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Abstract

Using an ab initio methodology, we performed a detailed theoretical study of gas phase
WC*" dication. These calculations were done using a multiconfigurational method in connection with
a large basis set, where relativistic effects were taken into account. This dication is identified here as
the first thermochemically stable doubly charged diatomic carbide in gas phase. Our work confirms
hence the stability of this dication in gas phase and its earlier observation by atom probes mass
spectrometry. Our calculations show that the shape of the potential energy curves of its lowest
electronic states change drastically upon consideration of relativistic effects. For instance, the
electronic ground state possesses a Morse-like potential without spin-orbit that evolves to the usual
volcanic behavior with a columbic 1/R evolution at large internuclear separation after inclusion of

spin-orbit. We predict a set of thermochemical and spectroscopic data for this molecular species.
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L Introduction

Small molecular dications, AB*, are a priori not stable because of the columbic repulsion
between the two positive charges. Observation and identification of long-lived AB*" ions intrigued
and still intrigue scientists. During the last decades, the spectroscopy and the reactivity of doubly
charged molecular ions gained importance. They evolved from simple curiosity to chemical species
relevant for several media and a variety of fields. They present specific physical and chemical
properties that are important for a wide range of potential applications. All these features were
recently illustrated and highlighted in the PCCP themed issue on multi charged ions organized by
Price and Roithova [1]. We refer to the Editorial of this themed issue for further illustration of the
recent achievements on the investigation of the spectroscopy and the reactivity of doubly charged
molecules [2]. As shown there, theoretical chemistry, in connection with state-of-art experimental
studies, played a crucial role for elucidation and explanation of their metastability and reactivity.

In 1998, Schréder, Harvey and Schwarz [3] showed that there are three classes of diatomic
dications: “stable”, “metastable” and “unstable”. This classification is based on the existence or not of
a potential well along the internuclear separation and on the relative energy position of this minimum
with respect to the lowest dissociation limit. Mostly, AB>" stability can be discussed in terms of the
order of ionization energies of the separated atoms. For instance, thermodynamically stable AB*" are
formed when the second ionization of A (assumed having the lowest first ionization energy) is smaller
than the first ionization energy of B. This ground state electronic potential correlates to the charge
retaining channel (A*" + B) at large internuclear separations. The charge separation channel (A* + B")
is located therefore higher in energy and there are no crossing between this potential and the 1/R
columbic explosion evolution. Therefore, a Morse-like potential is expected because of the attractive
character of the bonding between the A*" and B species. The dication is named “thermodynamically
stable”, which is also the case when the crossing between both diabatic curves is located at large R’s.
Readers are referred to the recent review by Sabzyan, Keshavarz and Noorisafa [4] for further details
and examples. Generally, previous works established that stability can be acquired either by
increasing Z of A and / or B atoms or by increasing the size of the molecule. In both cases, double
ionization energies are more rapidly lowered compared to single ionization energies.

Strictly speaking, only dications having Morse-like potentials can be considered as stable
since the others present some rovibrational levels that have finite lifetimes because of tunneling
through the potential barrier. To date, few thermochemically stable diatomic dications are identified.
They consist mainly on fluorine diatomics, XF where X = M (metal e.g. Al, Be) or Ca or Si since X
presents a low ionization energy to form X** from X" compared to the relatively high ionization
energy of fluorine (17.4 eV [5]). Presently, we predict a thermochemically stable non-fluorine
dication, namely the tungsten carbide dication, WC>*. The neutral tungsten carbide (WC) is relevant

for industrial and catalytic domains due to its unusual properties, such as high melting point, superior
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hardness, low friction coefficient, high oxidation resistance and good electrical conductivity [6]. The
full understand of this material is crucial for these wide ranges of applications. It is worth hence to
investigate the thermochemical and spectroscopic properties of WC and related ionic species with
modern theoretical methodologies.

