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ABSTRACT: 

 Resonant two-photon ionization spectroscopy has been used to locate predissociation 

thresholds in WC, WSi, WS, WSe, and WCl, allowing bond dissociation energies to be 

measured for these species.  Because of the high degree of vibronic congestion in the 

observed spectra, it is thought that the molecules dissociate as soon as the lowest separated 

atom limit is exceeded.  From the observed predissociation thresholds, dissociation energies 

are assigned as D0(WC) = 5.289(8) eV, D0(WSi) = 3.103(10) eV, D0(WS) = 4.935(3) eV, 

D0(WSe) = 4.333(6) eV, and D0(WCl) = 3.818(6) eV.  These results are combined with other 

data to obtain the ionization energy, IE(WC) = 8.39(9) eV, and the anionic bond dissociation 

energies of D0(W-C‒) = 6.181(17) eV, D0(W
‒-C) = 7.363(19) eV, D0(W-Si‒) ≤ 3.44(4) eV, 

and D0(W
‒-Si) ≤ 4.01(4) eV.  Combination of the D0(WX) values with atomic enthalpies of 

formation also provides ∆௙ܪ	଴௄
°  values for the gaseous WX molecules.  Computational results 

are also provided, which shed some light on the electronic structure of these molecules. 
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I. INTRODUCTION 

 The chemical bond is fundamental to all of chemistry, and particularly to chemical 

enterprise, which seeks to manipulate materials by breaking existing chemical bonds and 

forming new ones, thereby converting readily available reactants to desired products.  These 

processes are controlled by the thermochemistry of the individual reactions, which ultimately 

are governed by the energies of the chemical bonds involved.  Accordingly, one of the most 

fundamental aspects of the chemical bond is the energy that is released when a bond is 

formed or which is absorbed when a bond is broken – the bond dissociation energy (BDE). 

 In a series of recent publications,1-4 this group has demonstrated that the high density 

of electronic states that is present in many diatomic transition metal molecules provides an 

efficient pathway for dissociation as soon as the BDE is exceeded in energy.  We have 

previously observed abrupt predissociation thresholds in diatomic transition metal molecules 

such as NiPt,5 AlNi,6 Co2
+,7 and many others,8-11 but only recently have we attempted to 

extend these observations to transition metals bonded to nonmetals and metalloids.  In our 

most recent work, sharp predissociation thresholds in VC, VN, VS, FeC, FeS, FeSe, NiC, 

NiS, NiSe, MSe (M=Ti, Zr, Hf, V, Nb, Ta), and MSi (M=Ti, Zr, Hf, V, Nb, Ta) have been 

reported.1-4  The predissociation thresholds that have been observed provide, at a minimum, 

upper bounds to the BDEs of the respective molecules.  In systems with a sufficiently high 

density of electronic states, however, we have argued that predissociation sets in as soon as 

the lowest separated atom limit is exceeded.8, 9  If rapid predissociation sets in at the 

thermochemical threshold, the measured predissociation threshold provides the BDE of the 

molecule. 
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 In early work on V2, the predissociation threshold was found at 22 201 ± 1 cm-1, 8, 9 

while a predissociation threshold in the V2
+ cation was found at 25 326 ± 15 cm-1.12  In 

independent experiments, the ionization energies IE(V) = 54 411.67 ± 0.17 cm-1 and  

IE(V2) = 51 271.14 ± 0.50 cm-1 were also measured.13, 14  These four quantities are related 

through the thermochemical cycle 

D0(V2) + IE(V) – IE(V2) – D0(V2
+)  = 0.             (1.1) 

Evaluating the right hand side of equation (1.1) provides a value of 15.5 ± 15 cm-1, showing 

that the predissociation-based values of D0(V2) and D0(V2
+) satisfy the thermochemical cycle 

to high accuracy.  Because no barrier is expected to prevent dissociation at the 

thermochemical threshold in V2
+, the satisfaction of this thermochemical cycle implies that 

the neutral V2 molecule also predissociates at the thermochemical threshold, proving that 

D0(V2) = 22 201 cm-1, to 15 cm-1 accuracy or better.  Currently, V2 provides the only 

example of predissociation-based bond dissociation energies where all four values are known 

to such accuracy; therefore, this is the only example where the validity of the predissociation-

based measurements may be considered proven.  We have argued, however, that 

predissociation is highly likely to set in at the lowest separated atom limit in examples where 

a sharp predissociation threshold is observed in the spectrum of a molecule that has a high 

density of states, particularly when a large number of states correlate to the ground separated 

atom limit.8, 9 

 We are currently applying this method to measure BDEs of a number of diatomic 

transition metal-main group molecules, with the goal of developing a significant database of 

well-determined BDEs for transition metal (and ultimately for lanthanide and actinide) 

systems.  Such a database will allow periodic trends to be better understood, and will provide 
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benchmarks that may be used to test computational methods.  This is particularly important 

for the d- and f-block metals, where data of high precision is currently limited and 

computational methods face significant challenges.15-17 

 In the present investigation, we focus on chemical bonding between the tungsten 

atom and the main group elements C, Si, S, Se, and Cl.  The high nuclear charge of W causes 

relativistic effects, including spin-orbit interaction, to be significant while the open 5d-

subshell makes electron correlation effects quite substantial as well.  Thus, the BDEs of WC, 

WSi, WS, WSe, and WCl reported here provide serious challenges for the computational 

chemist.  It is our hope that the BDEs we report for these molecules can be used to hone 

computational methods to greater accuracy. 

 

II. EXPERIMENTAL SECTION 

 The predissociation thresholds of WC, WSi, WS, WSe, and WCl were measured 

using the resonant two-photon ionization spectrometer that was used in other recent studies 

from this group, including measurements of the BDEs of VC, VN, VS, MSe and MSi (M= 

Ti, Zr, Hf, V, Nb, Ta).1, 2, 4  A tungsten metal disk was ablated using the 3rd harmonic output 

of a Nd:YAG laser (355 nm, ~7 mJ per pulse incident on the target), and the resulting 

products of ablation were carried down a 0.5 cm diameter channel, 1.3 cm in length, using a 

pulse of helium carrier gas seeded with a reaction gas (4% CH4, 0.13% SiH4, 0.67% H2S, 

0.1% H2Se, or  <0.1% HCl).  Upon exiting the reaction channel, the carrier gas and reaction 

products were supersonically expanded into vacuum (10-5 Torr). 

 In the cases of CH4, SiH4, and H2S, the reactant gases were purchased and further 

diluted in helium to obtain appropriate mixtures.  Hydrogen selenide was synthesized as 
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outlined in our previous publication.2  In one of our H2Se syntheses, a rather large amount of 

HCl was accidentally condensed with the H2Se product, leading to a contaminated gas 

mixture.  As a result, experiments conducted with that carrier gas mixture produced a 

substantial amount of WCl.  This fortuitous accident allowed us to measure the BDE of WCl 

along with that of WSe.  Because these molecules are detected mass-specifically, it was 

straightforward to measure the BDE of WCl independently of the BDE of WSe. 

 The supersonic expansion was skimmed to form a molecular beam 1 cm in diameter, 

after which it entered the Wiley-McLaren ion source of a reflectron time-of-flight mass 

spectrometer.18, 19  There it was interrogated by a pulse of tunable radiation produced by an 

optical parametric oscillator (OPO) laser that was counterpropagated along the molecular 

beam.  Radiation produced by a KrF (248 nm, 5.00 eV) excimer laser was directed across the 

molecular beam about 20-30 ns after the OPO laser was fired, and ions produced by 

absorption of either two photons of OPO radiation or by one photon of OPO radiation and 

one KrF excimer photon were detected in the time-of-flight mass spectrometer.  The KrF 

excimer laser intensity was reduced using poor quality fused silica plates so that the ion 

signal produced by two-photon processes involving only the KrF wavelength was minimized. 

 The instrument was operated at a 10 Hz repetition rate, and 30 shots were averaged 

for each wavelength point.  Multiple mass-to-charge species were monitored in each scan, 

allowing spectra of several species to be simultaneously recorded.  Atomic transitions were 

used to calibrate the wavenumber axis, using the NIST tables of atomic energy levels.20  For 

WSi, the W atomic transitions proved difficult to identify, so the scan was repeated using a 

titanium sample and the Ti atomic transitions were used for calibration.  For WC, WS, WSe, 
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and WCl, tungsten atomic transitions were readily identified and calibration was 

straightforward.   

