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Resonant two-photon ionization spectroscopy has been used to investigate the spectra of the diatomic
late transition metal silicides, MSi, M = Fe, Ru, Os, Co, Rh, Ir, Ni, and Pt, in the vicinity of the
bond dissociation energy. In these molecules, the density of vibronic states is so large that the spectra
appear quasicontinuous in this energy range. When the excitation energy exceeds the ground separated
atom limit, however, a new decay process becomes available—molecular dissociation. This occurs so
rapidly that the molecule falls apart before it can absorb another photon and be ionized. The result is
a sharp drop to the baseline in the ion signal, which we identify as occurring at the thermochemical
0 K bond dissociation energy, D0. On this basis, the measured predissociation thresholds provide
D0 = 2.402(3), 4.132(3), 4.516(3), 2.862(3), 4.169(3), 4.952(3), 3.324(3), and 5.325(9) eV for FeSi,
RuSi, OsSi, CoSi, RhSi, IrSi, NiSi, and PtSi, respectively. Using thermochemical cycles, the enthalpies
of formation of the gaseous MSi molecules are derived as 627(8), 700(10), 799(10), 595(8), 599(8),
636(10), 553(12), and 497(8) kJ/mol for FeSi, RuSi, OsSi, CoSi, RhSi, IrSi, NiSi, and PtSi, respec-
tively. Likewise, combining these results with other data provides the ionization energies of CoSi and
NiSi as 7.49(7) and 7.62(7) eV, respectively. Chemical bonding trends among the diatomic transition
metal silicides are discussed. Published by AIP Publishing. https://doi.org/10.1063/1.5050934

I. INTRODUCTION

The chemical bond is central to all fields of chemistry,
and the strength of the chemical bond is one of the most
important means of quantifying the nature of the bond. The
bond strength is given by the bond dissociation energy (BDE),
which is the 0 K energy required to separate a molecule in
its ground vibronic level into fragments in their ground states.
For diatomic molecules, the BDE can be directly related to the
enthalpy of formation through the thermochemical cycle,

∆Hf,0K(AB(g)) = ∆Hf,0K(A(g)) + ∆Hf,0K(B(g)) − D0(AB),

(1.1)

where ∆Hf,0K(x) is the enthalpy of formation of x and D0(AB)
is the BDE of AB. Further information may be obtained
through thermochemical cycles that relate the BDE of the
neutral molecule to the BDE of the cation (or anion) and the
ionization energies (or electron affinities) of the atoms and
molecules, as shown in Eqs. (1.2) and (1.3)

D0(A − B) + IE(A) = D0
(
A+ − B

)
+ IE(AB), (1.2)

D0(A − B) + EA(AB) = D0
(
A− − B

)
+ EA(A). (1.3)

The ionization energies and electron affinities of the atoms
are precisely known,1,2 and the dissociation energies of many
diatomic cations have been measured using guided ion beam
mass spectrometry (GIBMS) or other techniques.3–6 Molec-
ular ionization energies may be measured using techniques
such as pulsed field ionization zero electron kinetic energy
(PFI-ZEKE) spectroscopy,7–11 and electron affinities may
be measured using photodetachment spectroscopy, including
photoelectron imaging methods.12–16 If three of the values

appearing in Eq. (1.2) or (1.3) are known, the fourth can be
calculated; if all four experimental values are known, the ther-
mochemical cycle can be tested to confirm self-consistency. In
the case of divanadium, V2, for example, all four quantities in
Eq. (1.2) have been independently measured,17–21 and excel-
lent agreement was obtained between the left and right sides of
the equation (0.002 eV). In this example, the BDEs of V2 and
V2

+ were measured by the observation of a sharp predissoci-
ation threshold in a highly congested vibronic spectrum, the
same technique as employed in this work. This superb level
of agreement in the case of V2 confirms that when there is a
sufficiently large density of states, the molecule finds a way
to dissociate as soon as the ground separated atom limit is
exceeded.

Because of the importance of bond dissociation ener-
gies and the challenge of calculating them accurately using
ab initio or density functional theory (DFT) methods,22 the
development of computational methods for accurate BDE cal-
culations remains an active research field. This is of particular
importance in transition metal, lanthanide, and actinide sys-
tems, where electron correlation and relativistic effects com-
bine to complicate matters severely.23–31 A proposed goalpost
for computational studies is to obtain the correct thermody-
namic value to within 3 kcal/mol (0.13 eV) for transition metal
species,22 although in some cases a value off by only 1 kcal/mol
(0.04 eV) is possible.31 A fundamental problem is a lack of
high quality experimental data to use as benchmarks. Much of
the existing data is of relatively low precision; worse, for many
species, no measurements of the BDE have been reported.32

This is partially due to the challenging nature of studying
gaseous transition metal species, which in equilibrium-based
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methods require extremely high temperatures. In addition,
many experiments do not directly observe dissociation, but cal-
culate the bond dissociation energy from quantities measured
in that experiment.31 For example, Knudsen effusion mass
spectrometry measures high temperature gas-phase chemical
equilibrium,33–35 and the bond energy is found by analysis
via the second or third law of thermodynamics.36 The analy-
sis requires statistical thermodynamic assumptions about the
molecules in equilibrium, and this can lead to significant errors.
Another common method to obtain bond energies is through
Eq. (1.2) or (1.3), leading to errors limited by the uncertainties
of the quantities that are combined to obtain the BDE.

