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18 Abstract
19
20 Large scale Multireference Configuration Interactions (MRCI) and energy con-
21 sistent relativistic pseudopotential (for the Hg atom) have been used to investigate
22 the electronic structure, stability and spectroscopy of the low lying electronic states
23 of the HgStmoIecuIe. The relative position of the two lowest electronic states,
o4 X2t and &1, was found very sensitive to the quality of the basis set. Spin-orbit
o5 effegts were t_aken into account leading to accurate spectroscopic data useful for
the identification of the molecul€l;, between the lowest components of the two
26 states, X>& and &I1,, has been evaluated to be 0.142 eV (3.5 kcal/mol). Dipole
217 moment functions were calculated for the lowest states; the rather large dipole mo-
28 ment of the X ¥ " state makes possible the detection of vibrational transitions with
29 a calculatedv. equal to 364 cm'. Transitions between the'X* and the ATl
30 states are predicted in the far IR domain witlig= 5794 cn*. The predissocia-
31 tion of the X' =+ and A'TI states has been analysed and it has been shown that for
32 the X' X7 state only the vibrational levels below v=11 are stable; higher levels are
33 predissociated by the’H, state. The effective dissociation energy of thexx
34 state of HgS can thus be estimated to be 0.47 eV (6.5 kcal/mol). For'tiestate,
35 the levels with v>8 are predissociated by the dissociatie bstate.
36
37
38
39 Introduction
40
j; Solid mercury sulfide, HgS, exists in several allotropic forms as mercury ore, the more
43 common is a red cristal, known as cinnabar. The HgS molecule has however never
a4 been detected and was very scarcely studied. Calculations of HgS in agueous solution
45 were made by Tossel in 2001 [1] and more recently, the structure and energetics of
46 gaseous oligomers and polymers of (Hg®)pe [2] have been studied by the same
47 author. Considering the very small dissociation energy (4.0 kcal/mol) of the valence
48 isoelectronic HgO molecule, recently investigated by B.C. Shepler and K.A. Peterson
49 [3], the stability of the HgS molecule is thus an open question that can be adressed
50 using accurate electronic structure calculations. For this class of molecules, composed
51 of oxygen (or sulfur) and an(s?) metal, including molecular ZnO[4], and also valence
52 isoelectronic compounds like Ag5] and AIST[6], the two lowest electronic states,
53 I3+ and?Il, are very close energetically and the nature of the ground state depends
54 on the system. All these systems posses a close lying bidiirstiate which can lead
55
56
57 1
58
59
60
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to transitions with thé X state in the infrared or far infrared domain. The goal of the
present study is thus to determine the exact nature of the ground state of HgS, to esti-
mate its dissociation energy and to provide data for a vibrational spectroscopy analysis.

The lowest covalent and ionic dissociation asymptotes of the diatomic HgS are re-
ported in Table 1 and connected to the lowest molecular states of this system. As for
the isoelectronic HgO system, the lowest asymptote has triplet character and correlates
with one3X~ and one’Il state, the second asymptote is singlet and correlates with
one!XT, one'Il and one'A state. These asymptotes are separated by only 1.105
eV (energy averaged over the three fine structure components of the) State[7]).

The next asymptote corresponds to the excit8dstate of the S atom and gives rise

to another' =+ state. The ionic dissociation asymptote, corresponding to bigd

S~ fragments, is calculated using the experimental ionisation energy of Hg and the
electronic affinity of S (see footnotes of Table 1). It is located 8.36 eV higher than
the lowest one and gives rise to singlet and triplet states which are interacting with the
lowest molecular states in the bonding region. The crossing dist@ptetween the
covalent and ionic states can be roughly estimated by considering a variatio% as

of the potential energy of the ionic H$~ form and a quasi constant energy for the
covalent states. Using the formueF = —Ric, whereAF is the energy difference

in atomic units between the asymptote of the covalent state and that of the ionic state,
we find for the! S+ state,AE = -0.265 a.u., and?.(!X1) = 3.77 bohr, for the'Tl,

AFE =-0.307 a.u., and.(31I) = 3.25 bohr. Even though this is a rough estimation of
the interaction region, it is expected that the lowest states are getting ionic character in
their molecular region, leading to multiconfigurational wavefunctions.