 

III. COMPUTATIONAL METHODS 

 The Gaussian 09 software suite was employed for all computations.21  Using the 

LANL2DZ basis set,22 calculations were performed in the C2v point group using the B3LYP 

density functional method.23, 24  The LANL2DZ basis set uses an effective core potential that 

makes the computations much more tractable, and includes mass-velocity and Darwin 

relativistic effects on the core electrons.  Unrestricted geometry optimization and frequency 

calculations were performed to attempt to determine the ground state of each WX molecule.  

All calculations were performed using a super-fine grid in order to insure that the integrations 

were sufficiently accurate.  Alternative configurations were examined by altering the orbital 

occupations and running the calculation again.  Singlet, triplet, and quintet spin states were 

considered for WC, WSi, WS, and WSe; doublet, quartet, and sextet states were computed 

for WCl.  For each calculated multiplicity, the electron configuration was assigned based on 

the apparent orbital symmetry, and possible term symbols were deduced.  Finally, separate 

calculations on the ground state energies of the tungsten and ligand atoms were performed, in 

order to obtain computational estimates of the BDE by difference. 

 To estimate the effects of spin-orbit interaction on the computed BDE, the spin-orbit 

stabilization of the separated atoms was computed as the difference between the degeneracy-

weighted average of the spin-orbit levels of the ground atomic term, and the lowest atomic 

spin-orbit level.  The spin-orbit stabilization energy of the lowest level of the molecule was 

calculated using methods described by Lefebvre-Brion and Field for the states that are 
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considered good candidates for the ground state.25  These methods are described in greater 

detail for the individual molecules in Section IV.C below. 

 

IV. RESULTS 

A. Experimental Results 

1. WC   

Figure 1 displays the resonant two-photon ionization (R2PI) spectrum of WC, 

recorded over the range 39,500 – 44,500 cm-1.  A strong, structured but continuous, R2PI 

signal is observed, followed by a sharp drop to baseline at 42,655 ± 65 cm-1 (5.289 ±  

0.008 eV).  The continuous absorption spectrum, combined with the abrupt drop to baseline, 

suggests that predissociation sets in at the lowest separated atom limit, W 5d46s2, 5D0g +  

C 2s22p2, 3P0g.  A problem with this ground separated atom limit, however, is that the 

combination of two J=0 atoms generates only one molecular state, with Ω = 0+.26  Additional 

potential curves with Ω = 0‒ and 1 arise from the W 5d46s2, 5D0g + C 2s22p2, 3P1g limit,26 

which lies 16.40 cm-1 higher in energy.20  Finally, the separated atom limit of W 5d46s2, 5D0g 

+ C 2s22p2, 3P2g, lying at 43.40 cm-1,20 generates three molecular states with Ω = 0+, 1, and 

2.26  The next separated atom limit above these states involves excitation of the W atom to 

5d46s2, 5D1g and lies at 1670.29 cm-1.20  In our spectra, we find no evidence of a second 

dissociation threshold 1670 cm-1 higher (or lower) than the observed sharp threshold, so we 

are convinced that the observed predissociation threshold corresponds to dissociation to the 

lowest group of separated atom asymptotes, W 5d4 6s2, 5D0g + C 2s2 2p2, 3P0, 1, 2g. 

 The ground state of WC is known to be X1 
3Δ1, arising from the 1σ2 2σ2 1π4 3σ1 1δ1 

configuration.27-30  Allowed optical transitions from this state can populate levels with  
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Ω′ = 0+, 0‒, 1, and 2, all of which can dissociate to the lowest three separated atom limits 

while preserving the value of Ω.  Thus, there is no symmetry-based restriction on 

dissociation to these limits, which can occur through curve hopping induced by spin-orbit 

interaction and nonadiabatic coupling.  States with Ω′ = 1 or 2 that are of e parity are also 

coupled to the Ω′ = 0+ state that derives from the ground separated atom limit through the L-

uncoupling and S-uncoupling operators,25 providing a mechanism for their dissociation at the 

lowest separated atom asymptote.  States reached by optical excitation from the ground state 

that have Ω′ = 0‒, 1 or 2, but which have f parity, however, cannot dissociate to ground state 

atoms because the e/f parity must be conserved, unless hyperfine perturbations are present.25  

Both nuclei of the 182W12C isotopologue displayed in Figure 1, however, lack nuclear spin 

(I=0), so hyperfine perturbations are absent.  Thus, e/f parity must be conserved in the 

dissociation process.  Excited states of f parity cannot dissociate until the first excited 

separated atom limit, W 5d4 6s2, 5D0g + C 2s2 2p2, 3P 1g, is reached, 16.40 cm-1 above ground 

state atoms.20  This small excitation energy is similar to the line width of the laser used to 

record the spectrum, so we are unable to discern whether dissociation occurs with two 

distinct thresholds that are separated by this interval. 

 In the absence of experimental evidence allowing us to identify the separated atom 

asymptotes that are associated with the sharp predissociation threshold, we have chosen 

simply to increase the assigned error limit for the BDE of WC to encompass all three 

asymptotes, W 5d4 6s2, 5D0g + C 2s2 2p2, 3P0, 1, 2g.  The overall separation between these 

limits is 43.40 cm-1, an amount that falls well within the assigned error of ±65 cm-1.  

Therefore, we report the BDE of WC as D0(WC) = 42,655(65) cm-1, or 5.289(8) eV. 
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2. WSi   

Figure 2 displays the R2PI spectrum of WSi, recorded over the range from 23,500 to 

26,600 cm-1.  Again, an abrupt predissociation threshold is observed in a congested and 

quasi-continuous electronic spectrum, at 25,107(25) cm-1.  It is tempting to assign this sharp 

predissociation threshold as the BDE of the WSi molecule, but the level structure at the 

separated atom limit in WSi is identical to that of WC, just with a larger spin-orbit splitting.  

Therefore, the same issues that complicate the situation in WC are also present in WSi. 

The lowest three separated atom limits in WSi are W 5d46s2, 5D0g + Si 3s2 3p2,  

3P0, 1, 2g, lying at 0, 77.1, and 223.2 cm-1, respectively.20  The ground state of WSi is 

experimentally unknown, and computational studies have not resolved the question.31-33  

Regardless of the details of the ground and excited electronic states, however, that fact 

remains that excited states of f parity cannot dissociate at the ground separated atom limit, 

which only generates states of e parity.  Thus, we expect to see two dissociation thresholds 

separated by the spin-orbit excitation energy of Si, 77.1 cm-1. 

 Figure 3 displays an expanded view of the WSi spectrum in the region of the 

predissociation threshold.  The final drop to baseline follows a nearly linear drop, and the 

same linear drop has been applied to a feature that appears in the spectrum about 77 cm-1 to 

lower energy.  If we extrapolate these two lines to the baseline, the intersections with 

baseline occur at 25,120.1 and 25,042.6 cm-1, giving a separation of 77.5 cm-1.  This agrees 

with the expected separation of 77.1 cm-1 better than should be expected given the linewidth 

of the OPO laser, which is about 10 cm-1 based on the weaker Ti atomic transitions (which 

are not power broadened) near 24,914 and 24,967 cm-1. 
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 It appears that the BDE of WSi is given by the lower energy drop to baseline.  

However, to account for possible errors of interpretation, we think it prudent to apply a 

conservative error limit of ±80 cm-1 to this value, in order to encompass both dissociation 

thresholds.  Accordingly, we assign D0(WSi) = 25,030(80) cm-1, or 3.103(10) eV. 

3. WS   

Figure 4 displays the R2PI spectrum of WS, over the range 35,000 - 43,000 cm-1.  

Shown in blue is the signal arising from the absorption of one tunable OPO laser photon, 

followed by ionization by absorption of a KrF laser photon (248 nm, 5.00 eV) after a delay of 

about 30 ns.  A clean drop to baseline is observed at 39,800 ± 25 cm-1.  We assign this as the 

BDE of WS, providing D0(WS) = 4.935(3) eV.  Unlike the situation for WC and WSi, the 

ground separated atom limit, W 5d4 6s2, 5D0g + S 3s2 3p4, 3P2g, generates molecular states 

with Ω = 0+, 1, and 2.  Both e and f parity states can dissociate at this limit, because although 

Ω = 0+ only generates levels of e parity, the Ω = 1 and 2 potential curves support levels of 

both e and f parity.  The only type of state that is rigorously unable to predissociate at this 

limit is an excited level of f parity with J = 0.  While J=0f states may be populated when WS 

absorbs a photon, the relatively warm rotational temperature obtained when expanding from 

a 5 mm orifice (T > 20 K) guarantees that these will be a small fraction of the population.  

