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CONSPECTUS: A fundamental need in chemistry is understanding the chemical bond, for
which the most quantitative measure is the bond dissociation energy (BDE). While BDEs of
chemical bonds formed from the lighter main group elements are generally well-known and
readily calculated by modern computational chemistry, chemical bonds involving the
transition metals, lanthanides, and actinides remain computationally extremely challenging.
This is due to the simultaneous importance of electron correlation, spin-orbit interaction, and
other relativistic effects, coupled with the large numbers of low-lying states that are
accessible in systems with open d- or f~subshells. The development of efficient and accurate
computational methods for these species is currently a major focus of the field.

An obstacle to this effort has been the scarcity of highly precise benchmarks for the
BDEs of M-X bonds. For most of the transition metal, lanthanide, or actinide systems,
tabulated BDEs of M-X bonds have been determined by Knudsen effusion mass
spectrometric measurements of high-temperature equilibria. The measured ion signals are
converted to pressures and activities of the species involved in the equilibrium, and the
equilibrium constants are then analyzed using a van’t Hoff plot or the third-law method to
extract the reaction enthalpy, which is extrapolated to OK to obtain the BDE. This procedure
introduces errors at every step, and ultimately leads to BDEs that are typically uncertain by 2-
20 kcal mol! (0.1-1 eV). A second method in common use employs a thermochemical cycle
in which the ionization energies of the MX molecule and M atom are combined with the BDE
of the M*-X bond, obtained via guided ion beam mass spectrometry, to yield the BDE of the
neutral, M-X. When accurate values of all three components of the cycle are available, this
method yields good results — but only rarely are all three values available.

We have recently implemented a new method for the precise measurement of BDEs in
molecules with large densities of electronic states that is based on the rapid predissociation of
these species as soon as the ground separated atom limit is exceeded. When a sharp

predissociation threshold is observed, its value directly provides the BDE of the system.
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With this method, we are able in favorable cases to determine M-X BDEs to an accuracy of

~0.1 kcal mol-!' (0.004 eV). The method is generally applicable to species that have a high
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density of states at the ground separated atom limit, and has been used to measure the BDEs
10 of more than 50 transition metal — main group MX molecules thus far. In addition, a number
of metal-metal BDEs have also been measured with this method. There are good prospects

15 for the extension of the method to polyatomic systems and to lanthanide and actinide-

17 containing molecules. These precise BDE measurements provide chemical trends for the
BDE:s across the transition metal series, as well as crucial benchmarks for the development of

22 efficient and accurate computational methods for the d- and f-block elements.
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1. INTRODUCTION

The chemical bond is among the most fundamental concepts in all of chemistry, and
the bond dissociation energy (BDE) provides the most quantitatively useful description of the
bond. BDEs are particularly valuable for thermochemical calculations, which allow reaction
energies to be calculated as the sum of the BDEs of bonds that are broken minus the BDEs of
the bonds that are formed. As with all thermochemical quantities, BDEs are related to other
thermochemical quantities through thermochemical cycles. These include cycles relating to
enthalpies of formation:

AHy ok (AB) = AHg ok (A) + AHgok(B) - Do(AB), (1.1)
and those relating BDEs of different charge states, such as neutrals and cations:

Do(AB) + IE(A) = IE(AB) + Dy(A*-B) (1.2)
and neutrals and anions:

EA(AB) + Dy(AB) = Do(A™-B) + EA(A). (1.3)
In these equations, AH¢ ok (X) is the OK formation enthalpy of X, Dy(AB) is the 0K bond
dissociation energy of AB, IE(X) and EA(X) are the ionization energy and electron affinity of
X, and Dy(A*- B) is the OK dissociation energy of the AB* ion into A* and B. In the
examples of Equations (1.2) and (1.3), if three of the four quantities are independently
known, the cycle may be solved to determine the fourth quantity. If all four are known, a
lack of self-consistency allows problematic cases to be identified; alternatively, if self-
consistency is present, the proposed error limits may be verified.

In addition to their thermochemical value, bond dissociation energies provide a
stringent test of quantum chemical computational methods. While BDEs are notoriously
difficult to compute to high accuracy, in part because they require electron correlation to be
treated to the same level of accuracy in the united molecule as in the separated fragments, it is
precisely because of this difficulty that accurate BDE measurements provide useful and

important benchmarks for computational chemistry. Validation of computational methods
4
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using accurate benchmarks is absolutely crucial if theory is to be used for the accurate
prediction of reaction thermochemistry.