1 Computational details

1.1 Basissets

The Hg atom presents large relativistic effects and for simplification its core electrons
are usually described by a pseudo-potential including these effects. In the present study,
we used for the Hg atom, the most recent energy-consistent ECP60MDF [8] effective
core potentials, with 60 core electrons represented by a pseudo-potential and 20 outer
electrons explicitely treated via the associated contracted basis sets [9] respectively
corresponding to the schemes (11s 10p 9d 3f 2g)/[6s 6p 5d 3f 2g], (15s 12p 11d 4f 3g
2h)/[7s 7p 6d 4f 3g 2h] and (17s 14p 12d 5f 4g 3h 2i)/[8s 8p 7d 5f 4g 3h 2i] for the
aug-cc-pVnZ (n=3,4,5) basis sets. All the electrons of the sulfur atom were taken into
account in the calculations, leading to a total number of 36 explicited electrons. For S,
the Dunning [10] correlation consistent aug-cc-pVnZ (n=3,4,5) basis sets were used,
with contraction schemes as follows : (16s 10p 3d 2f)/[6s 5p 3d 2f], (17s 12p 4d 3f
20)/[7s 6p 4d 3f 2g] and (21s 13p 5d 4f 3g)/[8s 7p 5d 4f 3g] respectively.

Since the relative position of the two lowest electronic states appears to be very sen-
sitive to the basis set quality, as it has been also demonstrated for HgOJ[3], we used
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extrapolations towards complete basis sets for both atoms, following the two extrapo-
lation formulae :

E(n) = Ecps + Be~ D 4 e~ (= 1? (1)
E(n):ECBS+B/n3 (2)

Equation 1 [11, 12] is used with aug-cc-pVnZ (n=3,4,5) basis sets for both atoms (re-
spectively noted AVTZ, AVQZ and AV5Z for n=3,4,5 later) and the method is referred
as CBS(1), equation 2 [13, 14] is used only with the AVQZ and AV5Z basis sets for
both atoms and is referred as CBS(2).

We have tested the influence of the correlation of the outer-&argp orbitals of Hg

with the cc-pwCV5Z basis set [15] for the Hg atom. The calculations offhestate
gives anr. increased by only 0.001 bohr compared to the AV5Z calculation. We have
also tested the influence of a basis set extension with #ighhctions for S, as rec-
ommended by Dunningt al. [16]. The changes on the value qf were respectively
—0.012 bohr and+-0.003 bohr, for the’IT and! ©* states respectively and the influence
on the values of, andAE,,;, energy difference of the asymptote, were negligeable.

1.2 Molecular structure calculations

State-averaged Multi-Configuration-Self-Consistent-Field (MCSCF) calculations have
been performed using 22 active molecular orbitals, constructed ohsthig, 5d, 65
and6p of Hg, andls, 2s, 2p, 3s, 3p of S, to represent the wavefunction of the 36 elec-
trons. Among these 22 orbitals, the 14 inner shells includingtherbitals of Hg were

not correlated in the MCSCF step. The resulting active space consisted ihthé)o

and (4 — 5)x orbitals. The MCSCF wavefunctions were taken as reference for the
subsequent internally contracted Multi-Reference-Configuration-Interaction (MRCI)
calculations[17]. The Davidson correction [18, 19] (MRCI + Q) which approximates
the contribution of higher excitation terms, was added. Additional calculations were
performed using the Coupled-Cluster (CCSD(T)) method for comparison. All elec-
tronic structure calculations were performed with the MOLPRO program package[20].

2 Electronicstructureof HgS

The state-averaged MCSCF calculations, using the AV5Z basis set for S and Hg, were
run with the lowest six electronic states correlated with the lowest three dissociation
asymptotes, namely twdt, one' A, one®*~—, one®II and on€'II states. The subse-
guent MRCI calculations, using the MCSCF wavefunctions as references were run in
each space and spin symmetry separately : fof Bie and®II states, the MRCI steps
involve 6 120 379 392 and 1 127 322 087 uncontracted configurations, respectively. At
this stage, the ground state is found to be the state, contrary to the situation for
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HgO[3]. The Figure 1 presents the potential energy curves (energies are given relative
to the minimum of the ground state) of these electronic states at the MRCI level includ-
ing the Davidson correction.