Back to the seventies, WC>" was observed with atom probe mass spectrometry [7,8]. In the
begging of the 90, WC*" was formed by charge transfer reactions between doubly charged rare gas
projectile ions and W(CO)s [9,10]. These works provided the ionization/appearance energies of W',
W, WC', WC*" and of several (CO),W*" (q=1,2) singly and doubly charged intermediate ions.
Nevertheless, the error bars of these determinations remained quite large (of 0.8 eV). Very recently,
WC** was detected by mass spectrometry through atom probe tomography analysis of WC powder
[11] and electron impact ionization of W(CO), molecular beam [12]. The latter work reinvestigated
the electron impact induced reactions identified by Cooks and co-workers [9,10]. These authors gave
more precise values for the appearance energies of the ionic species (including W', W>*, WC*, WC*")
where the experimental error bars on the appearance energies were reduced to = 0.12 eV. In 1997, Qi
et al. [13] performed a synchrotron vacuum ultraviolet photoionization and dissociative
photoionization of gas phase W(CO)c. They did observe some of (WC,(CO),)*" (q=1,2) precursors
formed in the earlier and recent electron impact experiments but not WC>". No explanation is given
there for that.

There were no theoretical investigations of the WC>" dication since its discovery. In this
theoretical contribution, we treat the lowest electronic states of WC>* using multi-reference
configuration interaction theoretical techniques combined with large basis sets, where spin-orbit
interactions were considered. Several potential wells are found and we definitely establish WC>" as a
stable dication in gas phase. The effect of the spin-orbit effects on the shape of the potentials is deeply
investigated. Finally, we provide the double ionization energies for WC and a set of spectroscopic
parameters for WC*, which includes equilibrium distances, vibrational and rotational terms,
excitation and dissociation energies.

1L Theoretical approaches

All electronic computations were performed using the MOLPRO package (version 2012.1)
[14]. The electronic computations were carried out in the C,, point group, where the B; and B,
representations are equivalently treated.

The carbon atom is described by the aug-cc-pV5Z basis set [15,16]. For tungsten atom, we
used the recently released basis set aug-cc-pV5Z-PP by Figgen et al. in connection with the fully
relativistic ECP60MDF pseudo potential [17]. Here, the 60 core electrons are represented by a
pseudopotential and the 14 outer electrons are explicitly treated via the associated contracted basis
sets corresponding to the scheme (17s14p12d5f5g3h2i)/[8s8p7d5f4g3h2i]. This results in 324
Contracted Gaussian Type Orbitals (cGTOs) to be considered. In total, eighteen electrons were

correlated. Previously, benchmark computations on several metal containing metals dealing with their
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energetics (electron affinities, ionization energies) and their spectroscopic parameters showed that the
results from the pseudopotential and all-electron calculations were nearly identical when scalar
relativity was accurately included in the all-electron work [18-20].

In order to account for the multiconfigurational nature of the wavefunctions of the electronic
states of WC?", we used the complete active space self-consistent field (CASSCF) [21,22], followed
by the internally contracted multi-reference configuration interaction technique [23,24]. For better
accuracy, we quoted the values after consideration of the Davidson correction (MRCI+Q) [25]. In
CASSCEF, the active space was constructed by considering the 5d and 6s atomic orbitals (AOs) of W
and 2s and 2p AOs of C as active. The inner shells were kept frozen. Thus, the active space consisted
of (4-8)0, (2-4)m and 16 molecular orbitals (MOs). All electronic states having similar spin-
multiplicity were averaged together with equal weights using the state-averaging procedure of
MOLPRO. Thus, we treated more than 5000, 2000 and 300 Configuration State Functions (CSFs) per
C,, symmetry when computing the triplet, quintet and heptet states of WC**, respectively. In MRCI,
all CSFs from the CASSCF wavefunctions were considered as a reference. Hence, we took into
account hence more than 2.5 x 10° (4.2 x 10°), 1.4 x 10 (4.4 x 10°) and 3.1 x 10’ (1.3 x 10°
uncontracted (contracted) CSFs per C,, symmetry when computing the triplet, quintet and heptet
electronic states of WC>". In our benchmark computations on X0%(q=2,3,4 and X = Nb, Re and Hf),
we showed that this methodology is accurate enough to correctly account for electron correlation and
relativistic effects of multi charged molecular systems that contain heavy metal atoms [26]. In related
topic, tests computations on IO(X’IT) and on CF;I(X'A,) benchmarked by experimental data
confirmed also these assumptions [27,28].