A current focus in computational chemistry is improving the accuracy of calculations
on transition metal, lanthanide, and actinide molecules. Although current computational
methods often provide results of high accuracy (within 1 kcal mol™! or 0.04 eV, termed
“chemical accuracy”)! for light main-group elements, the d- and f~-block metals present much
greater difficulties.!””7 For those species with open d- or f-subshells, the high density of states
complicates computations severely, requiring a particularly high level of attention to the
electron correlation problem. In addition, heavy metal systems exhibit large relativistic
effects, including spin-orbit interactions. All of these phenomena must be treated properly in
order to compute accurate thermochemistry. In addition to the computational difficulties, a
major problem lies with the available experimental data. For neutral diatomic metals and
metal-ligand diatomics, most of the available BDEs derive from high-temperature Knudsen
effusion measurements of gas phase equilibria and are subject to errors much greater than the
desired 1 kcal mol'.# Typically, these errors lie in the range of 2-20 kcal mol-!' (0.1-1 eV), a
far cry from the desired chemical accuracy. For cations, many of the BDEs are available
from the results of guided ion beam mass spectrometry (GIBMS),%-!5 with error limits
typically in the range of 0.03 — 0.4 eV. The best of these results meet the standard of
“chemical accuracy,” but many do not. In a few cases,!62° molecular ionization energies are
accurately known from pulsed field ionization-zero electron kinetic energy (PFI-ZEKE)
studies. For these molecules, accurate BDEs for cations can be converted into accurate BDEs
for the corresponding neutrals via Equation (1.2). For many species of interest, however, no
BDE measurements exist at all. In this Account, we present a new, general method for the

precise measurement of BDEs in molecules with high densities of electronic states.
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2. PREDISSOCIATION

The phenomenon of predissociation is illustrated in Figure 1 for the hydroxyl radical,
a molecule with a relatively low density of electronic states.?!-?> The lower rovibronic levels
of the A?X" state decay by fluorescence to the ground X?IT state, but higher levels couple via
spin-orbit interaction to the repulsive X~ and “II states, causing these levels to dissociate to
ground state O and H atoms.?? The result is that rovibronic levels of the A2X* state, which
correlates to the O 'D + H 2S separated atom limit, fall apart long before this limit is reached.
The phenomenon of molecular dissociation occurring before the corresponding separated
atom limit is reached is called predissociation. 1t is the key phenomenon that allows bond
dissociation energies of transition metal molecules to be measured to high precision.

For OH in its A2X" state, rotational levels above 40,031 cm! in the v=2 vibrational
level undergo predissociation.?? This places an upper limit on the BDE of 40,031 c¢cm’!
(4.963 V), greatly exceeding the accepted BDE of 4.4113(3) eV.?* The predissociation
threshold observed in OH provides a poor estimate of the bond energy, due to the low density
of electronic states in this species.

To place the density of states in OH in perspective, the ground separated atom limit
for OH is O 3P + H 2S, comprising 18 electronic states; the next separated atom limit,
O 'D + H S, lies 15,868 cm-1 higher in energy, generating 10 additional states. Thus, within
2 eV (50 kcal mol), only 28 states arise for the OH molecular system. This low density of
states leads to well-separated, readily interpreted spectroscopic features. Most diatomic
molecules containing an open d-subshell transition metal atom exhibit a far greater density of
states, leading to a near-continuum of spectroscopic features at energies close to the ground
separated atom limit. The high density of electronic states in these cases allows
predissociation to set in as soon as the ground separated atom limit is exceeded in energy,
enabling high-precision measurements of BDEs by the observation of a sharp predissociation

threshold.
6
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As an example, Figure 2 displays 15 of the low-lying A-S potential energy curves for
YC, along with 4 low-lying A-S curves for the cation, YC*. However, these represent only a
small fraction of the states arising from the four lowest separated atom limits of Y + C. In
addition to the 15 A-S states shown, an additional 63 A-S states arising from these separated
atom limits have either been omitted or simply not calculated. It would be impossible to
display all of these curves in the same figure. With so many electronic states present, it is
easy to imagine that a YC molecule that is excited above the ground separated atom limit will
find a way to hop from curve to curve and quickly dissociate.