2.1 Electronic wavefunctions

The weights of the main configurations for the lowest electronic states at their respec-
tive equilibrium geometries, taken from the MCSCF wavefunctions, are reported in
Table 2. The dominant characters of the external orbitals are as followszthebital

is mainly a combination of théd,» of Hg (with some character @fs) with the 3s of

S, and it is doubly occupied in all the main configurations, theotbital corresponds
mainly to the3p, and3p, of S, the & and & are respectively the bounding and anti-
bounding combinations of th@s orbital of Hg and the3p, of S. Since the&p orbitals

of Hg are not playing a major role in the leading configurations of the wavefunctions
of these electronic states, the stability of these states can be roughly discussed in con-
nection with the occupancy of ther&nd 3 orbitals: with two electrons in these two
orbitals, the system is very stable, with three electrons the stability is less and with
four electrons the system is unstable. For the" state, the leading configuration is
(102 202 30?% 402 502 602 16* 1n* 214 31) 702 802 4r*, associated with a charge
transfer from Hg towards S. The molecular orbitals in parentheses correspond essen-
tially to atomic orbitals and are kept fully occupied in the MCSCF step. The leading
configuration of both'IT and?II states corresponds to a mono-excitation from the 4
orbital to the antibounding ® orbital, leading to a charge transfer from the S atom
towards Hg and resulting in a less polarized bond than in' iie state. The leading
configuration of both A and3Y.~ states corresponds to a double excitation from the 4
orbital to the antibounding® orbital, resulting in an inverse polarization of the bond
and in unstable states. Many electronic states are found multiconfigurational with mi-
nor configurations involving thép orbitals of Hg via the 8, 90 and 5r orbitals. We

have thus preferred to apply the MRCI method throughout this study, instead of the
Coupled-Cluster method, CCSD(T), based on a monoconfigurational expansion. How-
ever, some additional CCSD(T) calculations were performed to confirm the relative
position of the two lowest electronic states.

2.2 Dipole moment functions

The dipole moment, as a function of the interatomic distance R, is a useful tool to
analyse the polarity of the molecule in the different electronic states and it is necessary
to evaluate the intensities of the transition lines. These functions are calculated at the
MRCI level for the lowest six electronic states. More states have been included in the
calculations in order to have a better description of these functions in the regions of
avoided crossings. Particularly important are the interactions involving th&"and

2!yt states around 3.5 bohr, thé22+ and 3 7 states around 4.5 bohr, théA and

URL: http:/mc.manuscriptcentral.com/tandf/tmph

Page 4 of 24



Page 5 of 24 Molecular Physics

1
2
3
4
5
6
7
8 2'A around 4.0 bohr and theL~ and 2X~ states around 3 to 4 bohr. The dipole
9 moment functions of the lowest six electronic states are represented in Figure 2 and
10 the values at the equilibrium geometries of each of these states are given in Table 3.
11 The sign convention for these quantities is such that a positive value corresponds here
12 to a polarity Hg"S~. At large internuclear distances (R > 7 bohr), thé X" state is
13 covalent, with a quasi zero dipole moment. Due to interactions with higher states and
14 particularly the ionic state going down from the [Hg S~] asymptote, the ionic char-
15 acter of this state increases when R decreases, with a maximum of the dipole moment
16 function for R close to 4.5 bohr. In the bounding region, the state is found partially
17 ionic Hg’+S°—, with a charge estimated to be @:Zccording to the average slope of
18 the dipole moment function. ThiI and?II states correspond also to ionic structures
19 of Hg’+ S~ type in the vicinity of their equilibrium geometries. The polarity is smaller
20 in the 3II state than in théIl because it is connected to an asymptote which is lower
21 in energy and the interaction with the higher ionic state happens at shorter distances,
22 closer to the repulsive wall. The dipole moment function of both'theand the*x~
23 states is negative in the molecular region, in agreement with an inversed polarity corre-
24 sponding to Hg S*. This inversed polarity is energetically unfavorable because of the
25 large electron affinity of S (2.077 eV)[21], contrary to that of Hg, when their ionization
26 energies (10.36 eV and 10.43 eV, respectively [7]) are comparable. These two states
27 are repulsive.
28
29
30