For this reason, the molecule exhibits a sharp dissociation threshold with no persistent signal 

above 39,800 cm-1 when ionized after a 30 ns delay. 

 When investigating the predissociation threshold of WS, it was readily apparent that 

the molecule can be ionized by absorption of either two OPO laser photons, or by one OPO 

photon and one KrF photon.  Because the OPO laser is fired roughly 30 ns before the KrF 

laser, these two ionization processes lead to separate peaks in the time-of-flight mass 
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spectrum, with the peak that appears earlier in time resulting from the OPO + OPO ionization 

process.  The second peak results from the OPO + KrF ionization process.  In Figure 4 we 

display the spectra observed when each peak is monitored.  The two signals differ because in 

the OPO + OPO case, excited states are detected if they can be ionized within 5 ns; in the 

OPO + KrF case, only states that live for 30 ns are detected.  Figure 4 shows a clean baseline 

above 39,800 cm-1 in the OPO + KrF delayed ionization spectrum (in blue), but a weak ion 

signal persists in the prompt ionization spectrum (displayed in black) until a second 

dissociation threshold is reached near 41,455 cm-1.  The states that are observed above 

39,800 cm-1 in the prompt ionization spectrum are states with a short lifetime (τ < 30 ns), but 

which can still be ionized within the 5 ns OPO laser pulse.  Based on the intensity of this 

residual signal, only a small fraction of the states excited above 39,800 cm-1 are able to 

survive long enough to be ionized, even within the 5 ns timeframe.  The low intensity of this 

residual signal shows that states lying above 39,800 cm-1 dissociate rapidly, probably in less 

than 1 ns. 

 Although the higher energy dissociation threshold is somewhat ill-defined, it is 

located at approximately 41,455(25) cm-1.  The difference between the two thresholds, 

combining the errors, is then 1655(35) cm-1.  This separation corresponds closely to the 

energy of the first excited spin-orbit level of tungsten, 5D1g, lying at 1670.29 cm-1.20  It seems 

that the predissociation rate increases markedly when the W 5d46s2, 5D1g + S 3s23p4, 3P0g 

separated atom limit is exceeded.  Excited states lying above this limit decay too quickly to 

be detected, even in the OPO + OPO ionization process. 

 Finally, it is worth noting that in all of these studies, the ion signal in the atomic 

channel is much greater than that of the molecule of interest.  Generally, the atomic signals 
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are so strong that on resonance they saturate our detection system.  Clean atomic spectra are 

more readily obtained for minor isotopes that saturate the detector less readily, such as 180W 

(0.13% natural abundance), as shown in Figure 4.  Even in that case, the atomic spectra are 

plotted on a greatly reduced scale compared to the molecular spectra.  Another option, which 

we frequently employ, is to collect calibration scans over atomic transitions separately, under 

conditions that are optimized for clean, well-resolved atomic features.  Under conditions of 

high OPO intensity (as was used for the OPO + OPO scan displayed in black in Figure 4), the 

intense atomic transitions are also observed as depletions of the WS ion signal.  We believe 

this occurs because so many atomic ions are produced on resonance that Coulomb repulsions 

cause the ion cloud to expand as it traverses the drift tube, preventing most ions of a given 

species from reaching the detector.  The result is depletion of all ion signals except for the 

atomic ion signal, which completely dominates the mass spectrum.  An example is the strong 

atomic transition near 38,400 cm-1 in the 180W+ mass channel, which is readily apparent as a 

depletion in the WS+ signal, particularly in the black OPO + OPO spectrum.  Artificial drops 

in molecular signal arising from this effect are evident in all of the spectra collected in this 

work, as well as in previous work.1-4 

4. WSe 

Figure 5 displays a scan over the 32,000-40,000 cm-1 range in the R2PI spectrum of 

WSe, with the spectrum of atomic W displayed below.  As in the WS example, the molecular 

signal reflects the intense atomic transitions as depletions in signal, mirroring the atomic 

spectrum.  The drop to baseline occurs at 34,947 ± 50 cm-1.  Like sulfur, selenium has a 3P2g 

ground level, which in combination  with the 5D0g level of tungsten, generates Ω = 0+, 1, and 

2 electronic states.  Similarly to WS, the only states of WSe that cannot dissociate at the 
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ground separated atom limit are excited states with J = 0f.  The first excited spin-orbit 

asymptote for the system is the W 5d4 6s2, 5D1g + Se 4s2 4p4, 3P0g level at 1670.3 cm-1; the 

next excited atomic asymptote is W 5d4 6s2, 5D0g + Se 4s2 4p4, 3P1g level 1989.5 cm-1.20  The 

spectrum shows no evidence of a second predissociation threshold at either of these energies.  

On this basis, we assign the bond dissociation energy of WSe as 34,947(50) cm-1, or  

4.333(6) eV. 

5. WCl 

Figure 6 displays a scan over the predissociation threshold of WCl in the 28,500-

35,500 cm-1 range.  A drop to baseline is clearly observed at 30,796 ± 50 cm-1, although 

weak vibronic bands persist to much higher wavenumbers.  The ground separated atom limit 

for this system is W 5d46s2, 5D0g + Cl 3s23p5, 2P3/2u, which generates two potential energy 

curves: Ω = 1/2 and Ω = 3/2.  Both curves have both e and f components, so predissociation 

at this limit is possible for all excited states with Ω′ = 1/2 or 3/2, via Ω-preserving curve 

hopping processes.  States with higher values of Ω′ can also dissociate at this limit via L- and 

S-uncoupling perturbations,25 which destroy Ω as a good quantum number.  Quantum 

chemical computations (see below) strongly suggest that the ground term of WCl is of 6Σ+ 

symmetry, which possesses Ω = 1/2, 3/2, and 5/2.  Thus, excited states with Ω′ as large as 7/2 

may be reached by allowed electric dipole transitions.  Such states would have to undergo 

two Ω-changing interactions in order to permit dissociation to ground state atoms on the 

Ω=3/2 potential energy surface.  We suggest that the states that are observed above the sharp 

predissociation threshold correspond to Ω′ = 7/2 states that dissociate less efficiently because 

of the need to undergo two Ω-changing interactions.  Some Ω′ = 5/2 states may also 



15 
 

contribute; these require only one Ω-changing interaction to be coupled to the Ω=3/2 curve 

that arises from ground state atoms. 

The first excited separated atom limit in the WCl system is W, 5d4 6s2 5D0g + Cl 

3s23p5, 2P1/2g , at 882.4 cm-1.20  There is no evidence of a second dissociation threshold at this 

separation from the observed threshold, so it appears that the vast majority of the electronic 

states reached are able to dissociate to ground state atoms.  Therefore, we assign the bond 

dissociation energy of WCl as 30,796(50) cm-1, or D0(WCl) = 3.818(6) eV. 

B. Computational Results 

For all five molecules considered here, the valence molecular orbitals derive from the 

5d and 6s orbitals of W and the ns and np orbitals of the ligand, leading to four orbitals of σ 

symmetry (numbered here as the 1σ through 4σ orbitals), two pairs of π orbitals (1π and 2π), 

and one pair of δ orbitals (1δ).  A qualitative depiction of the molecular orbitals, using 

orbitals obtained for α spins in the calculation of the 3Σ‒ state of WS is displayed in Figure 7.  

For WC and WSi, 10 valence electrons are distributed in these orbitals; for WS and WSe, 

there are 12 valence electrons; and for WCl, there are 13 valence electrons.   