To quantify the density of electronic states further, consider the number of electronic
states expected near the separated atom limit in the transition metal molecules, YC, TaSi,
TiSe, WC, AINi, VS, TiCo, and V,. It is straightforward to calculate the total number of
states available to the separated atoms below a given separated atom energy using the known
atomic energy levels.?> The results are listed in Table 1, and displayed in Figure 3 as a
function of energy (cm!), along with the results for OH. The number of states available in
the transition metal molecules is huge, particularly if one considers states that arise from
separated atom limits lying within 5000 cm™! of the ground limit. At this energy, the number
of states in the listed transition metal molecules exceeds that of OH by a factor ranging from
5 to nearly 200. Further, many of these molecular potential energy curves dip below the
ground separated atom limit, leading to a nearly continuous absorption spectrum as one
approaches the bond dissociation energy. Avoided curve crossings, spin-orbit interaction,
and nonadiabatic coupling effects then allow molecules excited above the dissociation limit
to fall apart almost as soon as the limit is exceeded. At a minimum, the observation of a

sharp predissociation threshold provides an upper limit to the BDE of the molecule.
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3. RESONANT TWO-PHOTON IONIZATION SPECTROSCOPY

We employ laser ablation of a metal sample, followed by supersonic expansion in
helium, perhaps seeded with a small percentage of a reactant gas, to prepare molecular beams
containing transition metal molecules that have been cooled to temperatures in the range of 5-
20K. The method is general, can be used with any metallic element or alloy, and when
combined with reactant gases such as CH,, NH3, N,O, SiHy, H,S, or H,Se can be used to
prepare cold gas-phase molecular samples of transition metal molecules like MC, MN, MO,
MSi, MS, or MSe.

The molecular beam passes through a skimmer into a second chamber where a
resonant two-photon ionization (R2PI) process is used to record mass-analyzed spectra of the
constituents of the beam. A tunable laser is scanned across a region where the molecule of
interest is expected to absorb, and after a short time delay (~20 ns), this is followed by a
second laser pulse that is capable of ionizing any excited states that have been produced, but
which cannot ionize the molecular ground state in a one-photon process. Ions are then
detected in a time-of-flight mass spectrometer. The two-photon ionization process is
illustrated in Figure 4.

When the molecule exhibits a high density of states near the dissociation threshold,
perturbations among the states allow dark states to pick up spectral intensity. This leads to an
extremely dense absorption spectrum that often appears to be continuous. However, when
the dissociation limit is exceeded and rapid predissociation sets in, the excited states fall apart
more rapidly than they can be ionized. The result is a sharp drop in signal that allows the
BDE to be determined to high precision, as is illustrated Figure 5 for diatomic TiCo,
produced by laser ablation of a 1:1 Ti:Co alloy.?®

The question remains: Does the observed predissociation threshold correspond to a
true thermochemical BDE, or is it merely an upper limit on this quantity? For one example,

V,, we have solid evidence that the measured predissociation threshold provides an
8
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exceptionally good measurement of the true thermochemical BDE. For V, and V,", we have
measured the BDEs as Dy(V,) =22,201(1) cm'! and Do(V*-V) = 25,326(15) cm™! by
observing the onset of predissociation in a quasi-continuous R2PI or photodissociation action
spectrum, respectively.?%:27 The ionization energies have been independently measured as
IE(V)=54,411.67(17) cm™" and IE(V,) = 51,271.14(50) cm™! using pulsed field ionization-
zero electron kinetic energy spectroscopy (PFI-ZEKE).?%2° These quantities are tied through
equation (1.2), which may be rearranged as

Do(AB) + 1IE(A) - IE(AB) - Dy(A*-B) =0. (3.1)
The thermochemical cycle is illustrated in Figure 6. Combining the quantities on the right
side of Equation (3.1) and propagating the error, a value of 15.50 + 15 cm! is obtained,
clearly demonstrating that when a sufficient density of states is available, the observed
predissociation threshold provides an extremely accurate measure of the BDE of the
molecule. Table 2 provides a list of metal cluster BDEs measured in the Morse group using
this method.