For the estimation of the spin-orbit coupling on the low electronic states of WC*, we
evaluated the spin-orbit coupling matrix elements in Cartesian coordinates, where the CASSCF
wavefunctions were used as the multi-electron basis for the two-step spin-orbit coupling calculations
[29,30] at the level of Breit-Pauli Hamiltonian [31]. The Q spin-orbit eigenstates were derived after
diagonalization of the electronic Hamiltonian including the spin-orbit operator in the basis of the
CASSCEF unperturbed wavefunctions.

Finally, the potential energy curves (PECs) were incorporated to solve the one-dimensional
Schrodinger equation for the nuclear motion problem [32,33]. Hence, we deduced hence a set of
spectroscopic constants for the A-X and Q bound states of WC>" dication. These constants were
obtained using the derivatives at the minimum-energy distances and standard perturbation theory.

III. Results and discussion
1. Benchmark calculations on the energetics of W, W* and W**

As test of the energetics issued from the present procedure, we computed the energy
separations between the J states of W(SD, 'S, °P, 3F), W(éD, 6S) and W2+(5D, 3P) induced by spin-
orbit effect. These calculations were carried out at the CASSCF/aug-cc-pV5Z(-PP) and MRCI/aug-cc-
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pV5Z(-PP) levels. The results are listed in Table 1 where they are compared to the experimental data
[34-36]. This table shows that the inclusion of spin-orbit couplings is mandatory to account for the
splitting and for the correct ordering of the J states. For instance, the ground state of neutral W is 'S
without spin-orbit correction whereas it turns out to be the 5DO component, followed by the 5D1 and
then the 'S; components as established experimentally. Moreover, this table reveals that the errors
between the computed and the measured values are less than 10 % for neutral W whereas deviations
reach 30% for some J-states of W™ and W*". Such discrepancies are not surprising for this heavy 5d
element since the set of atomic data used for the optimization of the aug-cc-pV5Z(-PP) basis set [17]
does not include the W** dication and the specific spin-orbit structure of the W™ and W** ions. As
pointed out by Figgen et al, this may be due to relatively strong configurational mixing among SO
states of W™ and W*" which is accounted for only via a proper treatment of SO effects. Anyway, the
actual description of this effect should be largely enough to deduce accurate energetics for WC™".

Table 2 lists the first (IE1) and the second (IE2) ionization energies of W('S, D) with and
without spin-orbit. IE1 corresponds to the energy difference between neutral W and W' and IE2 is for
the energy difference between W and W?*. For the W(SDO) > W'(°Dy,,) + ¢ ionization reaction, we
compute IE1 of 7.93 eV at the MRCl/aug-cc-pV5Z(-PP) and after considering spin-orbit effects. This
IE agrees well with the commonly admitted measured value for the first ionization energy for W (of
7.86403 eV). This good agreement is expected since the aug-cc-pVS5Z-PP and corresponding
pseudopotential for W were optimized to reproduce this quantity. At the MRCI+SO/aug-cc-pV5Z(-
PP) level, we compute IE2 of 23.04 eV for the W(°’Dy) > W*'(°Dy) + 2¢” double ionization process
and an IE2 of 24.15 eV when the upper °D, component of W*" is produced. Our IE2 are within the
average values of the experimental IE2 determinations. Indeed, different IE2(W) values were deduced
with relatively large error bars because of the difficulty to get such quantity from experiment. For
instance, Kramida and Shiri [37] measured IE2(W) = 24.33 £ 0.15 eV and Lide referenced IE2(W) =
23.96 + 0.4 eV [38] where atomic W is produced in gas phase in a hollow cathode. The exact
mechanism and therefore the exact quantum state of neutral W prior to ionization are not well
identified in such plasma. We may expect a large population distribution over the low J-states of W.
This makes somehow the comparison to the theoretical values quite hard.

