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Abstract

An algebraic approach to perform global rovibrational analysis of oubé& spectra is presented. The approach combines the one-
dimensional limit of the vibron model with rotational degrees of freeddhe model is based on the expression of the phase space
Hamiltonian in terms of anharmonic ladder operators and the use of aslyyratdapted basis set given by the linear combination
of products of local vibrational and rotational wavefunctions. As amgx{e we model the rovibrational spectra of a bent triatomic
molecule, providing a global analysis for vibrational bands up to polyaant J,,,=5 of Hydrogen Selenide (}$e). Satisfactory

fits of vibrational and rovibrational energies are obtained. A predictf®@b@9 rovibrational energies up to<]5 and polyad 12

for the 140 lowest vibrational bands is also obtained. A possible exten$idie model to reach spectroscopic quality results in
larger molecular systems is also given.

© 2011 Published by Elsevier Ltd.

Keywords: H,Se, Hydrogen Selenide, rovibrational spectra, variational calculatigabraic model

1. Introduction

The exploration of new theoretical procedures to ease thetig analysis of medium and large size molecules
can be undertaken either in a phenomenological way or by snefaanab initio Potential Energy Surface (PES). In
this respect, the algebraic approach provides phenomginalonodels potentially suitable to perform global spaictr
analysis of various vibrational bands for large- and medaime molecules. An important advantage of this approach
is the simple way of selecting relevant interactions and togalytical expressions.

In particular, algebraic models based on the vibron modeh@ire the advantage of taking into account anhar-
monicity from the outset, compared to alternative methaased on harmonic bases. The original vibron model
includes the simultaneous treatment of vibrational andtiaral degrees of freedom [2]. For the sake of simplicity
and in order to cope with polyatomic molecular vibratiohg, one dimensional limit of the vibron model (1LDVM) was
formulated, where only vibrational degrees of freedom aresered. This approach was first exclusively applied to
stretching degrees of freedom [3], and later extended tgpdgmbending degrees of freedom [4].

The algebraic approach has been criticized due to its abstnaracter and the lack of a clear connection between
the algebraic and the traditional approach in the phaseesfde coherent or intrinsic state formalism provides a way
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to obtain a Hamiltonian depending on momenta and coordirfaden an algebraic model Hamiltonian [5]. The first
application to this formalism to the vibron model can be fdimRef. [6].

An alternative approach to connect the traditional andlakje approaches takes as a starting point the system
Hamiltonian in coordinates and momenta and transform dt &t algebraic Hamiltonian. This line of research has
been active in a continuousfert that now lasts for more than twelve years. In the first @lacconnection between
the abstract algebraic space of the 1DVM and the phase smcestablished. In particular, it was proved that the
1DVM is equivalent to a model of local Morse ob$thl-Teller potentials [7, 8, 9]. As a consequence of tiefsets
it has been possible to describe molecular systems in ahraligdashion from a phase space Hamiltonian, obtaining
an estimation of the system’s force field constants. Regemtl interesting alternative to connect a Hamiltonian of
interacting oscillators in the 1DVM with classical variablhas been formulated [10].

The vibrational spectrum of several molecules have beeatiestalgebraically exploiting the connection between
spectroscopic parameters and force constants, e.g. behihaar triatomic molecular species as®[11, 12] and
CO, [13], planar tetratomic as formaldehydey(ED) [14, 15] and BE[16], and pyramidal tetratomic molecules as
arsine (AsH) and stibine (Sbh) [17, 18, 19, 20, 21].

In this paper our aim is to extend the 1DVM to encompass aatidegrees of freedom in the analysis, achieving
a complete rovibrational analysis of the spectra of polyatanolecules, usually called spectral global analysie Th
availability of models able to simultaneously consideatimins and vibrations is of special importance for molecula
species with large amplitude degrees of freedom, e.g. tovd&ainternal CH; rotors in molecules of astrophysical
interest [22, 23].

In principle, a full rovibrational treatment is possiblethin the original vibron model, though our aim is to present
a simpler model, able to cope with polyatomic molecularbeaiional spectra in a computationally unexpensive way
and with a clear connection with the phase space. As an erampgl apply the approach to the modelling of the
rovibrational spectrum of Hydrogen Selenid%?ﬁle) in its ground electronic state.