1 .
22 3 Spectroscopic data of the three lowest bound elec-
33 tronic states
34
35
36 Spectroscopic data have been deduced from the potential energy functions of the three
37 lowest bound electronic states with the NUMEROV method [22]. The results obtained
38 with the potentials calculated with various methods and for different basis sets are re-
39 ported in Table 4. The results from CCSD(T) potentials give a slightly lagg@tout
40 +0.015 bohr) and a slightly smaller, (about -6 cnt!) for the !X+ state compared
41 to the values deduced from the MRCI+Q potentials. For’fiestate, the values of r
42 andw, are larger by about 0.02 bohr and 10 chrespectively. In agreement with the
43 electronic configurations discussed in section 2.1, it is found that the equilibrium bond
44 length of the! X" is shorter than that of both thd1 and 311 states. The calculated
45 dissociation energy value, relative to the adiabatic asymptote is also larger fot the
46 state,D, = 1.50 eV than for théll state,D. = 0.79 eV and for théll state,D, =
47 0.23 eV (MRCI+Q values calculated with the AV5Z basis). The other states correlated
48 with the first two asymptotes are repulsive. The energy difference between the lowest
49 two asymptotes is calculated (AV5Z) to be 1.10 eV, which compares very well with the
50 experimental averaged value of 1.105 eV [7].
51
52 . . » o .
53 A vibronic transition of medium intensity can be expected between ¥ie and 'II
54 bound states due to a transition dipole moment between these two states calculated to
55
56
57 5
58
59
60
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be 0.415 a.u. (MRCI+Q) at the equilibrium geometry of the" state. This transition
is expected in the far infra-red domain, according to the calculated energy difference
To =0.718 eV (5794 cm?).

4 Relative position of the 1'X* and 1°I1 states

4.1 Basisset effects

It is well known that the correct relative position of singlet and triplet states on one
hand, and of> andII states on the other hand is accessible only with highly correlated
wavefunctions; the better the calculation, the lower is'the state relative to théll

state. In the present study, we used a large scale Configuration Interaction method, and
the possible improvement stems on the quality of the linear space accessible via the
atomic and molecular basis set. The results are compared with CCSD(T) calculations
with the same basis sets. The MRCI calculations have been performed separately for
the '+ and the®II states. The Figure 3 presents the relative energies of the two
states, calculated at the MRCI+Q level of theory, with different basis sets. On this
figure, we can see that already with the AVTZ basis set (n=3), the minimum of the
I3+ state is below that of théll state. The energetic gap between the lowest two
states increases with the size of the basis set, indicating thakthes actually the
ground state, contrary to HgO [3] where thH state was found lower than tH&+

state withT, = 0.018 eV (0.46 kcal/mol) at this stage of the calculation. For HgS, the
best estimation df, is 0.193 eV (4.84 kcal/mol) with MRCI+Q calculations and 0.150

eV with CCSD(T) calculations. The corresponding data are given in Table 4.

4.2 Spin-orbit interactions

In the asymptotic region, thex+ state is correlated with [Hg 6) + S (' D)] and there
is neither spin-orbit splitting for Hg nor for S ; the five sub-levels of the' B4) state
corresponding to = 42, +1 and 0 are degenerated and give rise to'the 'II and
Iy+ states, respectively. TH&* state corresponds to jn= 0 and a total quantum
numberQ2 = 0.

The ®II state is correlated, in the asymptotic region, to [H§)(+ S ¢P)], and the
degeneracy of the $P) is raised by spin-orbit interaction, giving three levels witk

2, 1 and 0 with respective experimental energies equal to 0 ; 396.8 and 573'¢@dm

This is an inverted order of levels as expected for S, with a more than half fushell.

The spacing between the three states is not exactly regulaaiidd A, whereA is the
spin-orbit constant) because thie= 2 level interacts with the S (,) state, and the

= 0 level interacts with the S'G,) state. The three fine structure levels of the’ B)(

give rise to the thre€ = 2, 1 and 0 components of tH&l state which are separated,

at infinite internuclear separation, by the atomic energy differences mentioned above.
Among these three, the = 0 state (component'] interacts with the X+ state.
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1

2

3

4

5

6

7

8 For the3P, ' D and'S states of the S atom, corresponding to the same electronic
9 configuration {s2,2s2,2p%, 352, 3p*), we have calculated the Breit-Pauli spin-orbit
10 matrix elements, with the AV5Z basis set and MRCI wavefunctions, using the MOL-
11 PRO code[20]. Thel constant has been evaluated to be 182.3 Gnapproximately

12 13 cnt ! smaller than the experimental value, thg,/* D, interaction lowers thé P,

13 by 6 cnT ! and the? Py/' S, interaction lowers thé Py by 12 cnr!.

14

ig Using the spin-orbit splitting, we can raise the degeneracy of the fine structure com-
17 ponents of the lowest asymptote. For the3®y) components, the position of the

18 asymptote must be raised by 378 thy(0.047 eV) with respect to the calculated en-
19 ergy of this asymptote ; for the $#;) component, the asymptote is raised by 195
20 cm~! (0.024 eV), for the SXP,) component, the asymptote is lowered by 201¢ém

21 (0.025 eV) . Hence the spin-orbit splitting of tAH state influences the relative posi-

22 tion of the3II and' L+ states because this latter is not shifted in the asymptotic region.
23

24

25 - g o . .

