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Abstract. The present work explores the structure of the gold carbene cation, AuCHz", using
infrared multiple photon dissociation (IRMPD) action spectroscopy and density functional theory
(DFT). Unlike several other 5d transition metal cations (M™ = Ta", W*, Os™, Ir*, and Pt") that react
with methane by dehydrogenation to form MCH2" species, gold cations are unreactive with
methane at thermal energies. Instead, the metal carbene is formed by reacting atomic gold cations
formed in a laser ablation source with ethylene oxide (cC2H4O) pulsed into a reaction channel
downstream. The resulting [Au,C,2H]" product photofragmented by loss of Hz as induced by
radiation provided by the Free-Electron Laser for IntraCavity Experiments (FELICE) in the 300 —
1800 cm! range. Comparison of the experimental spectrum, obtained by monitoring the
appearance of AuC", and DFT calculated spectra leads to identification of the ground state carbene,
AuCH>" ('A)) as the species formed, as previously postulated theoretically. Unlike the covalent
double bonds formed by the lighter, open shell 5d transition metals, the closed shell Au* ('S, 5d'%)
atom binds to methylene by donation of a pair of electrons from CH2('A1) into the empty 6s orbital
of gold coupled with m backbonding, i.e., dative bonding, as explored computationally.
Contributions to the AuC" appearance spectrum from larger complexes are also considered and

H2CAu'(c-C2H40) seems likely to contribute one band observed.



Introduction

It would be of great technological interest to develop economical and efficient catalysts for
the activation of methane, a major component of natural gas.!? Direct conversion into liquid fuels
and commodities such as methanol, ethene, or ethane, would retain the energy content of the
hydrocarbon while permitting much easier transport. Despite the interest in such catalysts, progress
has been slow and might be assisted by understanding factors that permit CH bond activation. By
eliminating the complexities of solvent, stabilizing ligands, and solid-phase supports, gas-phase
studies may provide a means for elucidating the intrinsic activation properties of metals.>* Such
gas-phase work also yields benchmark information that can be directly compared with theory,
thereby guiding theoretical studies of more complex systems. Early work by Irikura and
Beauchamp showed that methane was activated by a number of 5d transition metal cations (Ta",
W*, Os*, I, and Pt") at room temperature, yielding the dehydrogenation products, [M,C,2H]" +
Ha.> Survey work has subsequently shown that none of the other third-row, none of the first-row,
and only Zr" of the second-row transition metal cations activate methane at room temperature.’ A
host of additional studies have confirmed these results,{Allison, 1986 #3920} { Squires, 1987
#676;Aristov, 1987 #1379;Sunderlin, 1988 #1599;Schultz, 1988 #1468;Georgiadis, 1988
#1600;Sunderlin, 1989 #781;Russell, 1989 #887;Eller, 1991 #686;Chen, 1995 #845; Armentrout,
1996 #282;Haynes, 1995 #1606;Haynes, 1996 #864;Chen, 1997 #846;Armentrout, 1999
#281;Sievers, 2000 #835;Armentrout, 2003 #818;Liu, 2005 #1357;Armentrout, 2006
#1504;Shayesteh, 2009 #2268;Roithova, 2010 #2269;Schwarz, 2011 #2451;Irikura, 1989
#1514;Buckner, 1989 #850;Irikura, 1991 #613;Irikura, 1991 #896;Zhang, 2001 #586;Armentrout,
2006 #1363;Li, 2006 #1380;Parke, 2007 #1490;Armentrout, 2013 #2511;Armentrout, 2017
#3314} and demonstrated that the Zr" reaction is slightly endothermic and therefore inefficient.?
Guided ion beam studies have extended this work to higher collision energies, thereby providing
quantitative information about the reactivity and energetics of these reactions across the periodic
table.!> 238 More recently, it has been reported that cationic gold clusters will activate methane,*

although initial reports of catalytic activity to form ethene have been proven erroneous.*’



None of these studies provide any structural information about the species formed and
therefore, for many years, theory has constituted the only structural information available. In the
earliest work, Irikura and Goddard found that the 5d transition metal [M,C,2H]" species all had
MCH:" carbene structures having C2y symmetry.*! Simon et al. later calculated that carbene and
carbyne hydride (HMCH?") structures of [W,C,2H]" were close in energy,* and that the carbene
exhibited agostic interactions. The latter distort the carbene to Cs symmetry and occur for early
transition metals because electrons in a C-H bond donate into an empty metal d-orbital.**-

Recently, these theoretical predictions were tested experimentally by infrared multiple
photon dissociation (IRMPD) spectroscopic studies of the [M,C,2H]" species (and their deuterated
counterparts).**® As originally suggested by Simon et al., the ground states of [Ta,C,2H]" and
[W,C,2H]" were found to have carbene structures distorted by agostic interactions. In agreement
with Irikura and Goddard, [Pt,C,2H]" had the classic C2v symmetry carbene structure, whereas
[Os,C,2H]" had the carbyne hydride structure. [Ir,C,2H]" showed bands indicating a mixture of
both HIrCH" (dominant) and IrCHz" structures. The interpretation of [Pt,C,2H]" and [Ir,C,2H]"
spectra was complicated by additional bands,*® identified as overtones in later work on the
perdeuterated isotopologues.*’ These latter systems also demonstrated the importance of the
rotational substructures of the vibrational bands, evident in all five metal systems. These were the
first observations of rotational structure in IRMPD spectra for covalently bound systems, although
IR photodissociation spectra of weakly bound species had also exhibited such structure.*’
Likewise, the interactions of Auz", Aus’, and Aus” with methane have been probed using IRMPD
spectroscopy, with methane adducts dominating the structures found but clear evidence for methyl
hydride species as well.*