To remedy the lack of high-quality experimental data,
we have been working to develop a broad database of
d- and f -block metal bond dissociation energies. In the
past, we have reported BDEs of diatomic transition metal
molecules;17–19,37–42 more recently, our focus has shifted to
transition metals—main group diatomics.36,43–47 The present
study of the BDEs of FeSi, RuSi, OsSi, CoSi, RhSi, IrSi, NiSi,
and PtSi adds to our previous work on the TiSi, ZrSi, HfSi,
VSi, NbSi, and TaSi molecules.46 Altogether, we have now
measured the BDEs of 14 diatomic transition metal silicides.
In addition to developing a broad set of benchmarks for cali-
bration of computational methods, we also seek to understand
the bonding patterns and chemical trends by investigating this
series of chemically related species.

Transition metal-silicon bonding has long been of inter-
est, mainly due to the use of these species in solid state
devices, where doped silicon is widely employed. As noted
in our previous paper on early transition metal silicides,46 the
main properties of interest include the unique semiconducting
properties, high temperature stability, and corrosion resistance
of the metal silicides. In addition, precise knowledge of the
silicon-metal interaction is expected to become more impor-
tant as the device size continues to shrink.12 Additional interest
arises from predictions of finding FeSi as a component in cir-
cumstellar dust,48 and possibly as a small percent of the earth’s
core.49 Computationally, the most interesting and challeng-
ing molecules studied here are the heaviest ones: OsSi, IrSi,
and PtSi. In these species, the challenge of an open 5d sub-
shell is combined with significant relativistic effects, including
spin-orbit interaction.

All of these BDEs were measured by observing a sharp
drop in the ion signal obtained using the resonant two-photon
ionization (R2PI) method as the excitation laser is scanned to
the blue. The sharp drop from a quasicontinuous absorption
spectrum to the baseline corresponds to the predissociation
threshold of the molecule. We argue that this occurs at the ther-
mochemical bond dissociation energy, as in these species the
large number of potential curves arising from the ground and
low-lying separated atom limits ensures that when the bond
energy is exceeded, the molecule is able to find a pathway to
dissociate. This may occur by direct excitation into a state that
correlates to ground state atoms, or by exciting into a bound
state correlating to a higher separated atom limit that is coupled
by nonadiabatic or spin-orbit interactions to states correlating
to the ground separated atom limit. Essentially, once the excita-
tion energy exceeds the dissociation energy, the molecule finds
a way to fall apart on a ns to sub-ns time scale. Rigorously,

an observed predissociation threshold only provides an upper
limit to the BDE, as a barrier to dissociation could cause the
threshold to appear at a higher energy. In practice, because of
the high density of states in these species, we believe that dis-
sociation occurs promptly to the ground separated atom limit,
and that the measured predissociation threshold provides a
direct measurement of the bond dissociation energy.

Unlike the other metals studied here, which have Dg or Fg

ground terms, palladium has a 4d10 5s0, 1Sg ground term. This
leads to a much lower density of states at the Pd, 1Sg + Si, 3Pg

ground separated atom limit than in the other MSi molecules.
As a result, PdSi is unlikely to display a sharp predissociation
threshold that can be interpreted as its thermochemical bond
dissociation energy. For this reason, no attempt was made to
measure the BDE of PdSi at this time.

II. EXPERIMENTAL METHODS

All data were collected using the same method reported
in our recent bond energy studies and in the same instrument
used for our previous group 4 and 5 transition metal silicide
BDE measurements.46 The molecule of interest is created by
laser ablation of a rotating and translating metal sample disk
(pure elements, except for a 1:1 VFe alloy used for FeSi and a
1:1 VOs alloy used for OsSi). The ablation laser pulse ejects
metal atoms from the sample, forming a plasma of atoms,
atomic ions, and electrons that is entrained in the carrier gas, a
mixture of 0.13% silane in helium. Reactions readily occur in
this hot environment, forming MSi molecules along with other
species. The plasma is then carried through a channel (5 mm
diameter, 1 cm long), which allows vibrational and electronic
cooling of the nascent species via collisions with helium. The
carrier gas and its contents then undergo supersonic expansion
into vacuum (10−5 Torr) through a 5 mm diameter final orifice.
The details of the chemical reactions occurring in the source
are unknown, but a variety of atoms, diatomic species, and
larger clusters are produced, depending on the vaporization
laser power, carrier gas pressure, reactant gas concentration,
and details of the nozzle geometry. Experimental conditions
are adjusted to optimize the production of the MSi molecule
of interest.

The supersonic expansion cools the MSi molecules and
other species, which pass through a skimmer into a sec-
ond chamber containing a resonant two-photon ionization
(R2PI) ion source which produces ions in the extraction
region of a Wiley-McLaren time-of-flight mass spectrometer
(TOFMS).50 The resulting ions are extracted into a time-of-
flight mass spectrometer that is orthogonally oriented relative
to the molecular beam path. In the present study, the molecules
are electronically excited using a tunable optical parametric
oscillator (OPO) laser, and then ionized after a short delay
(20-80 ns) by an excimer laser (KrF mix; 248 nm, 5.00 eV).
The laser intensities are reduced using filters so that the combi-
nation of both photons is needed for ionization. The ion signal
due to multiphoton processes involving either laser alone is
negligible.

