber (1000 — 1500 cm™) grows in, and

the bands around 700 cm™' broaden further.
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Previous theoretical calculations for [Nb,C,2H]" at the CCSD(T)/MP2
(CCSD(T)//B3LYP) levels using the LANL2DZ basis on Nb and 6-311++G(d,p) basis on C and
H identified a *A ground state, with °A and 'A states lying 0.26 (0.24) and 0.46 (0.47) eV higher
in energy, respectively.*! Table 2 contains a complete listing of all stable [Nb,C,2H]" species lo-
cated computationally in the present work. Our calculations find a *A"" GS, which has the distorted,
agostic carbene geometry and a valence MO occupation of (1a")*(2a’)*(3a’)*(1a’")*(4a’)!(2a")".
Low-lying *A’ and 'A’ states move the non-bonding 2a’’ (4dyy) electron into either the non-bonding
5a’ (5s-like) or the 4a’ (4dx2y2) MO. These states lie 0.15 and 0.28 eV (0.14 and 0.22 eV at the
CCSD(T) level) above the A" GS. If the spin state is increased to quintet, then the molecule
reverts to the symmetric Cay carbene. Ay, °Ba, and °A; states were found at 0.89, 0.98, and 1.07
(0.98, 1.10, and 1.19 for CCSD(T)) eV about the GS. The valence configuration of the >A; state is
(1a1)?(1b2)*(2a1)(1b1)!(1a2)'(3a1)'(2b2)!, where the 3a; is now a 5s-4dx2-y2 hybrid and the 2b, MO
is the antibonding analogue of the 1b, bonding MO. For the °B; state, the configuration is
(la1)?(1b2)*(2a1)?(1b1)!(1a2)!(3a1)'(4a1)!(2b2)°, and  for the %A,  state, it s
(1a1)*(1b2)*(2a1)*(1b1)'(1a2)°(3a1)! (4a1)'(2b2)!, where in both cases, the 3a; and 4a; MOs are now
4dx2y2 and largely Ss, respectively.

As for the zirconium analogue, we also located hydrido niobium carbyne structures. The
lowest of these is the 'A’ state lying 0.55 (0.42) eV above the A" carbene GS. At higher energies,
we located a A’ state, which lies 1.68 (1.72) eV above the GS, whereas the A"’ state is 2.97 (3.19)
eV higher in energy. These have valence MO occupations of (1a’)*(2a’)*(3a’)*(1a’")*(4a’)?,
(1a")%(2a")*(3a")*(1a’")'(4a")*(2a"")!, and (1a')*(2a’)*(3a’)*(1a”")!(4a")!(5a")!(6a’)!, respectively.
Again to examine the relationship between the carbene and hydrido carbyne structures, we per-
formed relaxed potential energy surfaces scans, as shown in Figure 5. Again the distinction be-
tween the agostic structures of the low-spin singlet and triplet states (minima near 35°) is evident
by the larger ZC-Nb-H bond angle compared to the quintet states that have Coy symmetry (minima
near 20°). As the bond angle increases, the surfaces evolve to yield the stable HNbCH™ structures
for 'A’ and A"’ states. In contrast, on surfaces for the A", *A’, A’, and a second A"’ state, there
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is no minimum found for a HNbCH" geometry. Note that the HNbCH" minimum on the A’ surface
connects to an excited state of a Cay carbene, the *B; state at 1.30 (1.34) eV above the GS.

We also searched for HaNbC" structures (singlet, triplet, and quintet spin), but these all
collapsed to either HNbCH™ (singlet) or NbCH," structures. For (H2)NbC™ structures, 'A’, *A’, A"’
and A’ states were found 2.3 — 3.0 (2.0 — 3.2) eV above the GS, Table 2. Because the reaction of
Nb" with cyclopropane is exothermic by 0.49 + 0.09 eV, formation of singlet and triplet states of
NbCH:" and possibly the singlet state of HNbCH" is feasible experimentally.