One important aspect of these studies and one retained in the present work is that they are
enabled by the Free Electron Laser for Intra-Cavity Experiments (FELICE) beamline. Indeed, we
have shown that obtaining IRMPD spectra of [Pt,C,2H]" and [Pt,C,2D]" is not possible using the

extracavity output of the normal FELIX beam lines.’! This is attributed to a combination of

relatively high internal energy thresholds towards fragmentation and to the low state density of



these four-atom [M,C,2H]" systems. Notably, these are among the smallest molecules successfully

studied by IRMPD action spectroscopy,’>>*

and the only ones examined over such an extensive
IR spectral range. Generally, IRMPD requires that molecules absorb a photon in a specific
vibrational coordinate, rapidly followed by energy redistribution into the other vibrational modes
via intramolecular vibrational redistribution (IVR),>>>¢ freeing up the acceptor mode for
subsequent absorption. Clearly, the vibrational state density (the ‘bath’) available in a four-atom
system is quite low, sufficiently so that the IVR rate is slow and limits how efficiently multiple IR
photons can be absorbed in a single vibrational well. The FELICE beamline overcomes this
limitation by brute force, as the intracavity arrangement allows about 100 times higher pulse
energies.

In the present study, we extend our work to structurally characterize [M,C,2H]" species of
gold, another 5d transition metal cation that does not exothermically dehydrogenate methane.
Rather, [Au,C,2H]" species are formed by reaction of laser ablated Au® with ethylene oxide, c-
C2H40, as previously demonstrated by Metz and co-workers.?” In their spectroscopic study, they
irradiated the [Au,C,2H]" cation with light between 290 and 330 nm (4.27 — 3.76 e€V), observing
dissociation into both AuC" and Au" in a 1.4:1.0 ratio. A common threshold for production of both
fragment ions of 322 nm indicates upper limits of 3.86 + 0.03 eV for both Do(Au’-CH2) and
Do(AuC'-H2). In subsequent work, Li et al. used guided ion beam tandem mass spectrometry to
examine the endothermic reactions of Au” with methane (and perdeuterated methane).’® The
dominant product at lower collisions energies was [Au,C,2H]", formed with a threshold that
indicated Do(Au'-CHz) = 3.70 + 0.07 eV, in agreement with the upper limit from Metz and co-
workers. Neither of these values agrees with a lower limit of 4.12 eV suggested by Chowdhury
and Wilkins,® although this was later reinterpreted as >4.01 eV.*! This latter theoretical work
calculated a Au'-CH:z bond energy of 3.35 eV, which was empirically corrected to 3.86 + 0.30
eV.* Subsequent theoretical calculations have obtained bond energies of 3.76,> 3.92,° and 3.69°8
eV, all in reasonable agreement with the experimental value. All theoretical studies also agree that

the ground state of AuCH:" is 'A1 in which the 'A excited state of CHz donates its lone pair of



electrons into the empty 6s orbital of ground state Au® ('S, 5d'%). Irikura and Goddard
characterized this as a nearly pure dative bond augmented by n backbonding of the occupied 5dn
electrons on Au’ into the empty b1 orbital of CH2 ('A1). Until the present report, experimental

confirmation of this structure has yet to be achieved.

Experimental and Computational Methods
Experimental Details
A molecular beam apparatus connected to the first beamline of FELICE, as described in

5461 was used for the IRMPD action spectroscopy experiments. Atomic gold

detail elsewhere,
cations were created using a Smalley-type laser ablation source, % with a 0.1 mm thick Au foil
spot welded onto a stainless steel rod as the ablation target. This target, which was rotated and
translated, was irradiated with the second harmonic of a loosely focused, pulsed Nd:YAG laser
(532 nm), yielding a plasma constrained in a 3 mm diameter x 60 mm long channel by helium
injected into the channel via a pulsed valve (General Valve Series 9). A second pulsed valve was
used to inject ethylene oxide (c-C2H4O) (5% in He) into the channel approximately 50 mm
downstream from the laser ablation point. Gold cations reacted inefficiently with c-C2H4O to form
[Au,C,2H]" (m/z 211) as the dominant product ion, surmised by the large ratio of Au’ to
[Au,C,2H]", see Supporting Figure S1. Smaller amounts of species such as [Au,2C,2H]" (m/z 223),
[Au,2C,4H]" (m/z 225), [Au,C,2H,0]" (m/z 227), [Au,2C,2H,0]" (m/z 239), [Au,2C,4H,0]" (m/z
241), and ethylene oxide adducts of these species were also formed. Supporting Figure S1 shows
a complete mass spectrum.

At the end of the channel, the gas pulse expanded into vacuum forming a molecular beam,
which was collimated by an electrically grounded skimmer (2 mm diameter) and a horizontal slit
aperture (8 x 0.45 mm). The molecular beam then entered the intracavity region at an angle of 35°
with respect to the (horizontal) FELICE IR laser beam. The present experiments examined IR
radiation in the 300 — 1800 cm™' spectral range, where the FELICE macropulse (typical duration

of 7 us) consisted of ps-long micropulses separated by 1 ns. The radiation was near transform-



limited, with a spectral width set to 6 ~ 0.3% of the central frequency (thus, a full-width at half-
maximum (fwhm) of ~7 cm™ at 1000 cm™); typical macropulse energies were 0.6-0.8 J. The
molecular beam and the IR light interacted for several ps before all ions were pulse extracted into
a (vertical) reflectron time-of-flight (RETOF) mass spectrometer (Jordan TOF Products, Inc.; mass
resolution, M/AM = 1700). A 400 Msample/s 100 MHz digitizer (Acqiris DP310) recorded
transients from the multichannel plate (MCP) detector. The molecular beam was pulsed at twice
the rate of FELICE, which allows the acquisition of reference mass spectra. This operation permits
corrections for long-term source fluctuations and the unambiguous determination of which
fragments are generated by irradiation with FELICE (see Figure S1 for an example).