2. On the electronic states of WC**

Figures 1 and 2 display the MRCI+Q/aug-cc-pV5Z(-PP) (A - ) PECs and the Q PECs of the
lowest electronic states of WC”" vs. the internuclear distance. In both figures, the reference energy is
chosen to be the energy of respective WC>" ground state at equilibrium. The dissociation limits
{W'(°S)+C'CP,), W' (*D)+C'(°P,), W (Dy+C(Py)} were positioned using the MRCI data on W'
and W>" given in Table 1 and those on C and C" (not shown here). Accordingly, the charge separation
channels {W'(°S,)+C"(*P,) and W'(°D,)+C"(°P,)} are located at ~0.86 ¢V and the charge retaining
asymptote {W>'(’D,)+C(’P,)} is located at ~5.11 eV. After considering the spin-orbit interaction, the
lowest components of W'(°D,)+C"(°P,) {i.e. for W'(°Dy) +C'(P,)} and of W?'(’Dy)+C(P,) {i.e.
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W (Dg)+C(Py)} and the W'(°Ss5,)+C"(*P,) limit are located at ~0.53 eV, ~4.79 eV and 1.78 eV,
respectively. The other asymptotes are positioned using the excitation energies listed in Table 1. The
spin-orbit effects on C and C" are small and cannot be clearly evidenced in Figure 2.

Similar to neutral WC [39], the ground state of WC*" is the X’A state (Figure 1). Table 3 lists
the dominant electron configurations of the doubly charged WC** A — X states quoted at the
equilibrium distance of WC>" ground state. The wavefunction of WC(X’A) neutral species is
dominantly described by the 4c” 2n* 50 18" 66' electron configuration. The formation of the
WC(X?A) electronic state corresponds to the removal of one electron from the 66 MO and a second
electron from the 56 MO, resulting on the 46 27" 56' 18" 66° electron configuration. Figure 3 depicts
the outermost MOs of WC. This figure reveals that the 16 MO is non-bonding and that the 56 MO is
slightly bonding in nature whereas the 66 MO is slightly anti-bonding. Therefore the equilibrium
distances of WC and WC*" are expected to be close (see below). For the 1°T1, 1’°®, 1°IT and 1°%"
states, they are formed after ejection of one electron from 66 and a second one from the other
outermost MOs of WC with simultaneous internal electron excitation within these MOs. For the 1°%",
1’S", 1°A and 1711 states, both electrons are removed from the inner-valence MOs of neutral WC.
Table 3 gives also the vertical excitation energy of WC*" states with respect to WC>"(X’A) minimum
energy.

The WC*(X’A) electronic state correlates adiabatically to the charge retaining dissociation
limit, W2+(5Dg) + C(3Pg). It presents a Morse-like potential with a deep potential well. The depth of
this potential well is ~5.1 eV. After considering spin-orbit, there is a drastic change in the shape of the
ground state of this dication from Morse-like to volcanic shape with the usual 1/R evolution (Figure
4), especially at large internuclear separations. Indeed, the ground state corresponds to Q = 1
component arising from the levy of degeneracy of WC*" (X’A). The potential energy curve of this
component follows more or less the X’A PEC for internuclear distances smaller than ~5.5. For R, >
5.5 bohr, the Q = 1 component comes from the quintet states that correlate to the lowest dissociation
limit. Additional avoided crossings between the Q2 = 1 components coming from the electronic excited
A - X states are also evidenced in Figure 2.