Figure 4b-f shows the B3LYP simulated IR spectra of different [Nb,C,2H]" isomers and
states, where again the calculated frequencies have been scaled by 0.95, with further isomers
shown in Figure S4 of the Supporting Information. Table 4 includes the frequencies, intensities,
and mode descriptions for all of these. The calculated IR spectra of the *A”” GS and low-lying A’
and 'A’ states exhibit moderately intense bands with very similar frequencies (Figure 4b-d). These
bands correspond to the Nb-C stretch (a narrow a-type transition, 24, 18, and 26 km/mol) near 850
cm™' and CH, scissors (a broad b-type transition, 42, 47, and 41 km/mol) near 1385 cm™!, and
strong bands for the out-of-plane CH, wag (a broad c-type transition, 117, 111, and 122 km/mol)
near 710 cm™!, whereas the in-plane CH; rock modes (a broad b-type transition) near 600 cm™ are
relatively weak with intensities near 10 km/mol. The broader but more intense bands for the CH>
wag agree well with the observed peak at 675 cm™ and the experimental fine structure is possibly
reproduced by the rotational band structure here (calculated at 100 K). The sharp band observed
at 800 cm™! likewise agrees fairly well with the predicted narrow Nb-C stretch bands. As noted
above, the reaction of Nb" with cyclopropane to form NbCH>" + C2Hy is exothermic by 0.49 +
0.09 eV, such that formation of all three of these states is feasible experimentally. Therefore, we
assign the experimental spectrum of [Nb,C,2H]" to the agostic carbene structures.

As noted above, the reaction with cyclopropane potentially has enough energy to form the
'A" state of HNbCH, although the excitation energy of this state lies at the upper limit of the
uncertainty in the exothermicity, Table 2. For this state, bands are predicted at 577 (broad b-type
transition, 104 km/mol), 726 (broad c-type transition, 129 km/mol), 769 (broad b-type transition,
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31 km/mol), and 999 (narrow a-type transition, 6 km/mol) cm™. As shown in Figure 4e, the spec-
trum for this structure is shifted to the red compared to the experimental spectrum and no longer
has a sharp band that would reproduce the experimental band at 800 cm™!. Figure 4f shows the
spectrum of the lowest energy symmetric carbene structure, the A, state. It also is red shifted
compared to the experiment and cannot easily explain the sharp 800 cm™ band. We conclude that
there is no evidence for the production of these higher energy structures under our experimental
conditions.

Similar to the ZrCH," results, the CH, scissors bands near 1340 cm™ might explain the
very broad band observed at 1500 cm™! under high fluence conditions of the in-focus position,
Figure 4a-b. However, we also speculatively mention an electronic excitation here. The ZrCH,"
(PA") species is calculated at the CCSD(T) level to lie 0.136 eV above the A" GS, with the 'A;
state at 0.218 eV. These energies correspond to 1097 and 1758 cm™!, which span the region of the

experimental broad band.

CONCLUSION

Reacting the 4d group 5 and 6 transition metal cations, M* (M = Zr and Nb), with cyclo-
propane in a molecular beam source led to the formation of [M,C,2H]". These species were irradi-
ated in the infrared intracavity free-electron laser FELICE, where they were spectroscopically
characterized. The IRMPD spectra of both [Zr,C,2H]" and [Nb,C,2H]" are dominated by broad
bands around 700 cm™, although [Nb,C,2H]" also has a sharp side band at 800 cm™'. Both species
exhibit some absorption at higher wavenumber (near 1400 cm™') when irradiated at maximum
power. On the basis of B3LYP and CCSD(T)//B3LYP energetics, both species are expected to be
distorted, agostic carbenes. Comparisons of the DFT calculated spectra for these species with the
experimental IRMPD spectra offer good agreement once the broad rotational band structure of
these species is properly included. These conclusions are consistent with previous conclusions

regarding the early 5d congeners, [W,C,2H]" and [Ta,C,2H]".!8-2°
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A detailed molecular orbital evaluation of the evolution between these agostic carbenes
and symmetric Cyy carbenes demonstrates that empty d orbitals on the metal accept electron den-
sity from one of the C-H bonds, leading to the distortion. However, these species do not further
evolve to the HMCH" hydrido carbyne structures. In the case of the zirconium complex, there are
insufficient valence electrons needed to support the covalent Zr=CH triple and Zr-H single bonds
in this structure. For niobium, the singlet 'A’ state of HNbCH" does include all four covalent bonds
(along with the C-H bond) and hence is low-lying, 0.55 (0.42) eV, but suffers from the loss of

exchange energy associated with the higher spin states of the carbenes.