Predissociation thresholds have also been employed in a few other research groups to
measure BDEs of transition metal molecules, particularly for VNb,?® Mo,,3° Ni,*,3! Zr,",3?
Nb,",32 and Nb;"-Nb.32 Some of the earliest work along these lines was performed in Ben
Freiser’s group on ions trapped in an ion cyclotron resonance cell, irradiated with the output
of a conventional cw light source that was wavelength selected to a 1 nm range using a
monochromator. Due to the wide band pass of the monochromator and the low intensity of
this light source, rather broad error limits (0.13 eV or greater) were reported. Nevertheless,
these results clearly demonstrated the value of predissociation measurements of BDEs in gas-

phase transition metal ions. Results obtained by these groups are provided in Table 3.
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4. BOND ENERGIES OF TRANSITION METAL - MAIN GROUP MOLECULES

Although the main group elements lead to a lower density of states when combined
with a transition metal atom, our success in measuring BDEs for species such as A1V, AlCo,
and AINi suggested that we might be able to apply these same methods to transition metal-
main group molecules. Beginning in 2015, we began these experiments and immediately
found success. After an initial study of VC, VN, and VS,3? we began studies of the group 4
and 5 transition metal selenides and silicides, MSe and MSi.3* 35 The experiments provided
very clear-cut predissociation thresholds and precise values of the corresponding BDEs.
Figures 7-9 display the R2PI spectra that provide the BDEs of VS, TaSi, and TiSe as
examples of the method. In these studies we have avoided examining the predissociation
behavior of molecules containing transition metal atoms with d° or d'° configurations (Cr,
Mn, Cu, Zn, Mo, Tc, Pd, Ag, Cd, Re, Au, and Hg), because the ground separated atom limits
of these species generate far fewer electronic states. This makes them less likely to
predissociate immediately at the ground separated atom limit. The remaining transition metal
atoms have @STDD or S*DF ground terms, which result in a much greater density of states.
We have now measured BDEs of more than 50 different diatomic MX molecules; these
values are provided in Table 4. In addition to the results in Table 4, we have also measured
the BDE of ThC, which is 5.060(3) €V.3¢ This is the only f~block molecule we have
investigated thus far.

It should be noted that the error limits quoted in Tables 2 and 4 assume that rapid
predissociation sets in as soon as the ground separated atom limit is exceeded. The error
limits include the effects of finite laser linewidth, calibration uncertainties, and the sharpness
of the final drop to baseline in the scan over the predissociation threshold. We are unable to
estimate the magnitude of any barriers to dissociation that might prevent predissociation at
the thermochemical threshold, so these effects are excluded from the error estimate. In most

cases, the drop to baseline is quite abrupt, and we believe no barrier to predissociation exists.
10
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For the relatively few examples where Dy(MX) is known from predissociation
measurements, Do(M*-X) is known from GIBMS studies, and IE(MX) is known from PFI-
ZEKE studies, the cycle given in Equation (3.1) may be tested for consistency. The results
are listed in Table 5. This comparison shows that the cycle closes within the propagated error
limits in most cases; the only counterexamples are one of the three studies of VC/VC* and the
study of CoC/CoC". It seems that the error limits in the one GIBMS study of VC* were

underestimated; similarly, the GIBMS study of CoC™ may deserve reexamination as well.

5. CONCLUSIONS AND FUTURE OUTLOOK

The observation of a sharp predissociation threshold in a dense, quasi-continuous
spectrum of a molecule with a high density of states is proving to be a highly effective means
of quickly determining BDEs for a wide variety of transition metal molecules. So far we
have applied this method to measure BDEs for transition metal dimers and small clusters, a
few cluster cations, and 14 MC, 2 MN, 18 MSi, 15 MS, 9 MSe, and one MCI species. The
method can be extended to a wide variety of other species, including small polyatomics. In a
recent unpublished study probing the BDE of YC for example, accidental production of
triatomic YCH allowed Dy(Y-CH) to be determined as 4.102(3) eV. Other polyatomics may
be similarly studied, if the density of states is sufficient, the molecule can be produced
cleanly, and the BDE falls below ~6 eV, which is the current limit of our laser system.