Interestingly, the bound ground minimum, and especially the v=0 level (Figure 4), lies lower
in energy than the lowest atomic asymptote whenever we consider A — X or Q PECs. Thus, our
calculations reveal the existence of a thermochemically stable diatomic dication in gas phase. The
WC*" carbide is the first stable non-fluorine dication. In the literature, the stability of metal fluorides
dications (MF*") is explained by the relatively low ionization energies (IEs) of M’ to the
corresponding dications M>", while the IE(F) is high (=17.4 eV [5]). The present case shows that
stable dications can also exist when the ionization energy of the non-metallic atom is not that high

(e.g. IE(C) =11.26 eV [5]).
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The fragmentation energy of WC>" ground state corresponds to two distinct quantities:
without spin-orbit effect, it can be associated with the dissociation energy (D.) of a Morse-like
potential. D, is calculated hence as the energy difference between the energy at equilibrium and the
energy at the corresponding dissociation limit {i.e. W2+(5Dg) + CCP,)}. When spin-orbit effect is
taken into account, the fragmentation energy matches as the kinetic energy release (KER). KER is
deduced as the difference energy between the energy at the max of the potential and the W'(°D,),) +
C'(*P,) dissociation energy. Here, we compute D, ~5.10 ¢V and KER ~3.65 eV. Note that D, is a
hypothetical thermodynamical parameter since solely KER can be accessed by experiment. Anyway,
this potential well is deep enough to support several rovibrational levels where long-lived WC*" may
be formed. The PECs of the triplet excited states present similar behavior after considering the spin-
orbit interaction. The dissociation energies of the triplet states that turns out to be KERs as for the
ground state are reduced after consideration of relativistic effects.

More generally, Figure 1 shows a high density of A — X electronic states in the 0 — 4 eV
energy range. It results in a dense manifold of (2 states and therefore in several avoided crossings
between the PECs having the same Q (Figure2). Such interaction leads to the odd shape of some Q
components (e.g. Q = 0 PECs except the lowest one). Moreover, these avoided crossings upon
consideration of spin-orbit effects lead to the formation of additional potential wells. For instance, the
avoided crossings between the 2 = 3 PECs result in potential minima with increasing equilibrium
internuclear separations ranging from 3.3 bohr for the lowest component to 4.75 bohr to the upper one
(Figure 2). At these avoided crossings, vibronic couplings are expected to take place.

3. Spectroscopic parameters

Table 4 lists the spectroscopic constants of the electronic states of WC*" dication derived
from our MRCI+Q potentials. This includes the equilibrium distances (R.), the rotational constants
(B.), the vibration-rotation terms (), the harmonic frequencies (®.), the anharmonic terms (®.X.).
For ground state, it splits into three components, namely Q=1, 2 and 3. At equilibrium, we evaluate a
splitting of ~ 0.27 eV between the Q=1 and Q=2 components and of 0.52 eV between Q=2 and Q=3
(Table 4). These splittings are consistent with those of neutral WC(X’A), for which Balasubramanian
[39] calculated splittings of 0.20 eV and 0.34 eV, respectively. For the dicationic upper states, the
spin-orbit splittings can be deduced from Figure 2 and Table 4.

Generally, the consideration of spin-orbit effect does affect only slightly the spectroscopic
properties of the unperturbed A — X states, which are deduced from the derivatives at equilibrium.
Indeed, the spin-orbit effect more or less disturbs the shape of the WC*" unperturbed states close to
equilibrium and it is effective at large internuclear distances where it results in the drastic changes in
the shapes of the perturbed PECs as noticed above. For instance, we compute an equilibrium distance
for WC*'(X’A) of 1.736 A. The consideration of the spin-orbit effect leads to a slightly longer WC

equilibrium distance (R.) for the lowest Q=1 component (of 1.744 A). Similarly, the computed
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harmonic frequency for WC>'(X°A) (o, = 1008 cm™) is also close to the one computed for WC** (X Q
=1) (of 1003 cm™).