26 4.3 Variationsof the spin-orbit interactionswith R

27

28 To calculate the dependence of spin-orbit matrix elements on the distance, we used
29 a combined pseudo-potential+Breit-Pauli approach. The Breit-Pauli one- and two-
30 electron spin-orbit integrals were kept only for the S atom, while for the Hg atom
31 the pseudo-potential one-electron integrals were used. We have checked that the ac-
32 curacy of such a combined one-center approximation is better than1 amshort

33 distances and better than 0.1 thclose to dissociation. The evolution of the spin-
34 orbit matrix elements involving the lowest electroniEy, 11y 1, '11; and3%; states

35 are depicted on Figure 4. At short internuclear distance, the electrons perceive the large
36 spin-orbit interaction of Hg, resulting in a strong increase of the matrix elements. The
37 energy of the’Il, state including spin-orbit is evaluated by shifting the calcul&fdd

38 by 2x (3TI|H,[*II). The inclusion of this spin-orbit interaction increasesThé? = 0)

39 value by 610 cm!. We estimated, at a MCSCF level, that the effect of the second-order
40 spin-orbit interaction from higher lying states (excluding the five lowest) is negligible
41 at all relevant distances. We can confirm that, as for HgO, the nature of the ground fine
42 structure componenf)X=0) is changing from a dominahE* configuration to &11 for

43 R > 4.67 bohr if we adopt a spin-orbit adiabatic representation of the state. We prefer
44 however to describe the states in a spin-orbit diabatic way and to discuss the stability
45 in terms of the reactivity of the vibrational states. Equivalent corrections are made for
46 the two other components of tHé&l state, and finally the globdl, (between':, and

47 311,) is reduced by 303 cm'. The spectroscopic constants for each component of the
jg 311 state corrected by these spin-orbit interactions, are also presented in Table 4.

50

51

52

53

54

55

56

57 /

58

59

60
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4.4 Effect of the zero vibrational level

The harmonic wavenumber, of the X!+ state is calculated to be 364 ci(poten-

tial obtained from MRCI+Q and CBS(2) extrapolation), whereas it is only 150'cm

for the ®II state (see Table 4). Correcting from the vibrational zero energy level, gives
aTy =T, — 0.013 eV = 0.142 eV (3.5 kcal/mol) between the, and>II, states, so
that the conclusion on the nature of the ground state is unchanged.

5 Predissociation of the XX+ and of the A1l

For the following discussion, we used the potentials obtained at the MRCI+Q level and
with CBS(2) extrapolation. The %7 and the &I, states are crossing for an internu-
clear distance of about 4.72 bohr, at an energy of 2222'cabove the minimum of

the ground state. These two states are interacting via spin-orbit interactions, with par-
ticularly large electronic interactions at short internuclear distances as shown in Figure
4. The global spin-orbit effect between the vibrational levels of these two electronic
states is particularly important in the region of the crossing and above it. The spin-orbit
interaction term between two vibronic states can be written as follows :

SO,y = (UCUE | Hgo| W% € WS = (U6 0S,) (U°¢| Hgo| ¢

In the right hand side expression, the first integral is the Franck-Condon factor, the
second one is the spin-orbit integral evaluated above. From this expression, it is clear
that the spin-orbit effect within the fine structure components of #iestate is mainly
represented by the electronic spin-orbit effect since the Franck-Condon factor equals 1
for a given v value. This property has been used to describe the vibrational levels of
this state in the previous section. The description of the vibronic interaction between
two different electronic states must include the role of the Franck-Condon factor. Con-
sequently, only the vibrational states of thé3xX" located above the crossing will be
perturbed by those of thHI state and all the vibrational states with energies higher than
3797 cnt! above the minimum of the ground state (corresponding to the dissociation
limit of the 311, state) are predissociated. We calculated the energies of the lowest vi-
brational levels of the X=* state and we found that the number of non-predissociated
vibrational levels is equal to 11. The calculated energy levels of the lowest vibrational
states of the involved electronic states are given in Table 5. Some vibrational levels of
the 137 state are calculated quasi-resonant with vibrational states of'fiig¢ @nd it

can be expected that large perturbations occur.