Gold has only one stable isotope at 197 amu. Spectra shown were obtained by monitoring
fragmentation into AuC" and correcting for the small amounts of AuC" present without laser
irradiation. Experimental IRMPD spectra for [Au,C,2H]" were constructed by calculating the
fragmentation yield, which equals -In[P/(P + F)], where F and P are the fragment and precursor
ion intensities, respectively, and correcting it for the IR macropulse energy. Possible fragmentation
to the free Au" product by loss of CH2 was not included in the yield calculations because a
substantial signal of the atomic Au" bare metallic cation was present in the molecular beam (see
Figure S1).

Metz and coworkers previously observed identical thresholds for H2 and CHz loss of 3.86
+ 0.03 eV (upper limits to the true thermochemistry),”” while subsequent experimental
thermochemistry indicates the CHz loss channel requires 3.70 + 0.07 eV.?® Notably, theoretical
calculations suggest that loss of H (forming [Au,C,H]") requires 4.6 eV, consistent with
fragmentation into this channel not being observed both here and by Metz and coworkers. As for
most other 5d transition metals,?® 3! decomposition by loss of H: is relatively low in energy
because the metal carbide bond energies are enhanced by m backbonding using occupied 5dn
orbitals.** These energetics indicate that the minimum number of IR photons needed for

decomposition are >60 and >19 at 500 and 1600 cm, respectively. Generally, more photons are



needed for the fragmentation rate to be high enough to observe signal within the 10 — 100 us
experimental time window.

For [Au,C,2H]", spectra were obtained only in-focus (maximum fluence), whereas no
photodissociation was observed out-of-focus. These two instrumental conditions refer to
translating the entire experimental apparatus along the FELICE laser beam, which reduces the
fluence 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. The range of fluences in the focus extended from 40
J/em? at 300 cm™! to 200 J/cm? near 1400 cm!, with estimated peak power densities ranging from

7 x 108 to 2 x 10'° W/cm?.

Computational Details

Density functional theory (DFT) calculations were performed using the Gaussian 16 suite
of programs ** for various possible structures of [Au,C,2H]" and other related species. Theoretical
IR spectra were computed for comparison with the observed IRMPD experimental spectrum.
Computations utilized the B3LYP hybrid density functional®>*® and def2-TZVPPD basis set,
which is a balanced triple-zeta basis set with two polarization functions and one diffuse function
on all elements with an all-electron basis set for C and H and a small-core effective core potential
(ECP) for gold.%” The gold basis set employed here explicitly includes the 5s, 5p, 6s, 6p, and 5d
electrons. A similar approach was taken in previous spectroscopic studies of [M,C,2H]" for M" =
Ta*, W*, Os*, Ir", and Pt".**® The present calculations utilize a more advanced basis set than
previous work examining all species formed in the reaction of Au® with CHs (B3LYP/HW+).*8 In
the determination of relative energies, vibrational frequencies used for zero-point energy
calculations were scaled by 0.9885% to account for anharmonicities (whose accuracy is further
demonstrated below).

Experimental and theoretical spectra were compared after scaling the harmonic frequencies
of the latter by a global scaling factor of 0.975 to account for anharmonicity and other multiple

photon effects. This factor provides reasonable agreement with the present experiments and is



similar to scaling factors used previously for other 5d [M,C,2H]" species (0.939 — 0.980).46-48

When rotational substructure is not included, the theoretical spectra were convoluted using a 30
cm’! fwhm Gaussian line shape function (as utilized previously for the late transition metals, Os,
Ir, and Pt).**® Previous work included anharmonic frequency calculations for the Ta, W, Os, Ir,
and Pt systems and yielded only small shifts in the calculated resonances.*>*® A similar result is
obtained here. Because relative band positions vary by less than 10 cm™!, both anharmonic and
harmonic frequencies provide the same comparisons to the data when scaled appropriately. For
consistency with our previous work, the scaled harmonic frequencies are used below for

comparison to the data.

Rotational Contours

Our previous work on the [M,C,2D]" systems where M" = Ta*, W', Os", Ir", and Pt
showed strong evidence for the influence of rotational broadening.*’**® These small ions have
rotational constants that are on the same order as the spectral bandwidth of the exciting laser.
Depending on the temperature, a substantial population of rotational sublevels, each giving rise to
individual rovibrational transitions, could result in a substantially broadened vibrational band.
Although the experiments are performed near room temperature, the true temperature of the ions
is unknown. The expansion into vacuum could cool the ions, but it is unclear how efficient this
cooling is and the ions start out being warmed by the energy released in the exothermic reaction.
Thus, an appreciable population of excited rotational sublevels contributed to broadening of the
bands in these systems.

Analogous to that work, the present work includes rotational contours for each predicted
vibrational band simulated using dedicated software to diagonalize the pure rotational
Hamiltonians.%® The rotational transitions were simulated by convoluting the transition dipole
moments originating from a wide range of Jkakc states with a single temperature Boltzmann state
distribution, with no change in the rotational constants between the vibrational ground and excited

states (an assumption that could lead to discrepancies with the actual spectrum). The rotational



temperature was chosen to be 77 K, which provides a reasonable match between experimental and
simulated spectra (as seen below). All ro-vibrational transitions were assumed to be pure a-, b- or
c-type, which should be exact for symmetric ground state species. Detailed information needed for
these analyses are included in the Supporting Table S1 and Supporting Figure S2. The distribution
of rotational transitions that resulted was then shifted in frequency by the (scaled) harmonic
frequency of the associated vibrational band, and convoluted with a Gaussian lineshape function
(width 6 = 0.3% of the central frequency), which represents the FELICE spectral profile.