An important direction will be to measure the BDEs of MO molecules. These
measurements will be restricted to MO molecules from the latter portion of the periodic table
(groups 8, 9, and 10), because for most of the early MO molecules the ionization energy of
the molecule is less than the dissociation energy. In our experiments, these molecules will
undergo direct one-photon ionization before they fall apart and no sharp drop in signal will be
observed. The BDEs of the late transition metal oxides can be measured by these methods,

and will be of considerable interest in modeling their bulk oxide phases.
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The late 4d and 5d transition metal carbides, MC, are likewise of considerable
interest. Knudsen effusion studies of these species show them to be very strongly bound,
possibly above the range that can currently be accessed with reasonable laser intensity in our
group. For these molecules (RuC, RhC, OsC, IrC, PtC), it may be necessary to implement a
resonant three-photon ionization scheme, in which one wavelength is used to populate an
excited state, a second photon scans over the dissociation limit, and a third photon is used for
ionization. Such a scheme introduces several possibilities for artifacts, and will need to be
carefully implemented.

Other diatomics that are easily amenable to these measurements are the metal borides,
MB, and the metal halides, MF, MCI, MBr, and MI. Pseudo-halides such as MCN and
MC,H may also be amenable to these studies. We would like to extend the work to
additional metal nitrides, phosphides, and perhaps arsenides (MN, MP, and MAs), but have
some concerns because the 4S° ground terms of the pnictogens lead to fewer electronic states
than the >P° or P ground terms of the group 13, 14, 16, or 17 atoms. Still, the apparent
success of the method in obtaining BDEs of TiN and VN is promising.

Systematic studies of the BDEs of lanthanide-containing molecules will likewise be of
considerable interest, as the 5d contributions to the chemical bonding are expected to vary
significantly across the series. The actinides are also of considerable interest, but our work
there will be limited to thorium and uranium molecules.

As another extension of this work, we would like to use predissociation techniques to
measure the BDEs of cationic molecules/complexes, in part to complete the thermochemical
cycle and verify the assumption that the molecule falls apart at the precise thermochemical
threshold. For cases in which good measurements of the ionization energy exist, a zero
thermochemical defect will allow us to verify this assumption for additional molecules
beyond V,/V,*. Cations also provide another important advantage: by mass-selecting a

cation prior to photofragmentation, it is possible to more cleanly study complicated species.
12
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A potential problem for neutral molecules is that the signal for the molecule of interest may
be obscured by larger clusters fragmenting into the mass of interest, leading to a false signal
at that mass. If the molecule is mass-selected prior to photolysis, as is possible for cation-
based work, this issue can be circumvented. Thus, we anticipate being able to measure cation
BDE:s of larger cationic species, like M*-C¢Hg or M™-CsHs more readily than can be done for
neutrals.

All of this work is geared toward establishing a broad, highly precise database of
transition metal-ligand (or metal-metal) BDEs that will be useful for understanding the

chemical bonds and for the calibration of quantum chemical methods as well.
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Table 1. Number of states available at various energies above the ground separated atom

limit.?
Energy above the ground separated atom limit
Molecule 100 cm! 500 cm! 1000 cm™! 2000 cm! 5000 cm!
OH 10 18 18 18 18
YC 36 36 90 90 90
TaSi 16 36 36 36 162
TiSe 25 105 105 120 189
WwC 9 9 9 36 207
AINi 18 96 126 186 246
VS 20 102 242 252 522
TiCo 50 210 306 552 1038
V, 16 260 684 784 3364

2 The entries in the table represent the total number of electronic states in the molecule in

question that arise from separated atom limits lying within the specified energy above ground

state atoms.
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Table 2. Predissociation-based BDE measurements for metal diatomics and clusters. 2

Molecule BDE (eV) Reference Molecule BDE (eV) Reference
AlV 1.489(10) 37 VNi 2.100(2) 26
AlCr 2.278(2)° 37 NbCr 3.0263(6) 38
AlCo 1.844(2) 37 NbCo 2.729(1) 39
AINi 2.459(1)° 40 NbNi 2.780(1) 39
YCo 2.591(1) 39 CrW 2.867(1) 41
YNi 2.904(1) 39 Rh, 2.4059(5) 39
TiV 2.068(1) 26 Ni, 2.067(2)° 42,43
TiCo 2.401(1) 26 NiPt 2.798(3) 44
TiZr 2.183(1) 45 Pt, 3.141(3)° 46
TiNb 3.092(1) 45 Tiy* 2.435(2) 27