As the ions are created in an electric field and share
a common electrical potential, they are accelerated into the
time-of-flight region and separate by mass before striking a
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dual microchannel plate detector. Because multiple masses
can be monitored independently, various species and isotopes
are simultaneously recorded. The atomic transitions observed
are compared to known values to calibrate the wavenumber
axis.1 Generally, calibration atomic signals are recorded con-
currently and are easily identified, but sometimes additional
atomic spectra are recorded for calibration purposes. In the
present study, this was done for FeSi (Nb atomic spectra were
used, as Fe is resonant with the KrF excimer wavelength, lead-
ing to an enormous and constant background signal at the
mass of Fe+), OsSi (where calibration was supplemented with
V atomic transitions, in order to obtain a higher density of
calibration wavelengths near the OsSi predissociation thresh-
old), and NiSi (where signal from 64Ni was used to supplement
58Ni, as the 58Ni signal was so intense that the microchannel
plates were saturated, broadening the more intense features).

Final spectra are averages of at least three scans, with
30 shots averaged at each wavelength point during each scan.
Once the atomic peaks are identified, the wavenumber axis of
the averaged spectrum is shifted to align with the known atomic
transition wavenumbers.1 The residual error is a few wavenum-
bers at most and is included in the reported error limits. The
other major source of error is subjectivity in assigning the
threshold, which in ambiguous cases leads to larger reported
error limits.47 This was not a significant issue for the BDEs
reported here.

III. RESULTS

A scan over the predissociation threshold of FeSi is dis-
played in Fig. 1. At energies below the predissociation thresh-
old at 19 370 cm−1 (2.402 eV), a weak, continuous absorption
spectrum is observed. This is due to the high density of elec-
tronic states in the molecule. Superimposed on this weak,
continuous absorption is a much stronger vibronic progression.

FIG. 1. R2PI spectrum of FeSi, showing predissociation threshold at
19 370(25) cm−1. Strong vibronic features are observed on top of a weak con-
tinuous absorption below the threshold. The vertically expanded inset shows
that the weak absorption lies measurably above the extrapolated baseline until
the sharp drop to baseline is reached, allowing the BDE to be determined pre-
cisely. The reported uncertainty range is indicated for this and all other species
by the black bar on the top of the arrow. The Nb atomic spectrum displayed
in the lower trace was used for calibration.

FIG. 2. R2PI spectrum of RuSi (upper trace) showing predissociation thresh-
old at 33 328(25) cm−1. The Ru atomic spectrum displayed in the lower trace
was used for calibration.

This is presumably due to an excited electronic state that corre-
lates to an excited separated atom limit whose potential energy
curve dips below the ground separated atom limit. These vibra-
tional features are probably more intense than the underlying
quasi-continuum due to more favorable Frank-Condon overlap
with the ground state, possibly combined with a more favor-
able transition dipole moment. At higher energies than the
identified threshold, a flat baseline is observed, with no signif-
icant FeSi+ ion signal. As discussed in Sec. II, atomic Nb was
used to calibrate the spectrum in separate scans employing a
niobium sample.

The dissociation threshold of FeSi clearly falls before the
next expected member of the vibronic progression, which is
expected near 19 520 cm−1. However, an expanded view of the
threshold region shows that even between the members of the
vibronic progression, the ion signal remains above the baseline

FIG. 3. R2PI spectrum of OsSi (upper trace), showing predissociation thresh-
old at 36 420(25) cm−1. The lower traces show the atomic spectra of Os (middle
trace), and V (lower trace). Both atomic spectra were used for calibration.
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FIG. 4. R2PI spectrum of CoSi (upper trace), showing predissociation thresh-
old at 23 085(25) cm−1. The Co atomic spectrum (lower trace) was used for
calibration.

due to the underlying quasi-continuous absorption. This weak
continuous absorption drops promptly to the baseline slightly
above the last observed vibronic band, at 19 370 cm−1. On this
basis, we assign the BDE of FeSi to be 19 370(25) cm−1, or
2.402(3) eV.

Figures 2–8 show spectra for scans over the predissocia-
tion thresholds of RuSi, OsSi, CoSi, RhSi, IrSi, NiSi, and PtSi,
respectively, along with the atomic spectra that were used for
calibration. All of these spectra, with the exception of PtSi,
display a sharp drop to a flat baseline that allows the predis-
sociation threshold to be identified to a precision of ±25 cm−1

(0.003 eV). In these cases, the sharp predissociation threshold
is assigned as the thermochemical bond dissociation energy of
the molecule, providing BDE values as indicated on Figs. 1–7.
In the case of PtSi, a few much weaker features persist for
about 100 cm−1 above the apparent predissociation thresh-
old, introducing some ambiguity about the precise location

FIG. 5. R2PI spectrum of RhSi (upper trace), showing predissociation thresh-
old at 33 629(25) cm−1. The Rh spectrum displayed in the lower trace was
used for calibration.

FIG. 6. R2PI spectrum of IrSi (upper trace), showing predissociation thresh-
old at 39 938(25) cm−1. The Ir atomic spectrum displayed in the lower trace
was used for calibration.

of the threshold. Accordingly, we adopt a more conservative
error limit for PtSi, increasing our error limits to ±75 cm−1

(0.009 eV). A possible explanation of these weak features may
be found in the correlation between molecular states and the
separated atom limits, described below.