Supporting Information. Figures showing the mass spectrum for reaction between Zr" and Nb*
with cyclopropane, the observed ion intensities of MCH," reactants and MC" products from IR
irradiation, and additional comparisons between experimental and theoretical structures and states

of [Zr,C,2H]" and [Nb,C,2H]".
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Table 1: Fragmentation channels and dissociation energies (Do) of the lowest energy [M,C,2H]"

species.
Species Fragments Bond dissociation energy Do (eV)
B3LYP? CCSD(T)*? Experiment

ZrCH," Zr" + CHa 4.37 4.20 4.61+0.05°
ZrC* + Ha 3.17 2.97 331+0.16°¢
ZrCH"+H 3.24 2.98 3.05+0.14 ¢

NbCH,"*  Nb“"+CH; 4.40 4.19 4.44+0.09 ¢
NbC* + Ha 3.01 2.74 2.48+0.17 ¢
NbCH" +H 3.00 2.76 2.75+0.22 ¢4

? Theoretical values are calculated at the level of theory shown using the def2-TZVPPD basis set
and B3LYP geometries and zero point corrections. ® Refs. #*. ©Uses Do(C—Ha) = 3.320 = 0.001
eV or Do(CH-H) = 4.330 = 0.001 eV.* ¢Ref. 32,
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Table 2: Ground and excited electronic states for [M,C,2H]" isomers with electronic occupation
for selected states calculated at the B3LYP/def2-TZVPPD level. The relative energy at 0 K, Erel,

is given with respect to the lowest energy isomer for the metal involved.

Species State  Erel (eV) Valence MO Occupation

B3LYP* CCSD(T)*

ZrCHy®  2A’  0.000 0.000  (la')(2a’)(3a’)X(la")X(4a’)!
2A" 0181 0216 (la’)X(2a’(3a’)X(1a”)3(2a")!
By 0732 0902  (la)*(1ba)*an*(1by)'(1az)'(4ay)!
By 0735 0902  (la)*(1ba)*an)*(1by)'(3a1)'(4a))!
2B, 0968 1134 (la)*(1ba)*an)*(1b))'(3a1)!(4a))!
HZrCH'  2A’ 1284 1329  (la'(22))%(3a")X(la")X(4a’)!
2A" 1534 1550 (la))X(2a’(3a’)X(la”)(4a’)?
‘AT 2067 2236 (la)X(2a)(3a)X(la”)(4a)(5a')!
‘AT 2233 2349 (la)X(2a)’(3a)X(la”)(4a) (2a”)!
(H))ZrC* A" 2.624  2.507
‘A" 3550 3.536
HZrCt “A" 3919 3.962
2A" 4467 4.556

NbCH:*  3A”  0.000  0.000  (la')(2a’)X(3a’)*(1a")*(4a’)'(2a")’
AT 0151 0136 (12)%(2a'2(3a)X(1a")*(4a’)\(5a')!
A" 0284 0218  (1a)%(2a)%(3a)X(1a")X(4a’)
SAi 0.894 0976 (la)A(1b2)2(2a)*(1b1)!(1a2)!(3a1)!(2ba)!
B, 0982  1.096  (laX(1ba)%(2a1)*(1b1)'(1a2)'(3a1)' (4a))!
SAs 1.068 1193 (la)A(1b2)%(2a)'(1b1)!(3a1)!(4a1)! (2bs)!
By 1299 1387  (la)X(1b2)2(2an)*(1b1)!(1a2)!(3a1)?
SA; 1.804  1.813  (la)A(1b2)2(2an)*(1b)!(1a2)!(3a1)'(2by)!
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HNbCH® A’ 0.548  0.423 (1a")*(2a")*(3a")*(1a"")*(4a")?

A 1.683 1.716 (1a")*(2a")*(3a")*(1a"")!(4a")*(2a"")!

A" 2970 3.193 (1a")*(2a")*(3a")*(1a"")!(4a")!(52") ! (6a")!
(H))NbC™  SA” 2337 2116

A 2368  2.021

A 2,626  2.444

A 2970  3.193
a Theoretical values are calculated at the level of theory shown using the def2-TZVPPD basis set
and B3LYP geometries and zero point corrections.
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Table 3: Experimental band positions and strengths (s=strong, m=medium, w=weak) accompa-

nied by theoretical calculated frequencies, intensities, and descriptions for the assigned structures.

Structure (state) Experiment Theory B3LYP?

Frequency  Strength  Frequency Intensity Mode description

(cm™) (cm™) (km/mol) (type)
ZrCH," CA'PA™) 513 /462 3/4 CHazrock (b)
710 S 712/658  143/135 CHz wag (c)

802 /793 47/32 M-C stretch (a)
1400 w 1354 /1325 44 /45 CH; scissor (b)
2672 /2788 16 /12 agostic C—H str.
3192/3191 50/31 free C—H stretch
ZrCHy" (“B2/*B1) 371/365 9/8 CHaz rock (b)
607 / 606 33/34 M-C stretch (a)

710 S 687 /686 45/45 CHz wag(c)
1400 W 1327 /1325 1/1 CH; scissor (b)
3056 /3056 36 /36 sym C-H stretch
3142 /3141 6/5 asym C—H stretch
HZrCH' CA'/?A") 326 /521 59/140 HM ip bend (a)
710 S 572/ 663 40/41 C-Hip bend (b)

665 /591 150/ 61 CH oop bend (c)
1400 w 832 /842 17/25 M-C stretch (a)
1769 /1776 145/ 138 M-H stretch (b)
3162/3163 45 /48 C-H stretch

“ When two values appear, these correspond to the two electronic states specified in the first col-
umn.
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Table 4: Experimental band positions and strengths (s=strong, m=medium, w=weak) accompa-

nied by theoretical calculated frequencies, intensities, and descriptions for the assigned structures.