Zr, 3.052(1) 39 TiO"-Mn 1.763(1) 47
ZrV 2.663(3) 45 V,* 3.140(2) 27
ZrCo 3.137(1) 39 V,*-V 2.585(1)° 47
ZrNi 2.861(1) 39 Co,* 2.765(1) 27

Vv, 2.753(1) 26 Co,"-Co 2.086(2) 27

2 This compilation only includes values measured in the Morse group.

b The originally published BDEs for AICr, AINi, Ni,, Pt,, and V,*-V were based on

assumptions concerning whether they dissociate to the ground separation atom or not. Based

on our more recent experience, all of the values listed in this table have been revised under

the assumption that the molecules dissociate as soon as the ground state separated fragment

limit is exceeded. Thus the values reported here differ from those published in the associated

references for these particular species.
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Molecule BDE (eV) | Reference Molecule BDE (eV) Reference
VNb 3.789(1) 28 Co*-Fe 2.69(22) 48
Mo, 4.476(10) 30 Co"-CHj; 2.47(30) 49

Sc*-Fe 2.08(22) 48 Co"-CH, 3.64(22) 50
Ti*-Fe 2.60(26) 48 Co™-CH 4.34(30) 50
V*-Fe 3.25(22) 51 Co™-C 3.90(60) 50

V*-C¢Hg 2.69(22) 49 Co™-CgHg 2.95(22) 49

CeHeV™-CeHg | 2.47(22) 49 Co"-OH 3.08(13) 52
Cr-Fe 2.17(30) 48 Co*-S 2.69(22) 49
Fe*-Fe 2.69(22) 48 Ni*-Ni 2.32(2) 31
Fe"-CH; 2.82(22) 49 Ni*-Fe 2.78(22) 48
Fe"™-CH, 3.56(22) 50 Ni*-S 2.60(22) 49
Fe™-CH 4.38(30) 50 Ni*-2C,Hy 3.47(22) 49
Fe*-C 4.08(30) 50 Cu'-Fe 2.30(30) 48
Fe™-Cg¢Hg 2.39(22) 49 Zrt-Zr 4.18(1) 32
Fe"-butadiene 2.08(22) 49 Nb*-Nb 5.94(1) 32
Fe™-O 2.95(22) 49 Nb;*-Nb 5.994(4) 32
Fe*-S 2.82(22) 49 Nb*-Fe 2.95(22) 48
Fe™-OH 3.17(13) 52 Ta*-Fe 3.12(22) 48
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Table 4. Predissociation-based BDE measurements for MX molecules (eV).?
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Sc Ti A\ Cr Mn Fe Co Ni
C 3.042(10)» | C 3.857(4)° C 4.1093)f C C C 3.961(19) | C 3.899(13)> |C 4.167(3)
N N 5.015(12) | N 4.9972)f N N N N N
Si 2.015(3)° Si 2.201(3)¢ Si 2.234(3)¢ Si Si Si 2.402(3) Si  2.862(3)" |Si 3.324(3)
S 4.852(10)® |[S 4.690(4)® S 4.535(3)f S S S 3.240(3)® S 3.467(5)° S  3.651(3)
Cl Cl Cl Cl Cl Cl Cl Cl
Se Se 3.998(6)° Se 3.884(3)° Se Se Se 2.739(6) Se Se 3.218(3)s
Y Zr Nb Mo Tc Ru Rh Pd
C 3.4203)® C 4.892(10)c | C 5.620(4) C C C C C
N N N N N N N N
Si 2.450(2)° Si 2.950(3)¢ Si 3.080(3)¢ Si Si Si 4.132(3) Si 4.169(3) Si
S 5.391(3) S 5.62(4)° S 5.572(3)Y S S S  4.071(8) S 3.611(3)Y S
Cl Cl Cl Cl Cl Cl Cl Cl
Se Se 4.902(3)¢ Se 4.834(3)° Se Se Se Se Se
La Hf Ta W Re Os Ir Pt
C 4.718(4)® C 4.426(3) C 4.975Q3) C 5.289(8) C C C C
N N N N N N N N
Si 2.891(5)° Si 2.871(3)¢ Si 2.999(3)¢ Si  3.103(3)! Si Si 4.516(3) Si 4.952(3) Si  5.325(9)
S S 5.81(3)® S 5.542(3)° S 4.935(3) S S 4.277(3) S S
Cl Cl Cl Cl 3.818(6)' Cl Cl Cl Cl
Se Se 5.154(4)¢ Se 4.705(3)¢ Se 4.333(6)! Se Se Se Se

2 This compilation only includes values measured in the Morse group.

> Not yet published. Final published value may differ slightly from this report.