In these predissociation threshold experiments, it is impor-
tant to consider whether there may be symmetry-based restric-
tions that could prevent dissociation at the ground separated
atom limit.1 The supersonic expansion cools molecules pro-
duced in our source, probably to a few tens of kelvin,51

and therefore the population resides almost exclusively in the
ground vibronic level of the molecule. In order for the electron-
ically excited molecule to promptly dissociate to the ground
separated atom limit when the dissociation energy is exceeded,
the total angular momentum about the axis, Ω, must be con-
served unless rotationally-induced nonadiabatic processes are

FIG. 7. R2PI spectrum of NiSi (upper trace), showing predissociation thresh-
old at 26 809(25) cm−1. The atomic spectra of 58Ni (middle trace) and 64Ni
(lower trace) were used for calibration.
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FIG. 8. R2PI spectrum of PtSi (upper trace), showing predissociation thresh-
old at 42 950(75) cm−1. The Pt atomic spectrum displayed in the lower trace
was used for calibration.

considered. Upon photoexcitation, the Ω′′ level arising from
the ground state can keep the same value or change by up
to one unit (∆ Ω = 0, ±1). Thus, the question is: Do the Ω
states arising from the ground separated atom limit contain
a match with the Ω′ states that can be reached via transitions
from the molecular ground state? As shown in Table I, with the
exception of PtSi, this condition is met for all of the molecules
considered in this report.

For PtSi, the ground state is 1Σ+,52,53 which possesses
only Ω′′ = 0+. States that are optically accessible have
Ω′ = 0+ or 1. The ground separated atom limit of Pt, 3D3g

+ Si 3P0g generates Ω states with Ω = 3, 2, 1, or 0−,54,55 so the
excited states withΩ′ = 1 can dissociate to ground state atoms
while preservingΩ, but those withΩ′ = 0+ cannot. If the value
ofΩ′ is to be preserved in the dissociation process, states with
Ω′ = 0+ can only dissociate at the excited Pt, 3D3g + Si 3P1g

limit, 77 cm−1 above the ground separated atom asymptote.
This limit generates anΩ = 0+ state that allows dissociation to
preserve the Ω value.

While these considerations are valid for the nonrotating
molecule, heterogeneous perturbations due to the S- and L-
uncoupling operators allow the Ω′ = 0+ states (which have
only e parity levels) to couple to the e parity levels of anΩ = 1
state.56 Thus, all of the optically accessible states in PtSi, with
the exception of the Ω′ = 0+, J = 0 levels, can dissociate at the
ground separated atom limit, although the heterogeneous per-
turbation that makes this possible will be weak for the smaller
values of J. As a result, for PtSi one might expect a double
threshold, with the majority of the excited states dissociated
promptly at the ground separated atom limit and a smaller
fraction of the excited molecules failing to dissociate until the
Pt, 3D3g + Si 3P1g limit is reached, 77 cm−1 above the ground
separated atom limit. The analogous situation has been clearly
observed in the cases of V2 and Zr2,17,18,39 and less definitely
in the case of WSi.45 It is possible that the weakest features
observed just before the baseline goes flat in Fig. 8 corre-
spond to excited states with Ω′ = 0+ that can only dissociate
to ground state atoms via rotationally-induced nonadiabatic
perturbations. The selected error limit of ±75 cm−1 is suffi-
cient to cover this ambiguity, giving a final result of D0(PtSi)
= 5.325(9) eV.

IV. DISCUSSION
A. FeSi, RuSi, and OsSi

Previous studies of FeSi, RuSi and OsSi are summa-
rized in Table II. The only previous bond energy measure-
ments come from Knudsen effusion studies of FeSi and
RuSi. The previous value for D0(RuSi), combined with its
reported error limit, encompasses our result. The Knudsen
effusion measurement for FeSi, however, is about 0.6 eV
higher than our value, a serious discrepancy. Most of the
computed BDEs for the FeSi, RuSi, and OsSi molecules
are significantly smaller than our values;57,58 the exception
is the recently reported multi-state N-electron valence state
second-order perturbation theory (MS-NEVPT2) calculation
on OsSi, which exceeds our measured BDE by 1.25 eV.59

This large computational error illustrates the need for both
good measurements and improved computational methods.

TABLE I. Correlation of molecular states to separated atom states.

Ground Reference for Molecular ground Optically accessible Ground separated Separated atom limit
Molecule term molecular term Ω′′ value Ω′ values atom limita Ω valuesb

FeSic
3Σ� 58 0+ 0+, 1 5D4g + 3P0g 0+, 1, 2, 3, 43∆ 57 3 2, 3, 4

RuSi 3∆ 60 3 2, 3, 4 5F5g + 3P0g 0-, 1, 2, 3, 4, 5
OsSi 3Σ� 51 0+ 0+, 1 5D4g + 3P0g 0+, 1, 2, 3, 4

CoSic
2Σ+ 34, assumed 1/2 1/2, 3/2 4F9/2g + 3P0g 1/2, 3/2, 5/2, 7/2, 9/22∆ 58 5/2 3/2, 5/2, 7/2

RhSi 2Σ+ 61 1/2 1/2, 3/2 4F9/2g + 3P0g 1/2, 3/2, 5/2, 7/2, 9/2
IrSi 2∆ 63 5/2 3/2, 5/2, 7/2 4F9/2g + 3P0g 1/2, 3/2, 5/2, 7/2, 9/2
NiSi 1Σ+ 64 0+ 0+, 1 3F4g + 3P0g 0+, 1, 2, 3, 4
PtSi 1Σ+ 52 and 53 0+ 0+, 1 3D3g + 3P0g 0-, 1, 2, 3

aFrom Ref. 1.
bDerived using the Wigner-Witmer correlation rules found in Refs. 54 and 55.
cFor all molecules except FeSi and CoSi, the ground term has been experimentally determined. For these molecules, the possible ground terms have been computationally derived.
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TABLE II. Previous studies of FeSi, RuSi, and OsSi.a