The Hydrogen Selenide @Qse) infrared spectrum has been recorded fiedént vibrational bands up to polyad
27 [24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. An extensive sebwibrational term values is available for its analysis,
making I-EOSe a suitable system to test new procedures for the study [caiar rovibrational structure. This
molecule has also been the subject of several theoretigdiest In 1988 Senekowitsat al. calculated arab initio
potential energy surface for the electronic ground statth@fHydrogen Selenide molecule [34]. Since then, some
attempts to obtain an optimal PES for Hydrogen Selenide baem carried out with éierent theoretical models,
making use of experimental data to improve the obtainedtee@b, 36, 37]. In particular, in 1993 Jensen & Kozin
refined the Hydrogen Selenid initio potential energy surface using the MORBID approach [3&ugh a direct
least-squares fitting to the available experimental dathiffdrent isotopologues, concluding that this molecule has a
markedly local behaviour and presents fourfold clusteedfigcts [37]. Ten years later, with a considerable increase in
the number of available experimental rovibrational spgsijrthe potential energy surface for the Hydrogen Selenide
was revisited, using again MORBID to improve the experirabdéata description [39].

It is worth to emphasize that the aim of the present paper igmoompete with the highly accurate recently
published MORBID calculations for Hydrogen Selenide [38ktead of this, we propose a novel phenomenological
approach to analyze rovibrational spectra able to copelaigife molecular systems. Nevertheless, a brief comparison
between Ref. [39] and our results has been included in Sect. 5

The present paper is organized as follows. In Sect. 2 thdmaonal Hamiltonian for a triatomic molecule in
the phase space is revised. Section 3 is devoted to set uprtieetrization procedure used in this work. In Sect. 4,
the algebraic Hamiltonian is obtained from the rovibratioHamiltonian in configuration space. The application of
this approach to model Hydrogen Selenide rovibrationatspm provides the results presented in Sect. 5. Finally,
in Sect. 6, a summary of the work and some concluding remank®e found.

2. Rovibrational quantum Hamiltonian in the phase space

The modelling of the rovibrational molecular structure liep the consideration of the molecular Euler angles,
{6, ¢, x}, that describe the overall rotation of the molecule. In tddito these angles, the necessary vibrational
degrees of freedom should be considered. A possible optgimirnal valence coordinates, that for a triatomic ABA
molecule can be selected as
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q = {Ara, reAa, Ars}. 1)

In particular this option is specially suitable for moleesiwith local character (e.g. Hydrogen Selenide). The coor-
dinatesAr; andArz denote the AB bond stretcheasg,is the AB bond equilibrium length, antlx is the deviation of

the ABA bending angle from its equilibrium value (Fig. 3.Hence, we consider six generalized coordinates and the
corresponding conjugate generalized momenta are

H = {jX7 jya jZ9 ﬁk 1 k = 1’ 2’ 3}7 (2)
where{Jy, Jy, J;} are the components of the molecule-fixed angular momentOp¥ and
(9
Py = k=123, 3
P 6qk 3)

are the conjugate momenta of the vibrational internal \@eroordinates.
The quantum-mechanical rovibrational kinetic energy magxpressed as [42, 43]

1
=3 Z I, Goo My + U(Q); (4)

where theG-matrix elements can be written in terms of the triatomic eaale internal coordinates amd(q) is a
mass-dependent potential term [35, 44]. A detailed Eckante rovibrational kinetic operator in terms of valence
coordinates and their conjugate momenta may be writtereificim [45, 44]

fvir = frot—cent"' -fvib + -i;cor + U(0), (5)

whereT or_centincludes the rotational and centrifugal interactions

1 1 1 1
Trot—cent = Z (Gxx + ny)j2 + § Gz - z (Gxx + ny) jg + é (Gxx = ny) [jf + jf]
+ iexz[j_(zjo +h)+ 3,23 - )] (6)

where{Jo, J,, J_} are the circular components of the angular momentum opedrdip The pure vibrational terrfl,ip,
is

Tvp = %Gn [pf + p%] + % P2 G22 P2 + G13 P1 P3
+ % [P1G12 P2 + P2Ga2 p1] + % [P2 G23 Ps + PsGas P2] »
(7
while the Coriolis interactioff o is as follows
. 1< .
Teor = > Z (pk Gyky + Giy pk) Jy, 8)

k=1
where theGy, matrix elements depend on the local vibrational displacgsgsee Eq. (5) in Ref. [44]) and the sum of
its product with the local conjugate momenta has the apatepsymmetry, which i8; in this case (see Table 1).
Finally, the explicit form of the pseudopotentld{q) is given in Eq. (2.10) of Ref. [35].
The T ot_cens Tvib, andTcor contributions to the kinetic energy are functions of theemak coordinates, which will
be modeled with Morse potentials. Hence, any contributicth@ Hamiltonian will be considered as part of a Taylor
series expansion in terms of theinternal coordinates or the associated Morse variables

3
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Yk = 1l—expacaw); k=1,2,3, (9)

where thegy parameter defines the range of the Morse potential fok-tieoscillator.