Because of their close interactions and for most of ) components, the shape of their
potentials is far from common anharmonic potential well. For some of them, this results on large ®.x.
terms and even in inverted anharmonicities. Similarly, the rotation-vibration terms (o) are also either
positive or negative. Note that the ®.x. and o, terms should be viewed as indicative. For the location
of the rovibrational levels on the corresponding potentials, one may incorporate our potentials into a
variational treatment of the nuclear motions. For that purposes, our PECs can be sent upon request.

4. Double ionization energies of WC

In the literature, solely the appearance energy (AE) of WC* is known. This quantity is
determined however with quite large error bars (ranging from £ 0.8 eV till £ 0.12 eV) through impact
ionization of gas phase W(CO)s or charge transfer reactions between doubly charged rare gas
projectile ions and W(CO), [7-10,12]. AE corresponds to the energy for the formation of WC*" after
complex reactive processes and hence there is no direct measurement of the double ionization energy
of WC in the literature.

At present, we determine both the vertical double ionization energy (VIE2) and the adiabatic
double ionization energy (AIE2) of WC. VIE2 is evaluated as the energy difference between the
energy of WC>" ground state and the energy of WC ground state at the equilibrium geometry of the
neutral molecule. AIE2 corresponds to the difference between the energy of WC>* ground state and
the energy of WC ground state taken at their respective equilibrium and after considering the zero-
point vibrational energy correction (ZPE). At the MRCI+Q/aug-cc-pV5Z(-PP) level, VIE2 and AIE2
are computed to be 23.57 eV and 23.56 eV, respectively. These energies are close to each other
because the equilibrium distances of neutral WC (X°A) (Re=1.727 A [39]) and of WC*" (X°A, R=
1.736 A) dication are close. After considering the spin-orbit effect, VIE2 and AIE2 remain sensitively
unchanged since this interaction affects the ground states of WC and WC*>* with similar splitting (see
above). They are slightly reduced to VIE2=23.50 eV and AIE2=23.49 eV. These values are
recommended to be compared to experimental values whenever measured.

IV. Conclusions

The present large ab initio computations confirm the existence of WC*" dication in gas phase.
More interestingly, we show that WC*" is thermodynamically stable, being hence the first stable
doubly charged carbide. We predict several deep potential wells where electronically excited WC**
can be found. In addition, our theoretical results reveal that the consideration of spin-orbit effects
changes the shape of some potential energy curves from Morse-like to volcanic. For instance, this is
the case of the dicationic ground state potential. Therefore, one cannot omit to take into account such
interaction for the good description of organometallic dications. Specifically, this work shows that the

WC?" dication presents a specific behavior leading to a stable character. This is worth to study for the
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other 5d transition metal carbide multi-charged ions and to draw general trends if any.

Moreover, we derived an accurate set of spectroscopic parameters. We also determined
precisely the double ionization energies of W and of WC. Determination of precise energetics for
these species is important for the estimation of the bond dissociation energies of organometallic
complex (e.g. W(CO)s) under VUV radiation or electron impact. These quantities are relevant for

instance for reactivity and catalysis.
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Figure captions:

Figure 1: A-X MRCI+Q/aug-cc-pV5Z(-PP) potential energy curves of the lowest WC*" states vs. the
internuclear distance. The reference energy corresponds to the energy of the ground state at

equilibrium.

Figure 2: Q potential energy curves of WC>" after consideration of the spin-orbit effect. These curves
are given in energy relative to the energy of WC*" (X Q = 1) at equilibrium. The dissociation limits
are denotes as DL1 = W'(°D;,) + C'CP,2); DL2 = W'(°D3,) + C'(°P); DL3 = W'(*Dsp) + C'(Pyp);
DL4 = W'(°D;,) + C'(*Pyp); DL5 = W'(°Dyy) + C'(Pyp); DL6 = W'(°Ssp) + C'(*Pyp); DL7 =
W'(*F3) + C'(CPy;2) and DL8 = W*'(°Dy) + C(Py).