Molecule Ground term D0 (eV) Method Authors Year References

FeSi

2.402(3) Threshold 2018 This work
1Σ (assumed) 3.04(26) Knudsen effusion Auwera-Mahieu et al. 1969 34

3∆ 1.98 MRSDCI + Q Sekiya et al. 2003 57
3Σ� 2.09 DFT calculation Wu and Su 2006 58

RuSi

4.132(3) Threshold 2018 This work
1Σ (assumed) 4.08(22) Knudsen effusion Auwera-Mahieu et al. 1969 35

3∆ 3.74 DFT calculation Wu and Su 2006 58
3∆3 R2PI spectroscopy Lindholm and Morse 2007 60

OsSi

4.516(3) Threshold 2018 This work
4.14 DFT calculation Wu and Su 2006 58

3Σ−
0+ R2PI spectroscopy Johnson and Morse 2015 51

3Σ−
0+ 5.76 MS-NEVPT2 calculation Suo et al. 2018 59

aQuantities obtained from experimental measurements are given in bold; computed quantities are given in plain text.

The qualitative molecular orbital structure of all of the
molecules investigated here may be understood by considering
the combinations of the valence orbitals on the metal [nd and
(n + 1)s] and on Si (3s and 3p). These combine to form four σ
orbitals, two pairs of π orbitals, and one pair of δ orbitals. The
resulting orbitals, displayed in Fig. 9 for NiSi, are qualitatively
given as:

• 1σ, a silicon 3s-like orbital making a mostly nonbond-
ing contribution.

• 2σ, mainly consisting of metal ndσ and Si 3pσ bonding
overlap.

• 1π, a bonding orbital composed of metal ndπ and Si
3pπ character.

• 1δ, a pair of nonbonding orbitals which are almost
purely metal ndδ orbitals.

• 3σ, a mostly nonbonding orbital composed mainly of
the metal (n + 1)s orbital, with some bonding character
to the Si 3pσ orbital.

FIG. 9. Molecular orbital diagram for NiSi.

• The 2π and 4σ antibonding orbitals, matched with the
1π and 2σ orbitals, respectively.

Using this notation allows multiple species to be compared
conveniently even though the order and energy spacing of
these orbitals changes between molecules.51 In all of the
molecules investigated here, the 1σ, 2σ, and 1π orbitals
are filled in the ground states. For the Fe series, an addi-
tional four electrons must be accounted for. For FeSi, Sekiya
et al., using the MRSDCI+Q method, obtained a 1δ3 3σ1, 3∆

ground term,57 while Wu and Su obtained a 1δ2 3σ2, 3Σ−

ground term using B3LYP/LANL2DZ density functional
theory.58 Unfortunately, the ground term of FeSi has not
yet been experimentally determined. For RuSi, rotationally
resolved spectra confirm that the ground term is 1δ3 3σ1,
3∆3,60 as obtained in the B3LYP/LANL2DZ calculations
of Wu and Su.58 For OsSi, relativistic stabilization of the
6s orbital causes a stabilization of the 3σ orbital, leading
to an OsSi ground term of 1δ2 3σ2, 3Σ−.51 This is also
in agreement with the B3LYP/LANL2DZ calculations of
Wu and Su and the high-level MS-NEVPT2 calculation of
Suo et al.58,59

B. CoSi, RhSi, and IrSi

Table III presents a summary of previous studies on CoSi,
RhSi, and IrSi. In these cases, the Knudsen effusion results
are all within the experimental error of our values. For IrSi,
the computed BDE of Wu and Su, 4.95 eV, is in superb
agreement with our value of 4.952(3) eV, but for the other
two molecules their results are about 0.5 eV too low.58 Both
RhSi and IrSi have been spectroscopically investigated, and
the ground states are known to be 1δ4 3σ1, 2Σ+ and 1δ3

3σ2, 2∆5/2, respectively.61–63 This is in agreement with the
computational results.58 The ground term of CoSi has been
computed to be 1δ3 3σ2, 2∆5/2,58 but this is not yet experi-
mentally known. As in the FeSi, RuSi, OsSi series, the dif-
ference in ground state configuration between RuSi and OsSi
is attributed to relativistic stabilization of the 3σ nonbonding
orbital.63
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TABLE III. Previous studies of CoSi, RhSi, and IrSi.a

Molecule Ground term D0 (eV) Method Authors Year References

CoSi
2.862(3) Threshold 2018 This work

2Σ (assumed) 2.81(18) Knudsen effusion Auwera-Mahieu et al. 1969 34
2∆ 2.36 DFT calculation Wu and Su 2006 58

RhSi

4.169(3) Threshold 2018 This work
2Σ (assumed) 4.05(19) Knudsen effusion Auwera-Mahieu et al. 1969 35

2Σ+ 3.59 DFT calculation Wu and Su 2006 58
2Σ+ LIF, DF spectroscopy Adam et al. 2009 61

IrSi

4.952(3) Threshold 2018 This work
2Σ (assumed) 4.76(22) Knudsen effusion Auwera-Mahieu et al. 1969 35

2∆ 4.95 DFT calculation Wu and Su 2006 58
2∆5/2 R2PI spectroscopy Garcia et al. 2013 63
2∆5/2 LIF spectroscopy Le et al. 2013 62

aQuantities obtained from experimental measurements are given in bold; computed quantities are given in plain text.