In all five molecules, the 1σ orbital is fully occupied in the low-lying states, and is 

composed mainly of ligand ns character.  Although the order of the orbitals varies in the set 

of WX molecules, and in the electronic configuration examined, one of the 2σ/3σ orbitals is a 

bonding orbital consisting mainly of W 5dσ and ligand npσ character.  This is the 2σ orbital 

in WS.  The other (3σ in WS) is primarily W 6s in character, with an admixture of 5dσ 

character so that it resembles a donut that places electron density off the molecular axis, 

making it primarily nonbonding in character.  This 6s-based σ orbital is lower in energy than 

might be expected because of the relativistic stabilization of the 6s orbital, which also causes 
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the W atom to have a ground configuration of 5d46s2, rather than the d5s1 ground 

configuration found in isovalent Cr and Mo.  The 1π orbital is a bonding combination of the 

W 5dπ and nonmetal npπ orbitals, with greater contributions from the nonmetal npπ orbitals, 

particularly for the more electronegative ligands.  Close in energy to the 3σ orbital is the 

nonbonding 1δ pair of orbitals, which are nearly pure W 5dδ in character.  Above these lie 

the antibonding 2π orbitals, composed of W 5dπ and ligand npπ character, with greater 

contributions from W 5dπ, especially for the more electronegative ligands.  Finally, at very 

high energy lies the 4σ antibonding orbital.  This is empty in the low-lying states of all five 

WX molecules. 

To try to identify the ground electronic states, we have calculated a number of 

different electronic configurations and terms for all five WX molecules.  The results are 

provided in Table 1, where we have listed the states in order of increasing energy.  Where 

possible, term symbols have been identified.  In some cases, the configuration examined can 

generate multiple terms, as in the 1σ21π32σ21δ13σ2 of WC, which generates both 3Π and 3Φ.  

In these cases, all of the possible terms are listed.  In addition to the term energy, T0, which is 

given as the energy of the v=0 level of the state in question, relative to the v=0 level of the 

ground state, we also report the dipole moment at the equilibrium position, the harmonic 

frequency (ωe), the equilibrium bond length (re), and the bond dissociation energy ignoring 

spin-orbit corrections (D0).  Because the calculations were performed using the unrestricted 

B3LYP method for states with nonzero spin, the calculated states are not eigenfunctions of 

S෠ଶ.  The expectation values, 〈S෠ଶ〉, have been calculated and set equal to S(S+1), and the 

resulting equation has been solved for S, which is reported as <S> in the table.  This is a 

useful diagnostic, as it should precisely equal 0.5 for doublet states, 1.0 for triplet states, 1.5 
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for quartet states, etc.  When the discrepancy is significant, the spin-contaminated result 

should be considered less trustworthy. 

1. WC 

Of the five WX molecules reported here, WC is the only molecule for which the 

ground electronic state is experimentally known.27-30, 34, 35  The ground state is 

1σ21π42σ21δ13σ1, 3Δ1, with an r0 bond length of 1.7143 Å and a harmonic frequency of  

ωe = 983(4) cm-1.27, 30  The ground state dipole moment is 3.90(4) D.29  The molecule is of 

particular interest because the existence of a 3Δ1 ground state in a molecule containing a 

highly charged nucleus makes it an excellent candidate for the measurement of the dipole 

moment of the electron, a topic of intense interest in particle physics.34, 35  The calculated 

values of the molecular constants show exceptionally good agreement for ωe, a moderate 

disagreement (8.5%) in dipole moment, and an error of 0.022 Å in bond length.  This is a 

reasonable level of agreement, overall.  The calculated BDE of 4.90 eV, omitting spin-orbit 

corrections, is significantly less than the measured value of 5.289(8) eV.  Spin-orbit 

corrections to D0 for WC and the other molecules are considered in Section IV.C below. 

 In addition to the computational work presented here, WC has been previously 

investigated using the B3LYP functional with the LANL2DZ basis set for W (as we have 

done here), but with the 6-311++G(df) basis set for C.36  The result predicts a ground term of 

1σ21π42σ21δ2, 3Σ‒ with ωe = 1009 cm-1, re = 1.704 Å, and a BDE of D0(WC) = 5.16 eV, 

without any corrections for spin-orbit effects.36  While this calculated ground state is 

incorrect, the study does not report the energies of low-lying excited states, so it is possible 

that the 3Δ term lies very close in energy using this methodology.   
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 A far more detailed study of the electronic states of WC has been undertaken using 

the complete active space multiconfiguration self-consistent field-configuration interaction 

(CASMCSCF-CI) method, followed by relativistic configuration interaction (RCI) methods 

to include spin-orbit interaction and other relativistic effects.37  The calculation finds the 

ground state to be 1σ21π42σ21δ13σ1, 3Δ1, in agreement with experiment, and predicts a spin-

orbit corrected BDE of 5.8 eV, 0.5 eV higher than found in our experiment.  The calculated 

bond length (re), vibrational frequency (ωe), and dipole moment (μe) of 1.727 Å, 977.5 cm-1, 

and 4.211 D are in good agreement with the experimental values. 

2. WSi 

Our computations suggest a ground electronic state of 1σ21π42σ21δ13σ1, 3Δ for WSi, 

exactly as found for the isovalent WC molecule.  The calculated BDE is 2.77 eV, omitting 

spin-orbit corrections, which is 0.33 eV smaller than the measured value of 3.103(10) eV.  

The 1σ21π42σ11δ2 3σ1, 5Σ‒ state is computed to lie 0.38 eV higher in energy.  These results 

differ from a previous investigation employing the B3LYP method with the LANL2DZ basis 

set for W and the 6-311++G(df) basis for Si, which finds a 1σ2 2σ21π31δ2 3σ1, 5Π ground 

state with a spin-orbit uncorrected bond energy of D0(WSi) = 2.96 eV.32  In that work, a 

triplet state of undefined nature was found to lie 0.16 eV higher in energy.   

A more detailed computation of the low-lying states of WSi was subsequently 

undertaken, using the unrestricted B3LYP method and two different basis sets (LANL2DZ 

for both W and Si, and LANL2DZ for W, 6-311++G(3df, 3pd) for Si).33  An unrestricted 

CCSD(T) calculation was also undertaken with these same two basis sets in the same study.  

For both the B3LYP and CCSD(T) calculations, the better basis set (LANL2DZ for W;  
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6-311++G(3df, 3pd) for Si) identified the ground state as a quintet, which was assigned as 

1σ21π42σ11δ2 3σ1, 5Σ‒.  The computed bond dissociation energy was not reported. 

These results identify three different candidates for the WSi ground term:  

1σ21π42σ21δ13σ1, 3Δ; 1σ21π42σ11δ2 3σ1, 5Σ‒; and 1σ2 2σ21π31δ2 3σ1, 5Π.  At this time, the 

computational results are not sufficiently clear to allow assignment of one of these as the 

unambiguous ground state.  In this respect, WSi is reminiscent of our findings on the group 4 

and 5 metal silicides, TiSi, ZrSi, HfSi, VSi, NbSi, and TaSi,4 which were also problematic 

for the computational determination of the ground electronic state.  We anticipate that species 

with comparatively weak bond energies and for which the ground separated atom limit 

generates many terms will continue to be problematic in this regard.  When there are a large 

number of states packed into a narrow energy range, it will generally be difficult to 

computationally determine which is the ground state. 

3. WS and WSe 

The electronic structures of WS and WSe are calculated to be similar, with two 

computed low-lying states as strong candidates for the ground state: 1σ21π42σ21δ2 3σ2, 3Σ‒ 

and 1σ21π42σ21δ2 3σ1 2π1, 5Π.  Here, comparisons to known isovalent species are relevant.  

The ground states of CrO,38 CrS,39, 40 and MoO41 are experimentally known to be  

1σ21π42σ21δ2 3σ1 2π1, 5Π, and the ground state of MoS is calculated to be the same.42, 43  In 

contrast, the ground state of WO is 1σ21π42σ21δ2 3σ2, 3Σ‒.44, 45  To our knowledge, neither 

WS nor WSe have been investigated prior to this work.  The discrepancy between the Cr and 

Mo chalcogenides and WO arises because of relativistic stabilization of the 6s orbital of W, 

which is the primary contributor to the 3σ molecular orbital.  While this 3σ relativistic 

stabilization will persist in both WS and WSe, the strength of π-bonding is expected to 
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weaken as one moves down the chalcogenide series.  The 5Π term has an advantage of more 

favorable exchange interactions, compared to the 3Σ‒ term, but this comes at the cost of 

placing an electron in the antibonding 2π orbital, weakening the π bonding in the molecule.  