Figure 3: Outermost molecular orbitals (MOs) of WC obtained at the CASSCF/aug-cc-pVDZ(-PP)

level.

Figure 4: Potential energy curve of WC*" ground state without (upper trace) and with (lower trace)

spin-orbit corrections. We locate also the v=0 level.
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Table 1: Computed separation energies of W, W*, W' and their comparison with experimental data.

CASSCF/ MRCI/ Exp.
aug-cc-pV5Z(-PP) aug-cc-pV5Z(-PP)
Spin-orbit state CASSCF MRCI MRCI+Q H, + Hgo AEgo H, + Hgo AEgo
(u.a) (cm’l) (u.a) (cm’l)
w
Dy -66.70741366 | -66.795218713 | -66.79961593 | -66.72872247 |  0.00 | -66.81933695 | 0.00 0.00
D, -66.72319712 | 1212 | -66.81243774 | 1514 1670
'S, -66.71892273 | -66.806974112 | -66.81096024 | -66.71892279 | 2150 | -66.80697411 | 2713 29517
°D, -66.71571268 | 2855 | -66.80407781 | 3348 33259
D, -66.70736567 | 4687 | -66.79575972 | 5174 48307
°D, -66.70056409 | 6180 | -66.78807305 | 6861 6251
’P, -66.64760669 | -66.747603080 | -66.75302505 | -66.67667948 | 11422 | -66.77546223 | 9629 | 9258.06 ¥
P, -66.65546506 | 16076 | -66.75460320 | 14207 | 13307.10 %
°F, -66.63751064 | 20018 | -66.73955774 | 17509 -
’P, -66.62777929 | 22154 | -66.72920724 | 19781 | 19253.56 %
’F; -66.62489203 | 22788 | -66.72524305 | 20651 -
w'
Dy -66.45412234 | -66.516000686 | -66.51775295 | -66.47143243 |  0.00 | -66.53535940 | 0.00 0.00 "
°Dss -66.46721340 | 92597 | -66.53051372 | 1063.50 | 1518.83 "
°Ds, -66.46089817 | 2312.00 | -66.52339425 | 2626.05 | 3172.47 "
D, -66.45307716 | 4028.52 | -66.51498393 | 4471.90 | 4716.28 °
Dy -66.44434593 | 5944.80 | -66.50694782 | 6235.62 | 6147.1"
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°Ssp -66.45403909 | -66.516208613 | -66.51799875 | -66.41832260 | 11656.2 | -66.48946330 | 10073.0 | 7420.26 ”
W
°Dy -65.90326075 | -65.942890699 | -65.94344171 | -65.93040065 0.00 -65.97266422 |  0.00 | 0.00 ¢
°D, -65.92366680 | 1477.91 | -65.96497739 | 1692 |2256.20
°D, -65.91370514 | 3664.24 | -65.95408787 | 4111 | 4461.19°
°Ds -65.90324217 | 5960.60 | -65.94394671 | 6299 | 6277.81°
°D, -65.89512733 | 7741.60 | -65.93169963 | 7467 | 7686.68 ©
°P, -65.85659746 | -65.90432859340 | -65.90513718 | -65.87534223 | 12083.92 | -65.92195730 | 11137 | 9904 ©
°P, -65.86453127 | 14456.66 | -65.91153811 | 13424 | 128817
°P, -65.84806533 | 18070.51 | -65.89746778 | 16512 | 16621 ©
a. Ref. [34].
b. Ref. [35].
c. Ref. [36].

15




Physical Chemistry Chemical Physics Page 16 of 22

Table 2: First and second ionization energies (IE1 and IE2, in eV) of tungsten atom.