Similarly the A'TI; state is predissociated by the repulsi¥, correlated with the
lowest dissociation asymptote, for vibrational levels immediately above the crossing of
both states, occuring at R=5.15 bohr ah# = 2357 cnt! above the minimum of the

11, state (values calculated from the CBS(2) extrapolation - PEFs dithand®%;
calculated separately). The efficiency of this predissociation is equivalent to that of the
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Page 8 of 24



Page 9 of 24 Molecular Physics

1

2

3

4

5

6

7

8 X132+ ground state by théll, because the spin-orbit interaction is of the same order,
9 see Figure 4. Calculations of the lowest vibrational levels offiig state indicate that

10 this happens for v>8.

11

ig It is possible to observe transitions between the vibrational levels of X and A states.
14 TheTy values are given in Table 5 for the lowest spin-electronic states, relative to the
15 v=0 value of the ground electronic state. Higher vibrational levels are also listed in this
16 Table and energies of possible transitions can be deduced from it.

17

18

19 ) )

20 6 Comparison with the HgO molecule and other va-

- lence isoel ectronic molecules

23

24 It is a general characteristic of all the molecules of this family to have almost degen-
25 erated’II and! X+ ground states, th81 state, correlated with the lowest dissociation
26 asymptote being weakly bound contrary to te" state correlated with the second
27 dissociation asymptote.

28

29 For the HgO molecule, it has been found that thestate is lower than theS* state

32 by only 0.46 kcal/mol. Two competiting effects can tentatively explain this small dif-
30 ference with the HgS system : first, the fact that iz state of oxygen is higher than

33 the ' D state of sulfur with respect to thel® states AE =1 D(0) - ' D(S) = 0.82 eV)

34 implies that the adiabatic asymptote of tHé* state of HgO is higher than the HgS
35 one, leading to a global raise of th&* potential curve of HgO compared to that of
36 HgS. Second, the fact that the oxygen atom is smaller than sulfur results in a shorter
37 bond length and a larger dissociation energy of thg state (for HgO, the equilib-

38 rium distances of théx+ and?3II states are 3.6 bohr and 4.2 bohr, respectively [3] to
39 be compared with 4.3 and 4.9 bohr, respectively for HgS). The energy difference of the
40 LD states is the dominant effect in this case.

41

42 The situation is different for the valence isoelectronic AIB] and AIST[6] systems

43 because the bonds are much more ionic and the bond lengths are shorter! 3The X
44 state is 720 cm! lower than the &1 state for AIO", whereas it is the X state which

45 is 1500 cnt! lower than the &%+ state for AIS". The smaller size of the oxygen atom

jg is the dominant effect in this case.

48

49

22 Conclusions

52

53 An accurate study of the HgS molecule with extended basis sets and highly correlated
54 wavefunctions was necessary to determine the relative position of'the Xnd &11

55

56

57 9

58

59

60
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states. Even though MRCI+Q and CCSD(T) calculations do not give exactly the same
values for the e,ergy differences, the conclusion on the relative position of the two
lowest electronic states is the same. Spin-orbit effects and zero-vibrational corrections
were introduced in the present analysis. Spectroscopic data werededuced for the lowest
three electronic states allowing an experimental identification of the HgS molecule.
The predissociation of the X0+ state by the HI state and that of the AT state by

the PP~ state have been investigated.

References

[1] J.A. Tossell. Phys. Chem. A 105, 935 (2001).

[2] J.A. Tossell. Phys. Chem. A 110, 2571 (2006).

[3] B. C. Shepler and K. A. Peters@nPhys. Chem. A 107, 1783 (2003).

[4] C. W. Bauschlicher Jr. and S.R. LanghGfiem. Phys. Lett. 126, 163 (1986).

[5] G. Chambaud, P. Rosmus, M. L. Senent and P. Palielécular Physics 92,
399 (1997).

[6] M. Guichemerre and G. ChambaddPhys. Chem. A 104, 2105 (2000).
[7] C. E. MooreAtomic Energy Levels, Vol.1-3, May 1958.
[8] D. Figgen, G. Rauhaut, M. Dolg and H. St@hem. Phys. 311, 227 (2005).
[9] K. A. Peterson and C. Puzzarifiheor. Chem. Acc. 114, 283 (2005).

[10] D.E. Woon and T.H. Dunning J8. Chem. Phys. 98, 1358 (1993).

[11] K. A. Peterson, D. E. Woon and T. H. Dunning Jr.Chem. Phys. 100, 7410
(1994).

[12] D. Feller and K. A. Petersoh Chem. Phys. 110, 8384 (1999).
[13] T. Helgaker, W. Klopper, H. Koch and J. NogaChem. Phys. 106, 9639 (1997).