In WO, π-bonding is quite important; accordingly, the 5Π term has been calculated to lie 

9463 cm-1 (1.17 eV) above the 3Σ‒ ground term.45  In WS, π-bonding is expected to be 

significantly weaker due to reduced dπ-pπ overlap, so placement of an electron in the 2π 

orbital is not as disfavored as in WO.  Our results still predict a 3Σ‒ ground term, but the 5Π 

term is calculated to lie only 0.09 eV higher. This situation reverses in WSe, where the 5Π 

term is calculated to be the ground term, with the 3Σ‒ term lying only 0.05 eV higher.  These 

differences are not sufficient to identify the ground term in either WS or WSe, but serve to 

demonstrate how the energetics of these states are expected to change as one moves down the 

series of tungsten chalcogenides. 

The computed BDEs, ignoring spin-orbit corrections, are D0 (WS) = 4.10 eV and 

D0(WSe) = 3.59 eV, substantially smaller than the measured values of 4.935(3) and  

4.333(6) eV, respectively.  Nevertheless, the calculation predicts a weakening of the WX 

bond by 0.51 eV in moving from WS to WSe, as compared to the measured weakening of 

0.60 eV.  The magnitude of the absolute error in these two examples demonstrates that the 

computational method and/or basis set is insufficient for the accurate calculation of bond 

energies in these systems. 

4. WCl 

Of all the molecules computationally investigated, WCl offers the cleanest 

determination of the ground state configuration and term, a high-spin 6Σ+ state deriving from 

the 1σ21π42σ21δ2 3σ1 2π2 configuration.  The next computed state is 1σ21π42σ21δ1 3σ2 2π2, 
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4Δ, lying 0.84 eV higher in energy.  This result is consistent with the known ground states of 

the congeners CrF,46, 47 and CrCl,48, 49 and the calculated ground states of MoF, MoCl, MoBr, 

MoI,50 and WF.51  In these diatomics, the highly electronegative character of the halogen 

leads to a wide separation between the halogen based 1σ, 2σ, and 1π orbitals (which are 

primarily halogen ns, npσ, and npπ in character) and the metal based 1δ, 3σ, and 2π orbitals, 

which are primarily W 5dδ, 6sσ, and 5dπ in character.  The large separation leads to a 

reduced orbital interaction between the two centers, making the WCl molecule more ionic 

than the other species considered here.  As a result, the metal-based orbitals are close in 

energy, leading to the formation of a high-spin 1σ21π42σ21δ2 3σ1 2π2, 6Σ+ ground state in 

which the partially occupied orbitals are dominated by tungsten atomic character. 

The calculated bond dissociation energy, omitting spin-orbit corrections, is 3.80 eV.  

This is quite close to the measured value of 3.818(6) eV. 

C. Spin-orbit corrections to computed bond dissociation energies 

Although the LANL2DZ basis set includes mass-velocity and Darwin relativistic 

effects on the core electrons, it does not include spin-orbit effects.  These have the effect of 

lowering the separated atom limits, as the terms separate out into spin-orbit levels.  Likewise, 

the molecular ground state also separates into Ω-levels, leading to a spin-orbit stabilization.  

To investigate these effects, we have estimated the spin-orbit stabilization energy at the 

separated atom limit and for the various molecular states. 

1. Corrections at the atomic limit 

To calculate the spin-orbit stabilization at the separated atom limit, we calculate the 

degeneracy-weighted average of the atomic energy levels, and note the amount that the 

ground level lies below the average.  Using the NIST atomic energy levels, in which the 
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ground level lies at 0 cm-1,20 this provides a spin-orbit stabilization energy of each atom 

given by 

ΔESO(atom) = െൣ∑ ሺ2ܬ ൅ 1ሻܧ௃௃ ൧/ൣ∑ ሺ2ܬ ൅ 1ሻ௃ ൧.             (4.1) 

For W, C, Si, S, Se, and Cl, these values are -0.553, -0.003, -0.015, -0.020, -0.096, and  

-0.024 eV, respectively.  Of course, the spin-orbit stabilization energy of a given separated 

atom limit is just the sum of the stabilization energies of the two individual atoms.  

Accordingly, the separated atom limits W + C, W + Si, W + S, W + Se, and W + Cl are 

stabilized by -0.556, -0.568, -0.572, -0.648, and -0.577 eV, respectively. 

2. First-order corrections for molecular states 

For states with Λ≠0, the spin-orbit stabilization of the lowest Ω level may be 

estimated by first order perturbation theory.25  First, one must set up a configuration for the 

partially occupied orbitals that reproduces the expected ground level of the term.  This is best 

illustrated by example.  The 1σ2 1π4 2σ2 1δ1 3σ1, 3Δ term of WC, for example, generates 

spin-orbit levels with Ω = 1, 2, or 3.  The orbital responsible for the spin-orbit splitting, 1δ, is 

less than half-full, so the term is regular with a 3Δ1 ground level, as is experimentally 

observed.  Considering only the partially filled orbitals, the wavefunction for this level may 

be written as |Ψۧ ൌ  ሺ2ሻۧ.  It may be readily verified that thisߚሺ2ሻߪሺ1ሻ3ߚାଶሺ1ሻߜ1|

wavefunction reproduces the values S = 1, Λ = +2, Ω = +1 (3Δ1).  

 Next, the first order correction to the energy of the state may be computed as  

ሺଵሻܧ ൌ 	 ൻΨหܪ෡ௌைหΨൿ ൌ 	 ൻΨห∑	ߞመሺݎ௜ூሻर෠௜ூ ∙ ො࢙௜หΨൿ,             (4.2) 

where the summation runs over all electrons i and nuclei I.  Here ߞመሺݎ௜ூሻ is an operator that is 

depends on the distance between electron i and nucleus I that is very strongly peaked at the 

origin ሺݎ௜ூ ൌ 0ሻ.  For the diagonal matrix elements of ܪ෡ௌை, the only portion of the  
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र෠௜ூ ∙ ො࢙௜operator that contributes is the ℓ෠௜ூ,௭̂ݏ௜,௭ contribution, which is readily evaluated.  The 

remaining components of र෠௜ூ ∙ ො࢙௜ couple a state defined by Λ to one with Λ±1, and are only 

important in off-diagonal matrix elements.  Further, because the spin-orbit operator is well-

approximated by this one-electron operator, the spin-orbit energy may be estimated as the 

sum of the individual one-electron contributions.  Thus, the spin-orbit stabilization of the 3Δ1 

level of WC may be written as  

ሺଵሻܧ ൌ 	 ൻ1ߜାଶߚห∑	ߞመሺݎூሻℓ෠ூ,௭̂ݏ௭ห1ߜାଶߚൿ ൅	ൻ3ߚߪห∑	ߞመሺݎூሻℓ෠ூ,௭̂ݏ௭ห3ߚߪൿ,           (4.3) 

where the unnecessary electron label, i, has been dropped and the summation is only over the 

nuclei, I.  Recognizing that the spin-orbitals are eigenfunctions of ℓ෠ூ,௭ and ̂ݏ௭, and absorbing 

the units of ԰ into the definition of ߞመሺݎሻ, this becomes 

ሺଵሻܧ ൌ 	2 ∙ ቀെ ଵ

ଶ
ቁ ൻ1ߜାଶห∑	ߞመሺݎூሻห1ߜାଶൿ ൅ 	0 ∙ ቀെ ଵ

ଶ
ቁ	ൻ3ߪห∑	ߞመሺݎூሻห3ߪൿ,           (4.4) 

or ܧሺଵሻ ൌ 	െൻ1ߜାଶห∑	ߞመሺݎூሻห1ߜାଶൿ ൌ 	െൻ1ߜାଶห	ߞመሺݎௐሻห1ߜାଶൿ െ ൻ1ߜାଶห	ߞመሺݎ஼ሻห1ߜାଶൿ.  (4.5) 

Here, the summation over nuclei has been explicitly written using the distance of the 

electron from the W and C nuclei, 	ݎௐ and	ݎ஼, respectively.  Further, because ߞመሺݎሻ is so 

strongly peaked at the nucleus, the orbitals may be decomposed into contributions from the 

corresponding atoms, in the spirit of the LCAO approximation, and contributions to the 

integrals involving functions localized on different atoms may be neglected.  For the 1δ 

orbital, the contribution on carbon is negligible.  Thus, we obtain 

ሺଵሻܧ ൌ 	െൻ5݀ߜାଶห	ߞመሺݎௐሻห5݀ߜାଶൿ ൌ 	െߞହௗሺܹሻ.            (4.6) 