C. NiSi and PtSi

Nickel and platinum silicides have been studied more
extensively than the other species in this report. Table IV
summarizes previous work. The three previous BDE mea-
surements, one for PtSi and two for NiSi,34,35,64 are in good
agreement with our values, although much less precise. For
NiSi, the first of these values is from a Knudsen effusion
study,34 while the second is an extrapolation of the vibrational
energy levels to the dissociation limit,64 using the equation

De =
ω2

e

4ωexe
. (4.1)

This extrapolation assumes that higher order anharmonici-
ties may be neglected and that the vibrational levels may be
modeled as

G(v) = ωe

(
v +

1
2

)
− ωexe

(
v +

1
2

)2

(4.2)

all the way to dissociation. The resulting De value is then
converted to D0 in Table IV. Vibrational extrapolation using
Eq. (4.1) is often unreliable, because higher order anharmonic-
ities or perturbations of the observed vibrational levels can
throw off the predicted dissociation energies, sometimes by
as much as 1 eV. The method can work when there are no
perturbations of the observed vibrational levels, and a large
number of vibrational levels are measured, as was the case
for NiSi.64 In previous work, we have found that this method
of extrapolation gave very poor results for FeC, FeS, and
NiS, but was much better for NiC.44 The excellent agreement
for NiSi and good agreement for NiC suggests that higher
order anharmonicities are small for these species, and that the
ground states are relatively free of perturbations.44 The ground
terms of NiC, NiSi, PtC, and PtSi are all closed shell 1δ4

3σ2, 1Σ+ terms, in which the bonding and nonbonding orbitals
are fully occupied. Excited states must place an electron in
an antibonding orbital, leading to a significant gap between

TABLE IV. Previous studies of NiSi and PtSi.a

Molecule Ground term D0 (eV) Method Authors Year References

NiSi

3.324(3) Threshold 2018 This work
1Σ (assumed) 3.26(18) Knudsen effusion Auwera-Mahieu et al. 1969 34

1Σ+ HF-CI calculation Shim and Gingerich 1988 67
1Σ+ 1.88 MRDCI calculation Haberlandt 1989 68
1Σ+ 2.35 CASSCF calculation Shim and Gingerich 1990 69

1Σ+ 3.31(3)
R2PI/Morse potential

Lindhom et al. 2002 64
extrapolation

1Σ+ 2.30 DFT calculation Wu and Su 2006 58
1Σ+ 3.27 CCSD(2)T Schoendorff et al. 2015 66

PtSi

5.325(9) Threshold 2018 This work
1Σ (assumed) 5.15(19) Knudsen effusion Auwera-Mahieu et al. 1969 35

1Σ+ Cavity ringdown Paul et al. 1995 52
1Σ+ R2PI spectroscopy Shao et al. 1999 53
1Σ+ 5.16 CASPT2 Barysz and Pyykkö 2002 70
1Σ+ Pure rotational spectroscopy Cooke et al. 2004 77
1Σ+ 5.00 DFT calculation Wu and Su 2006 58

aQuantities obtained from experimental measurements are given in bold; computed quantities are given in plain text.
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the ground and first excited states. We surmise that the rel-
atively large gap between the ground and first excited states
in these species accounts for the accuracy of the vibrational
extrapolation.65,66

Older hypotheses and computational studies of both NiSi
and PtSi differed from the bonding description discussed
above, with the metal s orbital (4s or 6s) interacting with the
silicon Si 3pσ orbital as the main component and with minor
bonding between the metal ndπ and silicon 3pπ.53,67–69 More
recent descriptions have slightly shifted; Schoendorff et al.
found that the nickel 3dσ orbital hybridizes with the metal 4s,
forming one orbital that is nonbonding and one that is suitable
for σ bonding interactions with the silicon 3pσ orbital; they
also find that the silicon 3pπ orbitals form a pair of π bonds
with the nickel 3dπ orbitals.66 For PtSi, Barysz and Pyykkö
likewise calculated that the platinum 6s and 5dσ orbitals con-
tribute to the σ bond, while the silicon 3pπ and 5dπ orbitals
form a pair of bonds to give a net bond order of three.70 These
more recent descriptions are qualitatively similar to what is
described above, with the metal ndδ and silicon 3sσ orbitals
being nonbonding, while one σ and two π bonds are formed
between the metal nd and silicon 3p orbitals, leading to a triple
bond.

TABLE V. Derived enthalpies of formation at 0 K of the MSi molecules.a

Si

∆H◦f ,0K (kJ mol�1) 445.7(8.0)

Fe 413.1(1.3) 627.0(8.1)
Ru 652.7(6.3) 699.7(10.2)
Os 789.1(6.3) 799.0(10.2)
Co 425.1(2.1) 594.6(8.3)
Rh 555.2(2.1) 598.6(8.3)
Ir 668.6(6.3) 636.5(10.2)
Ni 428.1(8.4) 553.0(11.6)
Pt 564.8(2.1) 496.7(8.3)

aThe bolded entries are the atomic enthalpies of formation used in the calculations. These
values are taken from Ref. 78 for Fe, Co, Ni, and Si, and from Ref. 79 for Ru, Os, Rh, Ir,
and Pt.

D. Derived quantities

Using reference values of enthalpies of formation of the
gaseous metal and silicon atoms, the measured BDEs of
the MSi molecules may be employed in Eq. (1.1) to obtain
enthalpies of formation of the gaseous MSi molecules. These
are provided in Table V.