¢ Reference 36.
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d Reference 35.
¢ Reference 34.
fReference 33.
¢ Reference 53.

h Reference 54.

i Reference 55.
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1
2
i Table 5. Thermochemical Cycle Verification.?
5
6 Molecule IE(MX) IE(M) Dy(MX) Dy(M*-X) | Thermochemical
7 Defect (A)
8 TiC 6.5960(1)° 6.82812¢ 3.857(4)¢ 4.05(24)¢ 0.04 £0.24
9
10 h
3.82(21) -0.10£0.21
f c g /
1; vC 7.1358(10) 6.746187 4.109(3) 3.95(4) 023 = 0.04
13 3.87(14)¢ -0.15+0.14
j c g k
:;1 VN 7.05588(10)y | 6.746187 4.997(2) 4.65(6) 0.04 + 0.06
16 1 c d m
o NbC 6.9889(1) 6.75885 5.620(4) 5.28(15) 0.11 4 0.15
:g CoC 7.73467(7)" 7.88101°¢ 3.899(13)° | 3.60(30)? 0.45+0.30
20
21 2 All quantities are listed in eV. The thermochemical defect, defined as A = Dy(MX) + IE(M)
22
23 - [E(MX) - Do(M*-X), must be exactly zero by definition. When it deviates significantly, at
24
;2 least one of the component quantities must be in error.
27
28 b Reference 18.
29
30 ¢ Reference 25.
31
32 d Reference 36.
33
34
35 ¢ Reference 12.
36
37 fReference 20.
38
39 ¢ Reference 33.
40
41 h
) Reference 9.
43 )
44 ! Reference 10.
45
46 i Reference 17.
47
48 Kk
49 Reference 11.
50
51 ' Reference 19.
52
53 m Reference 14.
54
2> n Reference 16.
56
57 .
58 ° Not yet published.
59
60 P Reference 13.
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Figure Captions:

Figure 1. Qualitative potential energy curves for OH. Adapted with permission from ref. 22.
Copyright 1981 IOP Publishing.

Figure 2. Potential energy curves of YC and YC*. Adapted with permission from ref. 56.
Copyright 2007 American Institute of Physics.

Figure 3. Integrated density of electronic states in transition metal molecules (and OH) as a
function of energy above the ground separated atom limit. All but OH show a sharp
predissociation threshold that is interpreted as the bond dissociation energy.

Figure 4. The resonant two-photon ionization process. The molecule is excited to an excited
electronic state by absorption of photon hvy, and is subsequently ionized by absorption
of photon hv,. Neither photon has sufficient energy to ionize the molecule in a one-
photon process.

Figure 5. Predissociation threshold for diatomic TiCo. Reproduced from ref. 26.

Figure 6. Thermochemical cycle relating the bond energies of V, and V,".

Figure 7. Predissociation threshold in diatomic VS. Reproduced with permission from ref.
33. Copyright 2016 American Institute of Physics. The vanadium atomic spectrum
was used for calibration.

Figure 8. Predissociation threshold in diatomic TaSi. Reproduced with permission from ref.
35. Copyright 2017 American Institute of Physics.

Figure 9. Predissociation threshold in diatomic TiSe. Reproduced with permission from ref.

34. Copyright 2016 American Institute of Physics.
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Predissociation in the A’Y” state of OH
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Figure 1. Qualitative potential energy curves for OH. Adapted with permission from ref. 22.

Copyright 1981 IOP Publishing.
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Y"'D(4d'5s") + C3P(25%2p?)

oNOYTULT D WN =

Y'1S(55?) + C3P(2s%2p?)