In this result, the parameter ߞହௗሺܹሻ is a characteristic of the atomic 5d orbital of 

tungsten that may be obtained from atomic Hartree-Fock calculations or by fitting the 
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measured atomic energy levels.25, 52, 53  If a partially occupied π orbital were present, it would 

be necessary to break ܧሺଵሻ down into contributions on W and C, as 

ۧߨ|  ൌ 	 ܿௐ|5݀ۧߨ ൅ ܿ஼|2ۧߨ݌.  In that event, the spin-orbit integral would retain contributions 

from both atoms, giving 

ൻߨห∑	ߞመሺݎூሻหߨൿ ൌ 	 |ܿௐ|ଶൻ5݀ߨห	ߞመሺݎௐሻห5݀ߨൿ ൅ |ܿ஼|ଶൻ2ߨ݌ห	ߞመሺݎ஼ሻห2ߨ݌ൿ 

																																																		ൌ |ܿௐ|ଶ	ߞହௗሺܹሻ ൅ |ܿ஼|ଶߞଶ௣ሺܥሻ	.                                   (4.7) 

3. Second-order corrections for Σ molecular states 

 For Σ terms that are candidates for the ground state, first-order perturbation theory 

predicts no spin-orbit splitting or stabilization.  In these cases, one must go beyond first 

order.  For the 1σ21π42σ21δ23σ2, 3Σ‒ terms that are candidates for the WS and WSe ground 

states, an isoconfigurational spin-orbit interaction with the 1σ21π42σ21δ23σ2, 1Σ+ state leads 

to a significant stabilization of the 3Σ‒ (Ω=0+) component.25  Using the methods described 

above, the spin-orbit interaction matrix element that couples the 1Σ+ (Ω = 0+) state to the 3Σ‒ 

(Ω=0+) state, which is responsible for the stabilization of the 3Σ‒ (Ω=0+) state, may be readily 

derived as 

ൻ ାሺ0ାሻଵߑ หܪ෡ௌைห ‒ߑ ሺ0ାሻଷ ൿ ൌ  ହௗሺܹሻ.              (4.8)ߞ2

To evaluate the effect on the 3Σ‒ (Ω=0+) state, one must solve the two state matrix 

Hamiltonian problem 

ܪ      ൌ	൬
ܧ߂ ߞ2
ߞ2 0 ൰ ,              (4.9) 

where ΔE represents the energy difference between the two coupled states,  

ΔE = E(1Σ+) – E(3Σ‒).  Because the energy of the 3Σ‒ state is defined as zero in this 

expression, the lower energy root, 
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ିܧ ൌ 	
ଵ

ଶ
ቂܧ߂ െ	ඥሺܧ߂ሻଶ ൅ ௐߞ16

ଶ ቃ,           (4.10) 

provides the spin-orbit stabilization of the lower spin-orbit level (Ω=0+) of the 3Σ‒ term. 

 To complete the evaluation of the spin-orbit stabilization of the 3Σ‒(0+) level, we need 

the energy separation between the 3Σ‒ term and the 1Σ+ term.  Recognizing that these two 

terms differ by how the spins are coupled in a 1δ+2
1 1δ-2

1 configuration, and that the 1δ orbital 

is very nearly a pure 5dδ orbital on W, we have used the numerical Hartree-Fock program 

HARTREE, written by Charlotte Froese-Fischer, to evaluate the expected splitting.53  The 

result may be expressed in terms of the Slater F4(5d, 5d) radial integral as 

              ΔE = 
ଶ଴

଺ଷ
,ସሺ5݀ܨ	 5݀ሻ	,              (4.11) 

where the factor of 20/63 results from angular integrals. Using an average of the F4(5d, 5d) 

integrals obtained from HARTREE for neutral and ionic (W and W+) atoms, we obtain  

ΔE = 11,265 cm-1.  Using the average of the ζ5d(W) values obtained for W and W+  

(ζ = 2259 cm-1),  a net spin-orbit stabilization of the 3Σ‒(0+) level of -1588 cm-1 (-0.197 eV) is 

obtained.  This value is expected to be nearly the same for both WS and WSe because the 1δ 

orbital remains nearly purely tungsten 5dδ in both molecules.  For comparison, a contracted 

multi-reference configuration interaction (CMRCI) on the congeneric WO molecule found 

that without spin-orbit interactions, the 1Σ+ - 3Σ‒ separation is 7319 cm-1 (somewhat smaller 

than our value of 11,265 cm-1).45  When spin-orbit interactions are subsequently included, it 

was found that the 3Σ‒(0+) is stabilized more effectively, lying 1898 cm-1 below the 3Σ‒(1) 

level.45  For the 3Σ‒(0+) level of WO, the spin-orbit stabilization is thus calculated to be  

-0.235 eV.  The simplified method described here, which gives -0.197 eV, is in tolerable 

agreement with this much more involved calculation. 
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 Finally, we also consider the spin-orbit stabilization in the 1σ21π42σ21δ23σ12π2, 6Σ+ 

ground state of WCl, which splits into Ω = 1/2, 3/2, and 5/2 levels when interactions with 

other states are considered.  The 6Σ+ state undergoes spin-orbit coupling to two 4Σ‒ states that 

derive from the same configuration, but whose energies are difficult to determine.  For this 

reason, we have adopted a different method to approximate the spin-orbit stabilization of the 

expected 6Σ+(Ω = ½) ground level.  The spin-orbit splitting in the isovalent CrF and CrCl 6Σ+ 

ground states has been measured, and is characterized by the molecular constant, λ.  For a 6Σ+ 

state, this term contributes to the Hamiltonian as 
ଶ

ଷ
ሺ3	ߣ	 መܵ௭ଶ െ መܵଶሻ, leading to a spin-orbit 

stabilization of the ground Ω = 1/2 level by of െଵ଺

ଷ
 For CrF and CrCl, the stabilization is  . ߣ	

-3.44 and -1.42 cm-1, respectively.  A portion of this stabilization derives from the direct 

interaction of the magnetic dipoles of the unpaired electrons, but this is generally smaller 

than the spin-orbit contribution for transition metal species.  To estimate the spin-orbit 

stabilization of the ground 6Σ+(1/2) level in WCl, we have simply taken the stabilizations in 

CrF and CrCl, and scaled them by the ratio [ζ5d(W)/ζ3d(Cr)]2.  Given that the spin-orbit 

stabilization arises in second order perturbation theory, a dependence on ζ2 is expected, so 

this approach is reasonable in the absence of more detailed calculations that are beyond the 

scope of this work.  Using ζ3d(Cr) = 233.5 cm-1 (average value for Cr and Cr+) and  

ζ5d(W) = 2259 cm-1 (average of values calculated for W and W+), we obtain expected spin-

orbit stabilizations for the 6Σ+(1/2) level of WCl of -322 cm-1 (scaled from CrF) or -133 cm-1 

(scaled from CrCl).  We adopt the average of these values, -228 cm-1 or -0.028 eV, as our 

best estimate of this correction. 

 Using these methods, spin-orbit corrections to calculated dissociation energies (D0) 

are provided in Table 2.  In all cases, these corrections worsen the agreement between the 
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computed values and experiment because the spin-orbit stabilization of the separated atoms is 

greater than that of the molecule.  The reduction in bond dissociation energies due to spin-

orbit effects has been discussed elsewhere,54 and is generally expected in cases where the 

separated atoms states exhibit spin-orbit splitting.  Overall, these results demonstrate that 

B3LYP/LANL2DZ computations are inadequate for the calculation of bond dissociation 

energies in diatomic tungsten compounds. 

D. Derived Quantities 

The measured BDEs may be combined with other values to obtain derived quantities, 

when the required other values are available.  For the molecules investigated here, however, 

only a few related studies are available. 