The potential energy function may also be expanded eith@rins of thegy internal coordinates or in terms of
Morse coordinates (9), keeping in mind that the interadioms in the Hamiltonian must be totally-symmetric under
the molecular symmetry group operations. The potentiaiggnteinction, expanded up to fourth order in the Morse
coordinates, takes the general form:

Vi = Vo+z fiyj +Z fik ¥ Yk
j i<k

+ Z fia Vi Ye Wi + Z fikim Vi Yk Vi Ym + - ... (10)

j<k<l j<k<lsm

The use of Morse coordinates has two advantages. On the ndgitianproves the calculations convergence and,
on the other hand, quadratic terms can be identified withl ldlcaise potentials, which implies a description of the
system in terms of interacting Morse oscillators. The useMbrse coordinate to model stretching degrees of freedom
is standard. In this particular case, we also use a Morsahlarto model the triatomic bending degree of freedom.
This can be justified due to the asymmetric behaviour of tinelingy potential for large and small values of the bending
coordinate as the excitation energy increases (beindatifrom the linearity). This conclusion is supported by the
model potential energy functions for bending degrees @fdioen obtained from an algebraic approach [46].

3. Basisset and symmetrization procedure

When solving the Scldinger equation associated with a rovibrational Hamiétonthe definition of a convenient
basis set is a crucial step. It is convenient to consider avsstny-adapted basis to simplify the diagonalization
procedure and, if necessary, to get rid of spurious stateshis¢ Section the basis set, as well as its corresponding
symmetrization, are presented.

3.1. Basis set

The rovibrational basis is defined as a direct product of eatibnal and a rotational basis. Since the Hamiltonian
of Hydrogen Selenide is written in terms of internal cooedés, the vibrational basis set is provided by the direct
product of three Morse oscillators, associated with locakrdinates

Vi, Vo, V3)=[Vi)® V2 )® V3 ), (11)

where \{ and s are quantum numbers for the local stretching H-Se modesyaisthe quantum number associated
with the bending angle/(HSeH).

The symmetric top basis is employed for the description efrttational degrees of freedom. The rotational
functions,|J, ka, m), depend on the rotational quantum numbers: the total anmdanentum §), its projection in the
a axis of the molecule-fixed system of referedge and its projection in th& axis of the laboratory-fixed system
of reference If)); assuming thd" convention bc = zxy] for the axis system (see Figure 3.1). From now on, the
Z-component of the angular momentum in the laboratory sys¢enot explicitly considered since the problem is
rotationally invariant and no external field is considered.

Hence, the rovibrational basis set can be expressed aw/$ollo

Vi, Vo, Vva; J, k) =|vi, va, va) |, ka) . (12)
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X =C, b=x

a=7

I3

Figure 1. Schematic diagram of a bent triatomic ABA molecul@iaténg the selected atom numbering, and molecular axissyste

Table 1. Character table for the MS grodg,(M) in terms of the group classes [40].

Cx(M) | Ki Ky Kz Kq4
AL 1 1 1 1 %(r1 +13), &
Ay 1 1 -1 -1 Jp = Jy
By 1 -1 -1 1 o=,
B, 1 -1 1 -1 %(r1 -13), =y

TheCyy(M) group classes are the following:
Ki=E; Kz = (13); K3 = E*; Kg = (13)

3.2. Symmetrization procedure

The rovibrational basis set (12) is symmetry-projecteci@isi method that has already been presented in detail
elsewhere [47, 48, 49]. Hence, only the basic steps of theoapp are included.

The symmetry projection is accomplished using the eigestfan method, whose basic idea consists in defining
an operator that is a linear of combination of the classegoivalence of the symmetry group. The diagonalization
of this operator in the basis under projection allows togrssymmetry labels to the resulting eigenvectors. If the
irreducible representations (irreps) of the symmetry grane one-dimensional and the reducible representatiaespa
presents no multiplicity, it is possible to distinguish fhreps through one operator, called a type | Complete Set of
Commuting Operators (CSCO-I). The diagonalization of ttegrin representation of the CSCO-I operator provides
symmetry-adapted eigenvectors whose associated irrepaswined by the eigenvalues [50].