The qualitative character of the various transitions can also be considered. a-type
transitions are closest to a classic diatomic molecular spectrum with transitions for AK.=0,
AKc=+1, and, because the B and C rotational constants are very similar, showing separated P and
R branches, along with contributions from a weak Q branch (strictly forbidden for a diatomic, but
not for polyatomics). In contrast, b- and c-type are much more complicated because of a variety of
distinct AKa and AK transitions (AK.=£1, AKc=0,+2 for c-type; AK.=%1, AK=-+1for b-type),
which each have P, Q, and R branches that do not line up. Thus, the rotational substructure is a

fairly spread out and complicated superposition of P, Q, and R-branches for different K values.

Results and Discussion
Theoretical Results

Table 1 lists the theoretical energies and zero point energies for several states of the
[Au,C,2H]" system as calculated at the B3LYP/def2-TZVPPD level of theory. Selected geometric
parameters are also provided. Several structures are possible and here we have considered the
methylidene (carbene), AuCH:"; methylidyne (carbyne) hydride, HAuCH"; and an adduct of the
carbide with dihydrogen, (H2)AuC". (The only other possibility, a dihydride carbide, HAuUHC",
was considered unlikely because gold cannot support the many covalent bonds needed to make it
stable. Indeed, calculations attempting to find this species collapsed to HAuCH" structures.) The
lowest energy species is the AuCH2" (‘A1) ground state, lying 1.3 eV below an excited triplet state,

2.5 — 3.2 eV below the HAuCH" structures, and 3.5 eV below the (H2)AuC" structure. More
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importantly, energies relative to the Au” ('S) + C2H4O reactants are also provided and show that
formation of AuCH2" ('A1) + CH20 is the only exothermic channel available (by 0.57 eV). This
energy agrees reasonably well with experimental thermochemistry that specifies the reaction is
exothermic by 0.32 + 0.07 eV (= Do(CH20-CH2) — Do(Au*-CHz) = 3.376 £ 0.0047° — 3.70 £ 0.07°®
eV). The modest difference of 0.25 +0.07 eV is similar to discrepancies noted between experiment
and comparable levels of theory for similar reactions with 5d transition metal systems.?®-3% 338
Note also that the present calculations reproduce the experimental Au*-CHz bond energy, 3.76
versus 3.70 + 0.07 eV, and do a reasonable job predicting the singlet-triplet splitting of CHz, 0.48
versus 0.390 + 0.0027° eV, Table 1. They also indicate that dissociation of AuCH2" (A1) to Au* +
CH2 (°B1) is similar in energy to the AuC" + Hz asymptote (3.76 versus 4.00 eV), consistent with
the observation by Metz and co-workers that photodissociation leads to both channels (with an
onset of 3.86 eV).%’

The geometry of the AuCH2" (A1) ground state is similar to those found in previous
calculations.*® *: 3 We also located an excited triplet state that retains C2y symmetry (°Bi), but
this has an imaginary frequency corresponding to an out-of-plane bend such that the true minimum
is a A’ state having a ZAuCHH dihedral angle of 155.1° and lying only 0.003 eV below the
symmetric *B1 state. Symmetry dictates that the distorted *A’ structure is one minimum of a double-
well potential. The zero-point energy of the harmonic vibrational coordinate linking these two
minima (the out-of-plane bend) is 0.022 eV, such that this structure can be considered as having
time-averaged C2v symmetry. Previous calculations also located a *A1 excited state lying 3.42 eV
above the 'A ground state, as well as singlet analogues of the two triplet states, 'Bi and 'Aa, lying
1.44 and 4.63 above the ground state.*® The latter were heavily spin-contaminated. As none of
these excited states are likely to be important in the present study, they were not recalculated here.

Alternative structures for [Au,C,2H]" have not previously been considered theoretically.
The present calculations find that the carbyne hydride structures also exhibited a singlet state as
the lowest energy state (with the hydrogens in a cis configuration), with an excited triplet another

0.5 eV higher in energy. Here too, the planar *A” state has an imaginary out-of-plane torsion
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leading to the distorted *A state having a ZHAuCH dihedral angle of 64.4°. The distorted species
lies 0.028 eV below the planar state before zero point energies are considered and by 0.011 eV
after. We also found a trans configuration of the hydrogens in a singlet state lying 0.62 eV above
the cis configuration. The dihydrogen adduct of AuC*, (H2)AuC" is high in energy because it
nearly corresponds to the AuC" + Hz product asymptote, only 0.43 eV higher in energy.

Table 2 lists the calculated vibrational frequencies for the lowest energy [Au,C,2H]"
species in Table 1. Note that the anharmonic frequencies and the scaled harmonic frequencies of
the ground state are nearly identical (differences <10 cm™ for the four modes within the
experimentally explored region). Although most of the frequencies and nature of vibrational modes
are similar for the AuCH2" carbene and HAuCH" carbyne hydride structures, several modes do
change. The in-plane wag of CHz in the carbenes turns into the out-of-phase bend of HAuCH".
The CH: scissor vibration in the carbenes becomes the in-phase in-plane bend of HAuCH™. The
symmetric and asymmetric CH stretches in the carbenes become the AuH and CH stretches of

HAuCH™.