32+
Y*D(4d'5s?) + C1D(2s%2p?)
Y*F(4d°5s) + C3P(2s22p?)

Y?P(5525p') + C3P(2522p?)

Y°D(4d'5s2) + C3P(2522p?)

51 Figure 2. Potential energy curves of YC and YC*. Adapted with permission from ref. 56.

53 Copyright 2007 American Institute of Physics.
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Density of States at the Separated Atom Limit

I L AL L L
.y, " _
N O /l .l. _
- |
] /
| /
n R [} /' i
/ &
T .’__——_—_—. AIN1 m
‘/ ././. T]SC ®-
et _® []
I
@ il
L_.{_/./ .' ,.Ta51
o . -
/ YC
® g
—e 0 e @ OH
O I Y T TR TR NN SN N SR SN N SN S T
1000 2000 3000 4000 5000

Energy above ground separated atoms (cm‘l)

Figure 3. Integrated density of electronic states in transition metal molecules (and OH) as a

function of energy above the ground separated atom limit. All but OH show a sharp

predissociation threshold that is interpreted as the bond dissociation energy.
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5o Figure 4. The resonant two-photon ionization process. The molecule is excited to an excited
54 electronic state by absorption of photon hv,, and is subsequently ionized by absorption of
56 photon hv,. Neither photon has sufficient energy to ionize the molecule in a one-photon

process.

29

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Accounts of Chemical Research Page 30 of 44

Predissociation Threshold in TiCo
[ I I [

D,(TiC0)=2.401(1) eV

Ion Signal

|
19000 19200 19400 19600 19800 20000

Wavenumber (cm'')

Figure 5. Predissociation threshold for diatomic TiCo. Reproduced with permission from

ref. 26. Copyright 1992 American Chemical Society.
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V(d’s?, 1F; ) + V7(d1, °Dy)

Dy(V,") = 25326 + 15 cm’!

l

2 IE(V) = 54411.67  0.17 cm”!

2 IE(V,) = 51271.14 % 0.50 cm!

30 YV(d3s?, F5) + V(d3s?, *F3))

Dy(V,) =22201 + 1 cn’!

!

Figure 6. Thermochemical cycle relating the bond energies of V, and V,".

31

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Accounts of Chemical Research Page 32 of 44

Predissociation Threshold in VS
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Figure 7. Predissociation threshold in diatomic VS. Reproduced with permission from ref.
33. Copyright 2016 American Institute of Physics. The vanadium atomic spectrum

was used for calibration.
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Predissociation Threshold in TaSi
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40 Figure 8. Predissociation threshold in diatomic TaSi. Reproduced with permission from ref.

35. Copyright 2017 American Institute of Physics.
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Predissociation Threshold in TiSe
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Figure 9. Predissociation threshold in diatomic TiSe. Reproduced with permission from ref.

34. Copyright 2016 American Institute of Physics.
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45 Figure 2. Potential energy curves of YC and YC+. Adapted with permission from ref. 56. Copyright 2007
46 American Institute of Physics.
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31 Figure 4. The resonant two-photon ionization process. The molecule is excited to an excited electronic state

32 by absorption of photon hvy, and is subsequently ionized by absorption of photon hv,. Neither photon has
33 sufficient energy to ionize the molecule in a one-photon process.
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Figure 5. Predissociation threshold for diatomic TiCo. Reproduced from ref. 26.
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Dy(V,") = 25326+ 15 cnr’!

l

18 IE(V) = 54411.67+ 0.17 cn’!

22 IE(V,) = 51271.14 + 0.50 cm!

25 lV(d332, F3) + V(&2 F5p)

Dy(V,) = 22201 + 1 cm”!

!

36 Figure 6. Thermochemical cycle relating the bond energies of V, and V> ™.
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Figure 7. Predissociation threshold in diatomic VS. Reproduced with permission from ref. 33. Copyright
2016 American Institute of Physics. The vanadium atomic spectrum was used for calibration.
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9 Predissociation Threshold in TaSi
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35 Figure 8. Predissociation threshold in diatomic TaSi. Reproduced with permission from ref. 35. Copyright
36 2017 American Institute of Physics.
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Figure 9. Predissociation threshold in diatomic TiSe. Reproduced with permission from ref. 34. Copyright

33000

2016 American Institute of Physics.
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