The molecular symmetry group of the&e molecule i€£,,(M), whose character table is given in Table 1. Each
element of the>,,(M) group can be decomposed as a product of their actions upawntdtional, the vibrational, and
the nuclear spin subspaces, as displayed in Table 2 [4(jelfotlowing we only consider the first two subspaces.

In order to define the CSCO-I operator we proceed to constnediable of possiblg eigenvalues, defined by the
equation
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Table 2. Equivalent rotations, elements of the moleculartgpioup and nuclear spin permutations associated with timeegits ofC,,(M) group.
The notation used for the equivalent rotations is standaddsdefined, for example, in Ref. [40].

OM)| O | O, | Og
E R | E|po
(13) | Ry | Cox | P13
E* R; 2| Oxz | Po
13y | Oxy | P13

Table 3. Table oft's for the MS groupCay(M).

r /lli /11; /lg /lz v = /lg + 3/12
Al 1 1 1 1 +4
A | 1 1 -1 -1 -2
B 1 -1 -1 1 +2
B, 1 -1 1 -1 -4
K (l")*
i K w3
0y

where|Kj| stands for the number of elements belonging toittreclassnr corresponds to the dimension of theh
irrep, While)(i(r) is its character. The possible valuestofan be found in Table 3, where the combinatitin+ 31}
distinguishes among the possible cases. Thus a suitabl®Z &ty be defined as

C, = (13)+ 3(13) , (14)

with eigenvalues = 4, + 31 that provide the symmetry labEl In the following subsections this symmetrization
procedure is applied in the first place to the rotational pabs and then to the full rovibrational basis set.

3.2.1. Symmetrization of the rotational basis set
When dealing with the rotational subspace, Eq. (14) shouldritten in terms of the equivalent rotations (see

Table 2)
C=Ry+3R . (15)

The rotational basigJ, K), |J, —K)} is defined for a gived andK = |ky|. In this basis the representation of the
operatoiC, takes the form

—iKnm _1\J
ser-( Ty S ) (16)
with eigenvalues
A = (-1)¥@=x1) 17)

and eigenvectors (Wang basis functions)
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Table 4.C2(M) group symmetry labeling dfi;S erotational wave functions.

K r|v| eigenvector |
K =even
Al 4] DK +13-K)
Bi | 2 | 5|1 HIK) +13-K)]
K =odd
A | 2] L[N K)Y +13-K)]
Bz | -4 | H[-D)7IK) +13-K)]
1
P, = —[)77FIK) + LK), 18
ﬁ[( LK) +13,-K)] (18)
1
Yo o= (1)K + 13 -K)] . 19
vz[( ) KILK)Y +13,-K)| (19)

The correspondence of this eigensystem with the eigervalgieen in Table 3 is shown in Table 4.

3.2.2. Projection of the rovibrational basis set

With respect to the rotation-vibration degrees of freedamn should note that each group element of the CSCO-I
in the Molecular Symmetry Group is given as a direct proddietoequivalent rotation and a point group operation,
as it happens for their representations. ThusQheepresentation is the following

A(C)) = A(R)) ® A(C2) + 3A(R7) ® A(oyy) (20)

whereA(C,) stands for th&€, operator representation(RY) is the equivalent rotatioRj representatiomy(Cy) is the
point group operatio,, representation, etc.
The rovibrational subspace may be expressed in the foltp¥arm

¢1 = |[JKY®V,va, V'), (21)
2 = LK)V, va,V') , (22)
¢z = [L-K)®V, vz’ , (23)
s = |I-K)y®N"’,va,V') , (24)

where v is the bending quantum number andand V' stand for the stretching local quantum numbers, which are
equivalent under symmetry operations. In this basis theaibte matrix representation @f takes the explicit form

0, 3Kz 0 (_1).]
3e—|Kn 0 (—l)‘] O

0 (-1 o0 3K
(-1)° 0 3K* 0

AC) = (25)

In Table 5 the corresponding eigensystem is displayed,ewigenvectors correspond to (not normalized) symmetry-
projected functions and eigenvalues determine the aseddiaep in accordance to Table 3. In the particular case
v/ = v” the rovibrational subspace has dimension two and half tpengectors in Table 5 are exactly zero.
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Table 5.C2y(M) molecular group symmetry labeling of the rovibrational wawvetions subspace spanned by Egs. (21-24)fS e

r v eigenvector

Cxn(M) | A2+314

K =even
A, -2 (1761 - (-1)’¢2 — ¢p3 + ¢a
B: 2 (-1’1 — (-1)’ 2 + p3 + ¢4
B, -4 —(-1)¢1 + (1)’ 2 — p3 + ¢4
A 4 (-1)¢1 + (=142 + ¢3 + ¢4