Experimental Results

The IRMPD spectrum of [Au,C,2H]" is shown in Figure 1 and exhibits five resonances at
678, 745, 865 (with a shoulder at 812), 1006 (with a shoulder at ~1080), and 1343 cm'. Figure 1
also compares this spectrum to that calculated for the ground state AuCH2" ('A1) species, with
frequencies and intensities listed in Table 2. The strongest band is calculated to lie at 1004 cm!,
and corresponds to the out-of-plane (oop) bend of the CH2 group. The next most intense bands are
predicted to lie at 632 (Au-C stretch) and 740 (in-plane CH> wag) cm™!. These three bands
correspond reasonably well with the observed spectrum both in position and relative intensities. A
band at 1359 cm™!' (CH2 scissors) is predicted to be relatively weak, consistent with the small peak
observed at 1353 cm™!. The only other predicted vibrations are the symmetric and asymmetric CH
stretches lying at 3000 and 3118 cm’!, respectively, outside the range of the present experiments.

The weak band observed at 865 (and shoulder at 812) cm™ does not appear to be associated with
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a fundamental mode of AuCH2" ('A1), nor with an overtone or combination band of this species.
Furthermore, the spectrum for this species does not explain the shoulder observed at 1080 cm!,
either. Thus, it seems clear that the main features of the experimental spectrum are explained by
the 'A1 ground state; however, the additional features at 865, 812, and 1080 cm™ may indicate
contributions from other sources.

Table 2 also lists frequencies calculated for the triplet excited state of AuCH2" (both the
planar and distorted forms). As shown in Figure 1, this spectrum does not match experiment at all
(in particular, there is no experimental evidence for the strong resonances predicted at 358 and
1187 cm™), nor can it explain the resonances observed at 865 and 1080 cm™'. Likewise, the singlet
and triplet states of the carbyne hydride do not reproduce the experimental spectrum and there is
no evidence for the strongest band predicted at 369 cm™ (HAuCH®, 'A’), Figure 1 and Table 2.
Although this species does predict a band at 907 cm™ (which could correspond to a shifted 865
cm’! band), the failure to observe any intensity at 369 cm™ and the high energy of formation of
this species make it an unlikely contributor to the observed spectrum. Thus, we rule out the
presence of [Au,C,2H]" species other than the 'A; CH2" ground state.

As noted above, recent work has shown evidence of rotational band structure for the
[M,C,2H]" and [M,C,2D]" species of M" = Ta*, W*, Os", Ir*, and Pt".*’*® Figure 2 shows the
theoretical predictions including rotational band structure for the ground state AuCH2" species at
a rotational temperature of 77 K. (The exact temperature is unknown, but when a rotational
temperature of 293 K is used, see Supporting Figure S3, the calculated bands are substantially
broader than experiment.) Two versions are shown: one that excludes the nuclear spin statistical
weights (3:1) associated with permutation of the two protons and one that includes this factor. We
note that inclusion of this factor is particularly evident in the enhanced visibility of branches
associated with odd K. levels in b- and c-type transitions. In both cases, the highest frequency
band shown (at 1359 cm™) shows closely spaced P and R branches characteristic of an a-type
transition, consistent with the reasonably narrow peak observed at 1343 cm’!. In contrast, the

1

intense peak predicted at 1004 cm™ is a c-type band with a broader rotational structure that
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plausibly explains the “shoulder” observed at 1080 cm™ (especially for the version including the
nuclear spin statistics). The lowest resonance observed at 678 cm™ appears to match the narrow P
and R branches of the Au-C stretch (a-type) at 632 cm’!, although clearly a blue-shift of 40 — 50
cm™! would provide a better match. Notably, similar blue-shifts have also been required to match
experiment for the predicted lowest energy bands of DIrCD" (50 cm™), HOsCH" (30 cm™), and
DOsCD" (30 cm™).#7-*8 The predicted band at 740 cm™ (b-type in-plane bend) exhibits a broader
rotational band structure that matches the frequency and relative intensity but not the width of the
band observed at 745 cm™!, although the version including the nuclear spin statistics may account
for this better. Further, it is possible that the “shoulder” seen at 812 cm™! could be attributed to the
rotational structure of this band. The overall agreement between experiment and either simulation
is quite reasonable, but the limited spectral resolution and the limited constraints in the simulations
make it impossible to determine whether the species deviates from Cayv symmetry (obviating the
need to include nuclear spin statistics), or not. Moreover, they still do not provide an explanation
for the band at 865 cm™.

A more speculative interpretation of the data designed to explain this band notes that the
experimental width of this band matches that predicted for the b-type in-plane bend at 740 cm™'. If
correct, then this predicted band would require a blue shift of about 90 cm™ to match experiment,
a much larger discrepancy than has been observed in previous related systems. Further, this
assignment leaves the peak observed at 745 cm™ unassigned. In this case, one possibility is that
both the 632 and 740 cm™ predicted bands need to be blue-shifted by about 90 cm™. Then, the P
and R branches of the predicted a-type Au-C stretch band at 632 cm™! are split (by 67 cm™) more
than predicted and account for both the 678 and 745 cm™! bands observed experimentally. Such a
larger than simulated splitting is not unprecedented and has been observed for the a-type M-C
stretches of DIrCD" (63 cm™) and DOsCD* (70 cm™),*”#® although it was not found for the M-C
stretch of the PtCH2" (*A1) molecule. Overall, we do not find this speculative interpretation (which
is shown in Supporting Figure S4) to be very satisfactory and therefore consider one other

possibility.