For WC, the BDE of the related molecule, WC+ has been measured by guided ion 

beam mass spectrometry.  An early investigation provided D0(W
+-C) = 5.01 eV;55 a 

subsequent study provided an improved value of 4.76(9) eV.56  This value is somewhat less 

than the BDE of neutral WC obtained in this work, 5.289(8) eV, indicating that the bond 

weakens by 0.53(9) eV upon ionization.  Using the thermochemical cycle,  

D0(WC) + IE(W) = IE(WC) +D0(W
+-C),           (4.12) 

in combination with the ionization energy of W, IE(W) = 7.86403(10) eV,57 this allows the 

determination of the ionization energy of WC as IE(WC) = 8.39(9) eV.  This result is 

consistent with our previous observation of effective ionization of WC via a resonant two-

photon ionization process employing a total 2-photon energy of 8.60 eV.27   

 A measurement of the electron affinity of WC, EA(WC) = 2.155(15) eV,58 may also 

be combined with the electron affinity of carbon, EA(C) = 1.2629(3) eV,59 using the 

thermochemical cycle 
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D0(W-C‒) + EA(C) = EA(WC) +D0(WC),           (4.13) 

to deduce the BDE of WC‒ as D0(W-C‒) = 6.181(17) eV.  Using EA(W) = 0.815(8) eV,59 a 

similar thermochemical cycle provides D0(W
‒-C) = 7.363(19) eV.  As is the case for many 

anions, a much lower energy decomposition pathway for the anion is loss of an electron, 

rather than dissociation. 

 In the case of WSi, a previous study of the WSi‒ anion has provided the vertical 

detachment energy of 1.72(4) eV.33  This result provides a constraint on the adiabatic 

electron affinity of EA(WSi) ≤ 1.72(4) eV.  Again, using a thermochemical cycle analogous 

to (4.13), in combination with the electron affinity of Si, EA(Si) = 1.385(5) eV,59 the BDE of 

the WSi‒ anion is obtained as D0(W-Si‒) ≤ 3.44(4) eV.  Using EA(W) = 0.815(8) eV,59 a 

similar thermochemical cycle provides D0(W
‒-Si) ≤ 4.01(4) eV. 

 Finally, the 0K enthalpies of formation of these WX molecules may be calculated 

from the atomic enthalpies of formation using  

  ∆௙ܪ	଴௄
° ሺܹܺሻ ൌ ∆௙ܪ	଴௄

° ሺܹሻ ൅ ∆௙ܪ	଴௄
° ሺܺሻ െ  ଴ሺܹܺሻ.          (4.14)ܦ

Atomic enthapies of formation have been taken from the NIST JANAF tables (Ref. 60) and 

in the case of Se, from a Russian compilation.61  The results are provided in Table 3. 

 

V. DISCUSSION 

 To our knowledge, this article provides the first measurement of the bond energies of 

the WC, WSi, WS, WSe, and WCl molecules.  Our previous reports on the BDEs of the 

group 4 and 5 silicides and selenides,2, 4 along with an upcoming report on the BDEs of the 

group 4 and group 5 carbides (unpublished) allow these new results to be placed in context.  

The trends among the HfX, TaX, WX molecules are displayed in Table 4. 
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 A striking trend among the HfX, TaX, WX molecules is that the BDEs of the 

carbides, and to a lesser extent the silicides, increase in moving from Hf to Ta to W, while 

the BDEs of the selenides decrease uniformly across the series.  The trend of increasing BDE 

as one moves from the left to the right in the transition metal series is also observed for the 

5d cations, MC+,62 for the neutral 4d MC molecules,63, and for the 4d and 5d MSi and MSi+ 

species (with exceptions for atoms with nd5 configurations).32  Conversely, the trend of 

decreasing BDE as one moves from the left to the right is also observed for the 3d MO, MO+, 

MS, and MS+ molecules,64-66 as well as for the 4d MO+ and MS+ species.66   

While the chemical bonding in these molecules is quite complicated,65 the bonding 

trends between M+ ions and s2p2 elements like C and Si have been rationalized in a valence 

bond framework through the observation that these ligands can form two bonds to the metal 

by spin-pairing the unpaired p electrons with unpaired metal d electrons, but a third bond can 

be fully formed only if a doubly-occupied d orbital is present on the metal to donate into the 

empty p orbital of the ligand.62  Thus, the most strongly bound MC and MSi species are those 

with at least one doubly-occupied d orbital, i.e., those with d6 through d8 configurations.62  

The resulting bonds are particularly strong for transition metals with larger, more accessible 

d orbitals, the 4d and 5d metals.  In cases where there are insufficient d electrons, as in ScC 

for example,67 the doubly-occupied 4s orbital can substitute for a doubly-occupied dσ orbital; 

the poor orbital overlap results in a weak bond, however.  In other cases, such as TiC,68 

where the ground state is formed by the interaction of a 3d34s1, 3F atom with carbon, the 

bond is weakened by the promotion energy required to prepare the metal atom for bonding. 

 In the transition metal chalcogenides, MO, MS, and MSe, the ligand atom has an 

ns2np4 ground configuration, and bonding occurs by spin-pairing two unpaired np electrons 



30 
 

with two unpaired d electrons, and donating the remaining pair of np electrons into an empty 

d orbital, resulting in a triple bond.64, 69  Such an arrangement requires at least two unpaired d 

electrons and one empty d orbital, implying that configurations of d2 through d4 are optimal.  

Late transition metals with configurations with 5 or more d electrons are incapable of 

forming a triple bond, leading to a reduction in the BDE.  While these ideas explain the broad 

trend in bond dissociation energies across the transition metal series, the details vary 

substantially from molecule to molecule, in part because the ground state of the molecule 

may derive from a promoted state of the transition metal atom. 

  

VI. CONCLUSION 

 Predissociation thresholds have been found in the resonant two-photon ionization 

spectra of WC, WSi, WS, WSe, and WCl.  At a minimum, these provide upper limits on the 

bond dissociation energies of these molecules.  Based on the density of vibronic levels and 

the degree of spectral congestion, however, we believe that the observed predissociation 

thresholds correspond closely to the thermochemical bond dissociation energies (BDEs) of 

these species.  The measured BDEs have been combined with related information to provide 

values of IE(WC), D0(W-C‒), D0(W
‒-C), D0(W-Si‒), and D0(W

‒-Si), along with 0K 

enthalpies of formation of all five gaseous molecules. 
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Table 1. Calculated electronic states of the WX molecules. 
 

Molecule 
D0(exp) a 

Configurationb Term 
Energy 
(T0, eV) 

Dipole 
Moment 
(Debye) 

ωe
c 

(cm-1) 
re

c (Å) 
D0

c 
(eV) 

<S> d 

WC 1σ21π42σ21δ13σ1 3Δ 0.00 4.23 987.1 1.736 4.90 1.010 
5.289(8) 1σ21π42σ21δ2 3Σ‒ 0.26 4.02 934.8 1.762 4.65 1.326 

 1σ21π42σ11δ23σ1 5Σ‒ 0.26 3.28 1029.3 1.770 4.64 2.008 
 1σ21π42σ23σ2 1Σ+ 0.68 3.07 1076.4 1.753 4.22 0.000 
 1σ21π32σ21δ13σ2 3Π/3Φ 1.10 2.82 943.7 1.846 3.81 1.006 
 1σ21π42σ11δ13σ12π1 5Π/5Φ 2.35 2.48 955.4 1.803 2.55 2.002 
 1σ21π42σ21δ12π1 3Π/3Φ 2.52 2.94 938.0 1.766 2.38 1.281 
         

WSi 1σ21π42σ21δ13σ1 3Δ 0.00 2.43 456.9 2.245 2.77 1.043 
3.103(10) 1σ21π42σ11δ23σ1 5Σ‒ 0.38 2.22 418.5 2.239 2.39 2.072 

 1σ21π32σ21δ13σ2 3Π/3Φ 0.58 1.58 428.0 2.307 2.19 1.026 
 1σ21π42σ11δ13σ12π1 5Π/5Φ 2.05 1.77 451.5 2.243 0.72 2.009 
 1σ21π42σ21δ12π1 3Π/3Φ 2.29 1.51 354.9 2.301 0.48 1.260 
        

WS 1σ21π42σ21δ23σ2 3Σ‒ 0.00 2.60 552.6 2.118 4.10 1.031 
4.935(3) 1σ21π42σ21δ23σ12π1 5Π 0.09 4.18 476.4 2.192 4.02 2.018 

 1σ21π42σ21δ23σ2 1Σ+/1Γ 0.83 2.76 570.1 2.110 3.28 0.000 
 1σ21π42σ21δ33σ1 3Δ 1.19 3.89 541.6 2.134 2.91 1.009 
 1σ21π42σ21δ13σ12π2 5Δ 1.32 4.47 462.9 2.231 2.79 2.003 
 1σ21π42σ21δ23σ12π1 3Π/3Φ/3Η 1.68 3.98 501.6 2.178 2.42 1.005 
        