[14] A. Halkier, T. Helgaker, P. Jgrgensen, W. Klopper, H. Koch, J. Olsen and A. K.
Wilson Chem. Phys. Lett. 286, 243 (1998).

[15] K. A. Peterson and T.H. Dunning, Jr.Chem. Phys. 117, 10548 (2002).

[16] T.H. Dunning, Jr., K. A. Peterson and A. K. WilsdhChem. Phys. 114, 9244
(2001).

[17] H.-J. Werner and P.J. KnowldsChem. Phys. 89, 5803 (1988); P.J. Knowles and
H.-J. WerneiChem. Phys. Lett. 145, 514 (1988).
[18] S. R. Langhoffand E. R. Davidsdnt. J. Quantum Chem., 8, 61 (1974).

10

URL: http:/mc.manuscriptcentral.com/tandf/tmph



Page 11 of 24 Molecular Physics

[19] M. R. A. Blomberg and P. E. M. SiegbalinChem. Phys,, 78, 5682 (1983).

©CoO~NOUTA,WNPE

10 [20] MOLPRO, version 2006.1, a package of ab initio programs, H.-J. Werner,
11 P. J. Knowles, R. Lindh, F. R. Manby, M. Schitz, and others , see
12 http://www.molpro.net.

13 [21] J. Emsley,The Elements, Second Edition, Oxford University Press (1989).

15 [22] The code NUMEROQV used in the present application was written by J. Senekow-
16 itschet al., Johan Wolfgang Goethe Universitat, Frankfurt-am-Main, Germany.

18 [23] Lide, D.R. (Editor), lonization potentials of atoms and atomic ionslamdbook
19 of Chem. and Phys., 10 (1992).

22 7 Figurescaption

25 Figure 1: Potential energy curves, calculated at the MRCI+Q level and AV5Z basis
26 sets, of the electronic states of HgS correlated to the lowest three asymptotes.

28 Figure 2 : Dipole moment functions, calculated at the MRCI level and AV5Z basis sets,
29 of the low lying electronic states of HgS.

32 Figure 3 : Potential energy curvesfthe!X" and?II states of HgS for different basis
33 sets and with CBS extrapolations.

Figure 4 : Evolution of the spin-orbit matrix elements (in th) between the low lying
electronic statefs

39 Figure 5 : Potential energy curves of thﬁgzo and®Ilg_o 1 » states of HgS (CBS(2)
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Table 1: Electronic molecular states of the HgS molecule correlated to the lowest states
of the atomic fragments.

Atomic states

Energie&” /eV

Molecular states

Hg ('Sy) +SCP,)
Hg ('S,) +S (Dy)
Hg ('Sy) +S (.S,)
Hg CP.)+S (Py)

Hg CP.) +S (D)

Hg* (S,) + S~ (2P.)

0
1.105
2.710
5.005

6.110

8.360

3%, %0
I+ UL A
Iy
39+, 39 (2), 11(2), 3A,
Iyt 19-(2), '1(2), LA
3:+(2), 3%, *11(3), PA(3),
Iy+(2), 15, I(3), LA3)

32+’ BH.’“12+’ IH

(a): From C. Moore [7], for the S’(P,) state and for the Hg*(P.,) state, the values are averaged over the
three fine structure levels; lonization potential of Hg : 10.437 eV [23]; Experimental electronic affinity of S
:2.077 eV [21]

Table 2: Dominant configurations in the MCSCF wavefunctions of the lowest elec-
tronic state$.

States Configuratioft Coefficient
Iy+ ... 702 802 47* 0.8897960
gl ... 702 80% 90! 473 | 0.6745726
M1 ... 702 80% 90! 473 | 0.9744153
A ... 702 80% 902 47? | 0.6639346
3%~ .. 702 802 902 472 | 0.9764940
21yt | ... 70?802 902 472 | 0.6388155

(a): Configurations at the equilibrium geometry of the states. For repulsive states, the configurations are
taken at the equilibrium geometry of th&&t state.
(b): the dots represent the orbitals frozen in the MCSCF step: 262 302 402 502 602 16* 1n* 2n*

34,

Table 3: Dipole moments (MRCI) at the equilibrium geométoy the states.