W('Sy) W(D,)

Method/basis set IE1 IE2 IE1 IE2

MRClaug-cc-pVSZ(-PP) | 79712344 | 755 | 23.12

MRCI+Q/aug-cc-pVSZ(-PP) | 760 (2270 | 762 | 23.22

MRCI+SO/aug-ce-pVSZ(-PP) | 760 12270 | 793 | 23.04

Exp. 7.86403% | 23.96

a. Ref. [38].
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Table 3: Dominant electron configuration of the lowest electronic states of WC>* investigated
presently quoted at the equilibrium distance of WC**(X°A). T (in eV) is the vertical excitation energy

with respect to WC>*(X*A) minimum energy.

State | Dominant electron configuration | T

XA ...46° 21 56" 18" 6° 0.00
I’I1 .40 21’ 56° 18" 66" 0.80
IR0 ...40° 21’ 56° 18" 60° 0.89
I’TT ...40" 21 56' 18% 66" 0.91
1’y ...40° 21" 56° 18” 60" 1.30
1’y ...40" 21" 56" 18" 66" 1.65
1y ...40" 21" 56' 1% 66" 1.85
1’y ...40° 21" 56° 187 60° 2.13
A ...46° 21" 56° 18" 66" 2.19
1'T] ...40° 21" 56' 18%66° 31’ 2.57
1'A .40 21" 56" 18" 6° 31 3.48
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Table 4: Adiabatic excitation energy (T, in eV), equilibrium distances (R., in A), rotational (B., o)

and vibrational (G, ®., ®.X.) constants (in cm'l) of the lowest electronic states of "**W'2C*" with Q

Physical Chemistry Chemical Physics

states) and without (A—X states) considering the spin-orbit effect.

a.

State Ty R, ™, WX Gy B. O
A - X states
X’A 10.00Y]1.736 | 1008.2 | 8.1 |[511.3| 0.4961 | 0.0039
I'T1 0.80 | 1.820 | 835.1 | -1.9 | 417.5| 0.4510 | 0.0027
o 0.89 | 1.817 | 842.6 | -2.4 | 421.1 | 0.4528 | 0.0028
Il 091 | 1.863 | 817.7 | -5.6 |407.2 | 0.4309 | 0.0031
1y’ 1.30 | 1.967 | 663.7 | -4.2 | 331.0 | 0.3865 | 0.0033
’y" 1.65 | 1.757 | 1136.4| 1.1 | 566.5 | 0.4822 | -0.0023
1'y” 1.85 |2.032 | 636.6 | -49 |317.0 | 0.3622 | 0.0032
'y 2.13 | 1.856 | 1261.3 - 314.8 | 0.4341 | -0.0349
I°A 2.19 |2.040 | 583.1 | -4.2 | 290.5| 0.3594 | 0.0032
11 2.57 12.040 | 636.6 | -49 |317.0 | 0.3622 | 0.0032
1'A 3.48 | 2.553 | 3024 | -3.7 | 150.4 | 0.2294 | 0.0031
Q2 states
X Q=110.00? 1.744 | 1003.6 | 4.3 | 503.6 | 0.4917 | 0.0000
10O=2 1 027 | 1747 992.8 | 3.4 |497.5| 0.4900 | -0.0002
1Q=3| 052 | 1755 947.2 | -7.6 | 468.8 | 0.4856 | 0.0009
20=1| 083 | 1791 |1292.2|-77.8 | 603.6 | 0.4663 | -0.0047
1Q=0| 097 | 188y |1016.7 | -64.6 | 488.9 | 0.4225 | -0.0145
20=2| L11 | 1865 | 819.1 | -1.6 | 410.5 | 0.43010 | 0.0035
20=3 | 1.15 | 1909 | 962.2 | -54.8 | 454.9 | 0.41044 | -0.0075
20=0| 117 | 1824 | 1149.1 - 518.8 | 0.44961 | 0.0071
30=2| 1.15 | 1842 | 980.6 | 31.4 | 507.7 | 0.4409 | -0.0041
30Q=1| 1.54 | 1845 | 902.3 | -37.5|435.7| 0.4394 | 0.0068
3Q0=0| 2.11 | 1957 | 10852 | -17.5|533.7| 0.3933 | -0.0044

Used as reference.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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