WSe 1σ21π42σ21δ23σ12π1 5Π 0.00 3.86 300.3 2.318 3.59 2.026 
4.333(6) 1σ21π42σ21δ23σ2 3Σ‒ 0.05 2.18 350.1 2.241 3.55 1.042 

 1σ21π42σ21δ23σ2 1Σ+/1Γ 0.88 2.38 366.0 2.229 2.72 0.000 
 1σ21π42σ21δ13σ12π2 5Δ 1.16 4.21 300.3 2.350 2.44 2.003 
 1σ21π42σ21δ33σ1 3Δ 1.23 3.49 345.5 2.257 2.37 1.013 
 1σ21π42σ21δ23σ12π1 3Π/3Φ/3Η 1.61 3.66 321.9 2.300 1.98 1.007 
         

WCl 1σ21π42σ21δ23σ12π2 6Σ+ 0.00 3.91 348.2 2.360 3.80 2.501 
3.818(6) 1σ21π42σ21δ13σ22π2 4Δ 0.84 3.13 368.7 2.322 2.96 1.502 

 1σ21π42σ21δ23σ12π14σ1 6Π 1.04 2.33 295.8 2.449 2.76 2.503 
 1σ21π42σ21δ23σ22π1 2Π/2Φ/2Η 1.43 2.56 396.5 2.263 2.37 0.915 
 1σ21π42σ21δ23σ22π1 2Π 1.50 2.09 376.0 2.274 2.30 0.974 
 1σ21π42σ21δ13σ12π24σ1 6Δ 1.68 3.07 281.5 2.510 2.12 2.500 
 1σ21π42σ21δ23σ22π1 4Π 1.79 2.28 302.3 2.401 2.01 1.701 
 1σ21π42σ21δ23σ12π2 4Σ‒/4Γ 1.85 3.56 350.4 2.354 1.95 1.501 

a For comparison, the bond dissociation energy measured in the present study is listed below 

the molecule for each species, in units of eV.   

b Orbitals are listed in a uniform order within a configuration for comparison purposes. 
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c The computed quantities ωe, re, and D0 refer to the harmonic vibrational frequency, the 

equilibrium bond length, and the energy difference between the v=0 vibrational level and the 

ground separated atom limit, omitting spin-orbit effects, respectively. 

d Calculations were done using the unrestricted B3LYP method, and expectation values of ܁෠૛ 

were equated to S(S+1) and solved for S.  This is listed here as <S>.  Values that differ 

significantly from the expected values of S = 0, 1, 2 (for WC, WSi, WS, or WSe) or S = 0.5, 

1.5, 2.5 (for WCl) are indicative of problems with the computational method. 
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Table 2.  Estimated spin-orbit corrections to calculated bond dissociation energies (eV) a 
 

Molecule 
D0(exp) 

Configuration Level ΔESO (molecule) formula ΔESO 
(molecule)

ΔESO (atoms) Net ΔD0 Uncorrected/Corrected 
D0(computed) 

WC 1δ1 3σ1 3Δ1 -ߞௐ -0.280 -0.556 -0.276 4.90/4.62 
5.289(8) 1δ2 3Σ‒ (0+) See text, Eqn (4.10) -0.197 -0.556 -0.359 4.65/4.29 
        
WSi 1δ1 3σ1 3Δ1 -ߞௐ -0.280 -0.568 -0.288 2.77/2.48 
3.103(10)        
        
WS 1δ2 3Σ‒(0+) See text, Eqn (4.10) -0.197 -0.572 -0.375 4.10/3.73 
4.935(3) 1δ2 3σ12π1 5Π-1 -ሾ|ܿௐ|ଶߞௐ ൅ |ܿௌ|ଶߞௌሿ/2 -0.186 -0.572 -0.386 4.02/3.63 
        
WSe 1δ2 3σ12π1 5Π-1 -ሾ|ܿௐ|ଶߞௐ ൅ |ܿௌ௘|ଶߞௌ௘ሿ/2 -0.248 -0.648 -0.400 3.59/3.19 
4.333(6) 1δ2 3Σ‒(0+) See text, Eqn (4.10) -0.197 -0.648 -0.451 3.55/3.10 
        
WCl 1δ2 3σ1 2π2 6Σ+

1/2 See text -0.028 -0.577 -0.549 3.80/3.25 
3.818(6)        

 
a Molecular spin-orbit stabilization energies (ΔESO(molecule)) were calculated using:  
 ሻ = 354 cm-1݌ௌሺ3ߞ ;(ௐ above, taken as the mean of the two values reported in reference 25ߞ abbreviated as) ௐሺ5݀ሻ = 2259 cm-1ߞ
(abbreviated as ߞௌ, taken as the mean of the values reported for S and S‒ in reference 25); and ߞௌ௘ሺ3݌ሻ = 1604 cm-1 (abbreviated as 
 ௌ௘, taken as the mean of the values reported for Se and Se‒ in reference 25).  For the 5Π terms of WS and WSe, the coefficients wereߞ

estimated on the basis of B3LYP/LANL2DZ calculations as |ܿௐ|ଶ ൌ 0.6 and and หܿௌ/ௌ௘ห
ଶ
ൌ 0.4 for both WS and WSe, since 

negligible differences were found between the two species.  
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Table 3. Enthalpies of formation at 0K of gaseous WC, WSi, WS, WSe, and WCl. 
 

∆௙ܪ	଴௄
°  (kJ mol-1) 

C Si S Se Cl 

711.185(0.46) 445.668(8.0) 274.735(0.25) 235.4(1.5) 119.621(0.006)

W 849.782(6.3) 1050.7(6.4) 996.1(10.2) 648.4(6.3) 667.1(6.5) 601.0(6.3) 
a The values along the perimeter, in bold, are the atomic enthalpies of formation used in the 
calculations, taken from References 60 and 61. 
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Table 4. Bond dissociation energies of HfX, TaX, and WX. 
 

D0(MX) (eV) Hf Ta W 
C 4.426(3)a 4.975(3)a 5.289(8)a 
Si 2.871(3)b 2.999(3)b 3.103(10)b 
Se 5.154(4)c 4.705(3)c 4.333(6)c 

 
a unpublished. 
 
a From Reference 4. 
 
a From Reference 2.
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Figure 1.  R2PI spectrum of tungsten carbide (WC), showing the predissociation threshold at  

42,655 (65) cm-1. The uncertainty range (±65 cm-1) is indicated by the horizontal bar above the arrow 

showing the location of the predissociation threshold.  Calibration of the spectrum was achieved using 

the 180W lines, with confirmation from spectra recorded for 58Ni. 
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Figure 2.  R2PI spectrum of tungsten silicide (WSi), showing the predissociation threshold at  

25,107(25) cm-1. The uncertainty range (±25 cm-1) is indicated by the horizontal bar above the arrow 

showing the location of the predissociation threshold.  A scan using a Ti sample was used to obtain 

atomic transitions for calibration in this spectral range. 
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Figure 3.  Expanded view of the predissociation threshold in tungsten silicide (WSi), showing the 

features that are interpreted as predissociation to the ground and first excited separated atom limits.  

Again, the horizontal bar at the top of the arrow indicates the ±80 cm-1 assigned uncertainty range. 

See text for details. 
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Figure 4.  R2PI spectrum of tungsten sulfide (WS), showing the predissociation threshold at 

39,800(50) cm-1. The blue trace corresponds to ionization by an OPO + KrF process, with a 30 ns 

delay between excitation and ionization.  The black trace corresponds to ionization by absorption of 

two OPO photons, with a delay between the two absorptions of less than 5 ns.  
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Figure 5.  R2PI spectrum of tungsten selenide (WSe), showing the predissociation threshold at 

34,947(50) cm-1. The uncertainty range (±50 cm-1) is indicated by the horizontal bar above the arrow 

showing the location of the predissociation threshold.  Calibration was based on the atomic W 

transitions displayed in the lower trace.   
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Figure 6.  R2PI spectrum of tungsten chloride (WCl), showing the predissociation threshold at 

30,796(80) cm-1. The uncertainty range (±80 cm-1) is indicated by the horizontal bar above the arrow 

showing the location of the predissociation threshold.  Calibration was based on the atomic W 

transitions displayed in the lower trace.  
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Figure 7. Molecular orbitals of the WX molecules, illustrated for WS. 
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