14

Because the experimental spectrum for [Au,C,2H]" comes exclusively from the appearance
of the AuC" product and no mass-selection is done prior to irradiation, it is possible that species
other than [Au,C,2H]" also contribute. It seems unlikely that a contaminant is involved given the
mass of the product. Therefore, we considered AuC2H2", AuC2H4", AuCH20", AuC:H20",
AuC2H40", and AuC3HsO" species also formed in the reaction of Au® with ethylene oxide. All
other species formed are too minor to contribute appreciably and they would have similar spectral
features anyway because they are likely to be cC2H4O adducts of these species. These other product
ions could plausibly dissociate to form AuC* by losses of CHz, CHa, H20, CH20, CH40 (or CH20
+ H2), and C2H40 + Ha, respectively, which are all stable molecules except for the CH2 (making
this channel unlikely). We attempted to verify this hypothesis experimentally by examining the
frequency dependent depletion of these peaks in the mass spectrum. Because of the small
intensities of all of these masses (see Figure S1), the results were not very definitive but m/z 255
(AuC3HsO") and most higher mass species showed depletion near 865 cm™! (see Supporting Figure
S5) and nowhere else. This frequency nearly coincides with the strongest band of free cC2H4O
(observed at 877 cm™ in absorption),”! suggesting that m/z 255 (and the higher masses) are
products containing intact c-C2H4O.

Consequently, we theoretically examined the IR spectra of all of the additional products
mentioned above to see whether they could plausibly absorb near 865 cm™. As shown in
Supporting Figure S6, the calculated spectra for AuC2Hz", AuC2Hs", and AuCH20" do not match
the experimental spectrum nor do they have a band near 865 cm™'. (The AuC2H>" spectrum does
show bands at 735, 766, and 820 cm™! that match the experimental 745 and 812 cm™! peaks, but
calculations indicate that loss of CHz from AuC2Hz" to form AuC" requires over 8 eV, making this
channel implausible. Further, this spectrum still does not reproduce the 865 cm™! band.)

As shown in Figure 3, gold cation adducts of ethylene oxide, Au(c-C2H40) (m/z 241), and
dehydrogenated ethylene oxide, Au'(c-C2H20) (m/z 239), do exhibit peaks in the vicinity of 865
cm’!. Furthermore, any additional peaks either lie under those for AuCH>" (A1) or have predicted

intensities that are small enough that not observing them is a reasonable possibility. For
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Au(c-C2H40), the most intense band predicted (over six times higher than any other mode) lies
at 821 cm™! (C-O stretch, 153 km/mol) and could plausibly reproduce the 865 cm™ (or 812 cm™!
shoulder) with no additional perturbations to the bands of AuCH2". For Au’(c-C2H20), the two
most intense bands lie at 655 cm™ (CH out-of-plane bend, 62 km/mol) and 828 cm™! (C-O stretch,
33 km/mol). Here, bands at 326 (15 km/mol) and 360 (16 km/mol) cm™' of modest intensity might
have been expected to be observed, but were not. Calculations indicate that loss of methanol from
Au(c-C2H40) requires 4.57 €V (although this requires extensive rearrangement to form CH3OH)
or alternatively, it requires only 1.27 eV for the metallacycle to first cleave across the ring losing
formaldehyde and yielding AuCH:2", which, if the system was sufficiently excited, retains enough
energy to dehydrogenate. Likewise, loss of formaldehyde from Au'(c-C2H20) requires only 2.52
eV. All these energetics are plausible for IRMPD processes. Nevertheless, these species did not
exhibit depletions anywhere in the frequency range examined and the predicted bands (at 821 and
828 cm!) are somewhat lower in frequency than would match the experimental 865 cm™ band
with fidelity.

We also considered metallacyclobutene and metallacyclobutane structures for m/z 241 and
m/z 239. The c-AuCH20CH2" and c-AuOC2H4" metallacycles lie 0.10 and 0.86 eV, respectively,
above the Au"(c-C2H40) adduct. Likewise, the c-AuCHOCH" metallacycle lies 0.72 eV above the
Au’(c-C2H20) adduct. In contrast, optimization of a c-AuOC2H>" metallacycle leads to an
AuCHCHO" structure having an ZAuCCO dihedral angle of 92.6° and lying 1.55 eV below the
Au’(c-C2H20) adduct. In all four cases, their spectra contain intense features that are not found in
the experimental spectrum, see Supporting Figure S7.

Finally, we examined the ethylene oxide adduct of AuCH2" (m/z 255), the lowest mass
species that did exhibit depletion near 865 cm’'. Here, only the adduct form was examined
theoretically because the metallacyclobutane forms are higher in energy (as noted immediately
above) and are less likely to form once the Au"-CH:z bond is formed. The calculated spectrum for
this species, H2CAu'(c-C2H40), is also shown in Figure 3. The spectrum is dominated by a very

intense band at 867 cm™! (CO stretch, 248 km/mol), more than five times as intense as any other
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band (consistent with the intense band observed for free ethylene oxide’!). Most of the other bands
having modest intensities essentially match those of AuCHz", so that they would be screened by
fragmentation from that much more abundant species. Thus, the HxCAu"(c-C2H40) adduct seems
the most likely candidate as the primary carrier of the band observed at 865 cm™ (and possibly its
812 cm! shoulder). Presumably, this species dissociates primarily by loss of the intact ethylene
oxide ligand (which according to theory requires 1.98 eV), but can absorb enough energy at 867
cm’! that the remaining AuCH:" fragment dissociates further by Hz loss. It also seems possible that
the 812 cm! band comes from the Au'(c-C2H4O) adduct (predicted resonance at 821 cm™)

although this species did not show obvious depletion.