TABLE VI. Ground state configurations, terms, and BDEs (eV) of Transition Metal Silicides.a

ScSib TiSic VSid CrSie MnSie FeSif CoSig NiSih CuSii

[1π23σ1] [1π21δ13σ1] [1π31δ23σ1] [1δ23σ1] [1δ33σ2] 1δ43σ2 1δ43σ22π1

[4Σ−1/2] [5∆] [5Π] [4Σ−1/2] [2∆] 1Σ+ 2Π1/2

2.31(15) 2.201(3) 2.234(3) [1.54] [1.76] 2.402(3) 2.862(3) 3.324(3) 2.26(6)

YSij ZrSik NbSil MoSim TcSie RuSin RhSio PdSip AgSiq

[1π23σ1] 1π41δ1 [1δ23σ1] 1δ33σ1 1δ43σ1 1δ43σ2 1δ43σ22π1

[4Σ−1/2] 2∆3/2 [4Σ−1/2] 3∆3
2Σ+ 1Σ+ 2Π1/2

2.63(18) 2.950(3) 3.080(3) [2.06] [3.69] 4.132(3) 4.169(3) 2.66(12) 1.80(11)

LaSie HfSir TaSir WSis ReSie OsSit IrSiu PtSiv AuSiw

[2σ11π4] [1π33σ1] [1π31δ13σ1] [1δ23σ1] 1δ23σ2 1δ33σ2 1δ43σ2 1δ43σ22π1

[2Σ+] [3Π] [4Φ] [4Σ−1/2] 3Σ-(0+) 2∆5/2
1Σ+ 2Π1/2

[2.46] 2.871(3) 2.999(3) 3.103(10) [3.12] 4.516(3) 4.952(3) 5.325(9) 3.12(6)

aComputational results are given in square brackets.
bConfiguration and term from Ref. 58. BDE from Ref. 80.
cConfiguration and term from Refs. 58 and 81. BDE from Ref. 46.
dConfiguration and term poorly known, calculated to be 1π21δ23σ1, 6Σ+ or 1π31δ13σ1, 4Π/Φ in Refs. 46 and 58; thought to be 1π41δ1, 2∆3/2 from ESR studies in Ref. 82. BDE
from Ref. 46.
eConfiguration, term, and BDE calculated in Ref. 58.
fThe ground configuration and term have been calculated to be 1π41δ23σ2, 3Σ� in Ref. 58; 1π41δ33σ1, 3∆ in Ref. 57. BDE from this work.
gConfiguration and term from Ref. 58. BDE from this work.
hConfiguration and term from Ref. 64. BDE from this work.
iConfiguration and term from Ref. 83. BDE from 84.
jConfiguration and term from Ref. 58. BDE from Ref. 85.
kConfiguration and term poorly known, calculated to be 1π21δ13σ1, 5∆ in Refs. 58 and 46, and either 1π21δ13σ1, 5∆; a triplet state of undefined symmetry; or 1π4, 1Σ+ in Ref. 12.
BDE from Ref. 46.
lConfiguration and term poorly known, calculated to be 1π31δ13σ1, 4Π/Φ in Refs. 46 and 58 with 1π21δ23σ1, 6Σ+ lying within 0.04 eV. These are calculated to be very close in
energy in Ref. 12 also. Matrix isolation ESR studies suggest a 1π41δ1, 2∆ ground configuration and term in Ref. 82. BDE from Ref. 46.
mConfiguration and term calculated to be either 1π31δ23σ1, 5Π or 1π41δ13σ1, 3∆ in Refs. 58 and 12, with a small separation between them. BDE from the computation of Ref. 58.
nConfiguration and term from Ref. 60. BDE from this work.
oConfiguration and term from Ref. 61. BDE from this work.
pConfiguration and term from Ref. 76. BDE from Ref. 86.
qConfiguration and term from Ref. 87. BDE from Ref. 84.
rConfiguration and term from Ref. 58. BDE from Ref. 46.
sConfiguration and term are calculated to be 1π3 1δ2 3σ1, 5Π in Ref. 58 and either 1π3 1δ2 3σ1, 5Π or 2σ1 1π4 1δ2 3σ1, 5Σ� in Ref. 12. In Ref. 45, a 1π4 1δ1 3σ1, 3∆ ground state
is obtained. BDE is from Ref. 45.
tConfiguration and term from Ref. 51. BDE from this work.
uConfiguration and term from Ref. 63. BDE from this work.
vConfiguration and term from Refs. 52 and 53. BDE from this work.
wConfiguration and term from Refs. 58 and 88. BDE from Ref. 89.
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The bond dissociation energies, D0(M+–Si), have been
measured by guided ion beam mass spectrometry (GIBMS) for
the complete series of 3d transition metals, as well as for Y, La,
and Lu.71–74 Employing these values in combination with the
thermochemical cycle of Eq. (1.2), the precisely known atomic
ionization energies (Ref. 1), and our values of D0(MSi) allows
ionization energies of the metal silicides to be determined as
IE(FeSi) = 7.43(9) eV, IE(CoSi) = 7.49(7) eV, and IE(NiSi)
= 7.62(7) eV. Our spectroscopic results also place limits on
the ionization energy of these species, however, because the
combination of one tunable photon that leads to an observ-
able transition and one KrF excimer photon (5.00 eV) must
be sufficient to ionize the molecule. In the case of CoSi and
NiSi, we have not scanned far enough to the red to see the ion
signal drop to zero; the ion signal is still observed at the red
limits of the scanned region, 21 741 cm−1 and 25 055 cm−1 for
CoSi and NiSi, respectively. Correcting for the electric field in
the ion source (which induces a shift in the ionization poten-
tial of approximately −0.01 eV),75 upper limits of IE(CoSi)
< 7.70 eV and IE(NiSi) < 8.11 eV may be deduced. These
are consistent with the values derived from the GIBMS
experiments and the thermochemical cycle.