Page 12 of 24

States | 't T 3T TA 32— 21%F
r. /Ibohr | 4.2 4.5 4.8 57
e lau. | 1.89 087 0.72 -1.38 -1.43 -0.08

(a): The dipole moments are calculated at the equilibrium geometry of each bonding states. For repulsive
states, the dipole are given at the equilibrium geometry of fi¢ state.
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Table 4: Spectroscopic constants of theX, a’II and A'II states for different basis

sets.
Method | r. /bohr w?/cm™! w.z./cm™! D./eV T’/eV AES,, leV
I+ state
AVTZ MRCI+Q 4271 355.5 2.6 1.408
CCSD(T)| 4.287 348.9 1.9
AVQZ | MRCI+Q 4.253 360.5 24 1.483
CCSD(T)| 4.267 355.0 2.1
AV5Z MRCI+Q 4.246 362.0 2.3 1.504
CCSD(T)| 4.259 356.8 2.3
CBS(1) | MRCI+Q 4.241 362.9 2.3 1.516
CCSD(T)| 4.255 357.8 2.3
CBS(2) | MRCI+Q 4.237 363.6 2.2 1.526
CCSD(T)| 4.251 358.7 2.4
311 state
AVTZ MRCI+Q 4.952 135.2 1.4 0.160 0.107 1.141
CCSD(T) 4.944 147.8 0.9 0.067
AVQZ | MRCI+Q 4.858 146.4 15 0.217 0.166 1.100
CCSD(T) 4.868 158.2 1.0 0.125
AV5Z MRCI+Q 4.838 147.8 1.7 0.225 0.179 1.099
CCSD(T) 4.852 158.0 0.9 0.137
CBS(1) | MRCI+Q 4.825 149.0 1.8 0.230 0.187 1.099
CCSD(T) 4.843 157.8 0.9 0.144
CBS(2) | MRCI+Q 4.815 150.2 1.7 0.234 0.193 1.099
CCSD(T) 4.836 157.7 0.8 0.150
3Hg MRCI+Q 4.782 154.0 1.2 0.250 0.155 1.120
31_[% MRCI+Q 4.847 147.8 1.7 0.218 0.231 1.077
3Hg MRCI+Q 4.877 146.7 1.2 0.202 0.268 1.055
T state
AVTZ MRCI+Q 4.577 290.5 13 0.718 0.691
AVQZ | MRCI+Q 4.558 295.0 13 0.778 0.705
AV5Z MRCI+Q 4.551 296.3 13 0.790 0.713
CBS(1) | MRCI+Q 4.547 297.0 13 0.798 0.718
CBS(2) | MRCI+Q 4.543 297.6 13 0.804 0.722

a: thew, values are calculated for t#82 H g32 S isotopomer.
b: AT, is the difference between the energy of the state and that of tBe"Xground state, at the same level

of calculation.

c: AE,ss. is the energy difference between the lowest two asymptotes. The experimental value, averaged
on the three fine structure levels, is 1.105 eV.
d: Spin-orbit3IIn_5 1 o components, deduced from CBS(2) energy values including spin-orbit interactions
(see parag. 4.3).
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Table 5: Vibrational energy levelgin cm—!) of the lowest electronic states relative to

Molecular Physics

the minimum energy level (v=0) of the X+ state.

Level (v) | ECIL) E('%g) ECIL) E()
0 (To) 2059 0 1156 5794
1 2207 359 1311 6089
2 2352 714 1465 6382
3 2491 1065 1615 6672
4 2623 1411 1759 6959
5 2747 1753 1895 7243
6 2090 7525
7 2422 7804
8 2750 8080
9 3074
10 3393
11 3706

(a): Values obtained from the potential energies calculated with MRCI+Q potentials and the CBS(2) extrap-

olation.

URL: http:/mc.manuscriptcentral.com/tandf/tmph
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18 Figure 1: Potential energy curves, calculated at the MRCI+Q level and AV5Z basis
19 sets, of the electronic states of HgS correlated to the lowest three asymptotes.
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Figure 2: Dipole moment functions, calculated at the MRCI level and AV5Z basis sets,

Molecular Physics

of the low lying electronic states of HgS.

Dipole moment /a.u.
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5 6 7

Internuclear distance R /bohr
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Figure 3: Potential energy curvesf the X" and?II states of HgS for different basis
sets and with CBS extrapolations.

-550.50

-550.55 —

-550.60 —

Energy /a.u.

-550.65 —

-550.70
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a: (MRCI+Q) energy. Value of the energy minimum of th&* state with the CBS(2) extrapolation:
E = —550.6969367 a.u.
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Figure 4: Evolution of the spin-orbit matrix elements (in th) between the low lying
electronic statefs

1500 — —
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a: Calculated values are available on request.
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18 Figure 5: Potential energy curves of thE?gZO and3Ilg_o 1 o States of HgS (CBS(2)
19 extrapolation including spin-orbit interactions).
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