Nature of the Au*-CH> Bond

As succinctly described by Irikura and Goddard,*' transition metal bonds to CHz can be
described by two limits: covalent and dative. In the covalent interaction, a CHz in its *B1 ground
state interacts with a metal forming both a ¢ bond and a © bond. The ¢ bond involves the singly-
occupied sp? (a1) orbital on CHz and a s+do hybrid orbital on the metal. The © bond overlaps the
p (b1) orbital on CH2 with a singly-occupied dr orbital on the metal. In the dative interaction, the
pair of electrons in the now doubly-occupied sp? (a1) orbital of CHz in its 'A excited state donates
into an empty stdo hybrid orbital on the metal, while a pair of electrons in the metal drn orbital
donates into the now empty p (b1) orbital of CHz. Ultimately, both types of interactions lead to two
electrons in both the ¢ and  bonds. The distinction between the two is thus a subtle one from the
perspective of the orbital populations, although the two types of complexes do show distinctive
reactivity in organometallic chemistry.*> 72

The valence orbitals of AuCH2" (‘A1) (excluding the lai and 1b2 orbitals associated with
the two CH bonds in CH2) calculated at the B3LYP/def2-TZVPPD level are shown in Figure 4.
The lowest energy orbital of these is the 2a1 orbital that clearly involves extensive 5dc character
along with contributions from the CHz (a1) orbital. The 1b: orbital is the m-backbonding orbital

involving the 5d= orbital and the CH2 (b1) orbital. The 2b> orbital is the other S5dn—like orbital, and
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shows some antibonding character with the doubly occupied CH2 (b2) bonding orbital. The 3a1 and
laz orbitals are pure 5dd orbitals. The highest occupied molecular orbital (HOMO), 4ai, is largely
Au (6s) with some contributions from Au (5dc) and CHz (a1). Interestingly, an NBO analysis’>74
of this system recognizes two Au-C bonds, a ¢ and a T, i.e., the 4a; and 1b: orbitals. All the other
orbitals (2ai1, 2b2, 3a1, and 1az) are described as lone pairs on the metal. The discrepancy between
the orbital picture and the NBO analysis is a result of the different assumptions made regarding
the construction of the MOs. In the NBO analysis, the lone pair 2a; orbital is a s+dc hybrid (86%
5dc and 14% 6s). The 4a1 o bond takes the other s+do hybrid (14% 5dc and 86% 6s) and interacts
this with the CHz (a1) orbital such that it has 32% Au character and 68% C character (30% 2s and
70% 2p, i.e., sp?). This breakdown is more closely aligned with donation of the electrons from CH>
to an empty orbital on Au, i.e., the dative bonding picture. For the 1b:1 ® bond, the character
switches to 87% Au (5dn) and 13% C (2pm). Here, the breakdown indicates mostly donation of a
pair of electrons on Au into the empty p orbital on CHz ('A1), again dative bonding. Indeed, this
analysis is comparable to that of Irikura and Goddard,*! who found that the metal character in the
Au’-CH:z o and 7 bonds was about 25% and 95%, respectively.

When viewed independently, it seems clear that the bonding in AuCH2" ('A1) is near the
dative limit, resulting from the interaction of ground state Au® ('S, 5d'°) with excited state CH>
("A1). What makes this conclusion less clear is comparison to other 5d metals, e.g., PtCH2" (?A}),
which also exhibits the classic C2y symmetry.*#” Calculations on this molecule at the same level
of theory show that the orbitals are nearly identical to those shown in Figure 4. The only difference
is that the 4a1 MO is only singly occupied rather than doubly occupied as in AuCH2" ('Ay).
However, PtCH2" has a metal-carbon bond strength that is considerably higher than that for
AuCH>": 4.80 £ 0.03 versus 3.70 + 0.07 eV.?3* 3% Thus, removing an electron from the MO
characterized above as the o bond strengthens the interaction. This observation suggests that in
PtCH>" (and perhaps AuCH>"), the 2a1 MO should also be considered as bonding, in contrast to
the NBO analysis. Nevertheless, the NBO analysis of PtCH>" (A1) provides results similar to those

for AuCH:", with a doubly occupied 7 bond (1b1) that is still largely metal based (77% Pt 5d= and
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23% C 2p versus 87 and 13% for AuCHz") and the singly occupied o bond (4ai) that is more
heavily given by the CH2: 34% on Pt and 66% on C (versus 32% and 68% for AuCH2"). Also the
s+do hybridization is distinct with 77% 6s and 22% 5do (versus 86% and 14% for AuCH2"). Again
this agrees reasonably well with the analysis of Irikura and Goddard,*! who characterized the
bond in PtCH2" as having about 40% Pt character (up from 25% for Au) and the 7 bond as having
about 70% Pt character (down from about 95% for Au).

Overall, it can be realized that neither the pure covalent nor the pure dative bonding picture
is correct for any single molecule, but rather that they represent extremes in the correct
representation of how metals and carbon share electrons. In the case of AuCH>", the picture of
dative bonding seems most accurate, but the distinction from its nearest neighbor, PtCH2", is a
subtle one that is not completely captured by referring to the molecular orbitals nor by more

sophisticated means of breaking down the bonding.

Conclusion

IRMPD action spectra of [Au,C,2H]" formed by reaction of gold cations with ethylene
oxide were measured over the 300 — 1850 cm™' spectral range. This spectrum is obtained by
monitoring formation of AuC"’, whose experimental appearance spectrum agrees well with that
calculated for the ground state AuCH2" (' A1) carbene structure better than any other excited states
or alternative structures, such as HAuCH" or (H2)AuC". Indeed, no evidence for higher spin states
or for these alternative structures was found in the experimental spectrum. The comparison
between the experimental and theoretical spectra is assisted by including the complete rotational

47-48 rotational contours can have

band structure in the calculated spectra. As in a previous studies,
appreciable effects on the appearance of IRMPD spectral bands, thereby explaining the broadness
of several bands (including the shoulder at 1080 cm™"). Despite the general agreement, there is one
additional band found at 865 cm™ in the AuC" appearance spectrum that is not reproduced by

AuCH:2" ('A1). Experimental evidence suggests that the ethylene oxide adduct of AuCH:>" is the

origin of this band. Indeed, this species has a very intense absorption predicted at 867 cm™,
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matching the extra band well. Contributions from the ethylene oxide adduct of Au" are also
plausible at 812 cm™!. Theoretical analysis of the bonding in AuCHz2" ('A1) matches that in the
literature, which concludes that the bonding is largely dative; however, the distinction between

this picture and a more covalent one is subtle.