Structure (state) Experiment Theory B3LYP?

Frequency  Strength  Frequency Intensity Mode description

(cm™) (cm™) (km/mol) (type)
NbCH," CA"/A") 581/ 639 6/13 CHa rock (b)
675 s 708/720  117/111 CHa wag (c)

800 m 837 /857 24 /18 M-C stretch (a)

1400 W 1384 /1389 42 /47 CHa scissor (b)
2561 /2534 11/6 agostic C—H str.
3193 /3186 63 /54 free C—H stretch

NbCHz" ('A") 575 4 CHazrock (b)
675 S 708 122 CHz wag (c)
800 m 852 26 M-C stretch (a)
1400 W 1384 41 CH; scissor (b)
2578 14 agostic C—H str.
3193 68 free C—H stretch
HNbCH" ('A") 577 104 HM ip bend (b)
675 S 726 129 C-H oop bend (c)
800 m 769 31 CHip bend (b)
1400 W 999 6 M-C stretch (a)
1903 71 M-H stretch
3159 61 C-H stretch

“ When two values appear, these correspond to the two electronic states specified in the first col-

umn.
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Figure 1: (a) Experimental IRMPD spectrum of [Zr,C,2H]"; b-d) B3LYP/def2-TZVPPD calcu-
lated IR spectra of different [Zr,C,2H]" states and isomers with the harmonic vibrations in red and

the rovibrational envelopes (calculated at 100 K) in blue accompanied by geometric structure,

Wavenumber (cm™)

relative energy, and electronic state. Theoretical frequencies are scaled by 0.95.
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Figure 2: Molecular orbitals of several structures of [Zr,C,2H]*. The molecule lies in the plane of the fig-

ure except for those marked by arrows, which are rotated 90° along the Zr—C bond axis.
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Figure 3: Potential energy surfaces of [Zr,C,2H]" along the C—Zr—H angle calculated at the
uB3LYP/def2-TZVPPD level of theory. Diamonds indicate calculated structures that success-
fully converged to true minima at the indicated C—Zr—H angle. Solid lines indicate A" states
while A' states are indicated by dashed lines. Doublet spin surfaces are depicted in green and

quartet in black. All energy values are relative to the 2A’ GS structure.

28



Fragmentation yield

IR intensity (km/mol)

out-of-focus

J ' I I ' ' ' ' I ' ' E
100 4 b) . 0eV3A" -
l ) o © ]

0 | ﬂ‘l"“«\
] T T T T T T T T T T T L
1004 ©) - +0.15 eV A" 4
. ® O ]
01— ——— M—
100 4 d) . +0.28 eV A" |
' @ ]
{e) ¢ +0.55 eV 'A'S
100 -
“« @ - ]
0 ' 1 ' ml ' ' ' ' 1 ' ' /
50 4 f) . +0.89 eV °A, T
® o ]

O JM& M
! ! I ! I ! ! ! ! I
500 1000 1500

Wavenumber (cm™)

Figure 4: (a) Experimental IRMPD spectrum of [Nb,C,2H]"; b-d) B3LYP/def2-TZVPPD calcu-
lated IR spectra of different [Nb,C,2H]" states and isomers with the harmonic vibrations in red and
the rovibrational envelopes (calculated at 100 K) in blue accompanied by geometric structure,

relative energy, and electronic state. Theoretical frequencies are scaled by 0.95.

29



[Nb,C,2H]*

Energy (eV)
N

20 40 60 80 100 120 140
HNbC angle (°)

Figure 5: Potential energy surfaces of [Nb,C,2H]" along the C-Nb-H angle calculated at the
uB3LYP/def2-TZVPPD level of theory. Diamonds indicate calculated structures that success-
fully converged to true minima at the indicated C—Nb—H angle. Solid lines indicate A"’ states
while A’ states are indicated by dashed lines. Singlet spin surfaces are depicted in blue, triplet in

red, and quintet in cyan. All energy values are relative to the *A"" GS structure.
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