In the case of FeSi, however, Fig. 1 shows that a drop in
ion signal to the baseline is observed near 16 600 cm−1 and a
clearly distinguishable transition is observed at 17 306 cm−1.
The combination of these energies with the energy of the
KrF ionization photon (5.00 eV) would imply that IE(FeSi)
. 7.07 eV or IE(FeSi) . 7.16 eV, respectively. We adopt
the more conservative result, IE(FeSi) . 7.16 eV. Even so,
this value remains inconsistent with the result obtained by
combining our value of D0(FeSi), the accurately known IE(Fe),
and the GIBMS value of D0(Fe+–Si), which give IE(FeSi)
= 7.43(9) eV. The 0.27 ± 0.09 eV discrepancy between these
two values could be explained if the 17 306 cm−1 feature arose
from vibrationally or electronically excited molecules, but this
is not expected for a jet-cooled molecule with a low vibrational
frequency, like FeSi. Alternatively, the discrepancy could be
explained if our value of D0(FeSi) were too high, as could
occur if there were a barrier to dissociation at the ground sep-
arated atom limit. A final possibility is that the GIBMS value
of D0(Fe+–Si) is too low. Further work will be required to
understand the cause of this discrepancy.

For the remaining molecules, our results may be com-
bined with atomic ionization energies to obtain the sum of
the molecular ionization energy and the BDE of the cation,
but these quantities cannot separately be determined from our
currently available data.

E. Periodic trends

The bond energy trends for the MSi molecules as one
moves across the transition metal series are summarized in
Table VI and displayed in Fig. 10. Values obtained by the
observation of a predissociation threshold, either in this or
our previous studies,45,46 are indicated by filled circles; val-
ues from other investigations are indicated by open squares.
To our knowledge, no experimental data exist for the CrSi,
MnSi, MoSi, TcSi, or ReSi molecules. Work is currently in
progress in this group to obtain predissociation-based values
of the BDEs of ScSi, YSi, and LaSi.

FIG. 10. Periodic trends in transition metal silicide bond dissociation ener-
gies. Solid circles represent predissociation-based measurements; open
squares are values from Knudsen effusion mass spectrometry. For PdSi, the
adiabatic or intrinsic bond dissociation energy is given by the filled blue square.
The 3d series is given in red, the 4d series in blue, and the 5d series in magenta.
Values for ScSi, CuSi, YSi, PdSi, AgSi, and AuSi are from the references cited
in Table VI. Predissociation-based values are from this work and Refs. 45
and 46.

The most striking observation is that the BDEs of the 3d
series of transition metal silicides are substantially smaller than
the BDEs of the 4d and 5d series. This fact results from the
small size of the 3d orbitals, which makes them less readily
accessible for chemical bonding than the 4d and 5d orbitals in
the heavier transition metals. Similarly, weaker BDEs are also
found for the titanium and vanadium carbides and selenides,
as compared to the carbides and selenides of the heavier 4d
and 5d congeners.43,47

It is also noteworthy that the bond dissociation energies
of the late transition metal silicides are significantly larger
than those of the early transition metal silicides. The trend of
increasing bond energies in the late transition metal silicides is
particularly obvious in the FeSi, CoSi, NiSi and OsSi, IrSi, PtSi
series. This is puzzling because all of these species are triply
bonded, with one sigma and two pi bonds, differing only in the
number and placement of electrons in the nominally nonbond-
ing 1δ or 3σ orbitals. A similar pattern is found in the diatomic
MC molecules, where possible causes have been discussed.47

The abrupt bond energy drop in moving from RhSi to PdSi
is partially due to the fact that the 1Σ+ ground state of PdSi
correlates to the Pd 4d9 5s1, 3D3g + Si 3p2, 3P1g excited sepa-
rated atom limit at 6641.26 cm−1 (0.823 eV).1,55,76 Thus, the
adiabatic or intrinsic bond dissociation energy of PdSi (indi-
cated by the filled blue square) is 0.823 eV greater than the
BDE measured in Knudsen effusion mass spectrometry (the
open blue square). Even including this correction, a significant
drop remains in BDE in going from RhSi to PdSi. This prob-
ably reflects the drop in the 4d orbital energies that occurs in
the late 4d metals, where these orbitals are quickly becom-
ing more core-like than in the 3d or 5d series. This trend
continues as we move to AgSi, for which the BDE is even
smaller than that of CuSi. The abrupt drop in BDE observed
for CuSi, AgSi, and AuSi occurs because in these species,
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the antibonding 2π orbital is singly occupied for the first
time.

V. CONCLUSION

In this study, the observation of an abrupt onset of pre-
dissociation in a highly congested electronic spectrum has
been used to measure the bond dissociation energies of the
group 8, 9, and 10 diatomic transition metal silicides, MSi. The
measured predissociation thresholds provide a rigorous upper
bound on the bond dissociation energies of the molecules under
study. Due to the high density of states in these species, how-
ever, we argue that dissociation occurs as soon as the ground
separated atom limit is exceeded. Based on this argument, the
measured predissociation thresholds are assigned as the BDEs
of the corresponding molecules.

These measurements provide fundamental information
about the chemical bonding in this series of molecules, and
have been combined with other quantities to obtain enthalpies
of formation of the gaseous MSi molecules and ionization
energies of the CoSi and NiSi molecules. It is our hope that
the precise BDE values obtained in this study will serve as
benchmarks for the further development of quantum chemical
methods that may be reliably used to calculate the problematic
transition metal species.
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