Associated Content

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:

10.1021/acs.jpca. XxXXXX.
Table S1 provides information needed to calculate the rotational contours: dipole derivatives,
principle axes, and moments of inertia of AuCH2" ('A1). Figure S1 shows representative mass
spectra of the ionic species formed from gold laser ablation in a flow of ethylene oxide mixed
with He with and without laser irradiation at 1010 cm™'. Figure S2 illustrates the geometric
orientation of the Cartesian principle axes used in the calculation of dipole derivatives and
moments of inertia of the ground states of AuCH2". Figure S3 shows the spectra for AuCH2"
(‘A1) including rotational band structure at 293 K both with and without including nuclear spin
statistics. Figure S4 shows the spectrum for AuCH:" (A1) including the rotational band
contours at 77 K and the two lowest frequency bands blue-shifted by 90 cm™. Figure S5 shows
representative mass spectra of the ionic species formed from gold laser ablation in a flow of
ethylene oxide mixed with He with and without laser irradiation at 836 cm™'. Figures S6 and S7
show comparisons of the calculated spectra for alternative precursors with the experimental

spectrum.
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Table 1. Calculated Electronic Energy, Vibrational Zero-Point Energy (ZPE), Relative Energy (Er1), Bond Distances (A),

and Bond Angles (°) of [Au,C,2H]" and Related Species.?
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Species State Energy (En) ZPE (En)’  Eri(eV) 1(AuC)(A) 1r(CH)(A) r(AuH)(A) ZAuCH(°) ZHAuC (°)
Au"+ CoH4O 1S+ 1A -289.271620  0.056644 (0.57)¢
AuCH2" AL -174.729053  0.022757 0.00 1.896 1.090 (2) 121.8(2)
A -174.677372  0.020547 1.35 1.996 1.085 (2) 113.0(2)
3Bi -174.677256  0.019785(1) 1.33 1.990 1.083 (2) 112.0(2)
HAuCH" A" (cis) -174.630529  0.017482 2.54 1.856 1.106 1.581 125.1 118.0
A’ (trans) -174.606447  0.016340 3.16 1.998 1.129 1.541 96.2 85.4
-\ -174.613884  0.016682 297 1.918 1.093 1.558 135.4 89.8
SA" -174.612847  0.016061(i) 2.98 1.924 1.092 1.557 140.9 89.9
(H2)AuC* AL -174.589946  0.014843 3.57 1.835 0.7714 2.107 (2) 169.5
Au’ + CHz IS + 3By -174.585008  0.016984 3.76 1.078 135.1
IS+1A; -174.566778  0.016247 4.24 1.109 101.9
AuC" + Ha T +1x -174.571162  0.011716 4.00 1.798 0.7434

@ All values obtained at the B3LYP/def2-TZVPPD level. ® Frequencies were scaled by 0.9885.°® Systems having an imaginary

frequency are denoted by (i). ¢ Energy of Au” + C2H4O relative to AuCH2"('A1) + CH20 where the calculated energy of CH20 is -

114.555950 En and its ZPE is 0.026214 En. ¢ r(HH).



Table 2. Calculated Vibrational Frequencies (cm™") and IR Intensities (km/mol) of [Au,C,2H]* ¢
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mode Exp. AuCH2" AuCHz" AuCHz" HAuCH" HAuCH"
(‘A1) Anharm. (A" (°B1) (‘A" (CA)

Au-C stretch 678 632 (37) 635 522 (19) 527 (19) 672 (61) 610 (27)

CHa (HAuCH) in-plane wag 745 740 21) 743 646 (5) 644 (6) 369(95) 400 (10)
865°

CH: (HAuCH) oop bend 1006 1004 (66) 1014 358 (41) 262 (33) 617 (35) 307 (15)
(1080)°

CHa scissors (A4uCH bend) 1343 1359 (11) 1357 1187 (59)  1188(78) 907 (33) 791 (21)

CH: sym. (AuH) stretch 3000 (20) 2956 2997 (54) 3005 (56)  2076(29) 2091 (103)

CH: asym. (CH) stretch 3118 (43) 3055 3186 (59) 3202 (68) 2929 (20) 3024 (96)

@ All theoretical harmonic vibrational frequencies have been scaled by 0.975. Anharmonic frequencies for the ground state are

unscaled. Intensities in km/mol in parentheses. Values for carbyne hydride structures are in italics. ? Assigned to AuCH2"(c-C2H40),

see text. ¢ Assigned to rotational structure of the 1006 cm™ band, see text.
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Figure Captions

Figure 1. IRMPD spectrum for formation of [Au,C]" (black) and DFT calculated spectra for the
singlet and triplet carbene AuCH:2" (top and middle traces, red) and singlet carbyne hydride

HAuCH" (bottom trace, blue).

Figure 2. IRMPD spectra for formation of [Au,C]" (black) and the DFT calculated spectra
including rotational band structure at 77 K excluding (top panel) and including (bottom panel)

nuclear spin statistics for the singlet carbene AuCH2" (red).

Figure 3. IRMPD spectra for formation of [Au,C]" (black) and the DFT calculated spectra of
ethylene oxide adducts of gold carbene and gold atom cations, H2CAu'(c-C2H40) (green) and
Au’(cC2H40) (red), and gold cation with dehydrogenated ethylene oxide, Au*(cC2H20) (blue).

Figure 4. Valence molecular orbitals for AuCH>" (A1) calculated at the B3LYP/def2-TZVPPD
level of theory. The 1ai and 1b2 orbitals corresponding to the CH2 bonding orbitals are not

included.
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