K =odd
B 2 (1)1 + (-1)’¢2 — ¢p3+ 44
A, -2 (=1)%¢1 + (=1)2¢2 + p3 + ¢4
Ay 4 (~1)%¢1 = (=1)°¢2 — ¢p3 + ¢4
B2 -4 —(=1)’¢1 — (=1)’d2 + p3 + ¢4

4. Algebraic Hamiltonian

In this section an algebraic realization of the rovibragibHamiltonian presented in Section 2 is established. To
this end, ladder operators associated with one dimensiMoede wave functions are introduced. Since such ladder
operators satisf{J (2) commutation relations, this is the dynamical algebréhefone-dimensional Morse potential.
One of the advantages of the algebraic representationtighdaelevant interactions can be easily distinguished and
constructed, and their matrix elements are analyticals Gheatly facilitates the selection of convenient higheleo
interactions.

The dynamical algebra for the vibrational subspace coordpto the direct produ@, = U1(2) x U,(2) x U3(2),
where each of the) (2) Lie algebras is associated to a particular local modeeftydrogen Selenide. The dynamical
algebra for the rovibrational space is then built combirtimg direct product of the vibrational and rotational groups
Gy x S3™Y(3). A suitable rovibrational basis to diagonalize the Hémnian is provided by the chain [51]

W x e x e o« sdWE 5> sddep x sdl@ x sdd@ x  sdoi
l l {

l { l l {
| Ns Np Ns J ; vy Vo v3 K)

where the associated quantum number is indicated underagehbra. The superscripts b, androt stand for
stretching, bending, and rotational degrees of freedospgetively. The total number of bosonlit® (2) andu®(2),

Ns andNy, indicate the maximum number of quanta of excitation in dachl degree of freedom, and they are related
to the stretching and bending Morse potential parameters by

Ng+1= /2[2):5, (26)

whereDy is the depth of the Morse potential for the k-th local vibvatll degree of freedor, is the reduced mass,
given by the diagonal contribution of the vibratioratmatrix elements, andg is the range of the local Morse
potential, already defined in Sect. 2.

The mapping of the phase-space Hamiltonian, defined in@e2tiwith an algebraic Hamiltonian, expressed in
terms of Morse variables, is carried out as follows: intébmnd coordinates, associated with Morse oscillators, and
their conjugate momenta are expressed in terni$(@j generators in the linear approximation [7, 8]

N i :

Po = 5V2hwcpu (b] - by), (27)

Y h

g = \/ 2wy i (bl + D), (28)
8
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Wherebi andby are creation and annihilation operators for the Morse fonst[7, 8]

0 D@ g Wi 1. (29)
-1
bl = (V= ) = 1. (30)

In this algebraic space, the Morse energies foikttie degree of freedom are given by

by Vi)

HMO™9 = Fiy(biby + beb))/2, (31)

plus a neglected constant energy shift.

It is worth to note that the results in Eqgs. (27-31) are theesamthe case of adachl-Teller potential. This is due
to the isomorphism that exists between the one dimensionildf the vibron model and the one dimensional Morse
and Rschl-Teller potentials [9].

The substitution of internal coordinates and their corasiing conjugate momenta by laddg(2) operators
provides the algebraic representation of the vibratioaal pf the Hamiltonian. To complete this step it is necessary
however, to expand in a Taylor series the vibratidgahatrix elements expressed in terms of internal coordidte
this way the substitution of the kinetic (5) and potentid)(&nergy operators can be done in a straightforward way.
TheG-matrix elements for the rovibrational description haverb&aken from Refs. [35, 44].

4.1. Rotational matrix elements

In this subsection we present the matrix elements of the Haman in the rotational basigK). From this
result, the matrix elements in the symmetrized rotatiorsgid can be obtained, making the corresponding linear
transformation.

The matrix elements of the rotational and centrifugal kinehergy (6) have a diagonal part

~ 1 1 1
(JIK|Trot—cenldK) = Z(Gxx + ny) hz‘](‘] +1)- [Z(Gxx + ny) - EGZZ thz, (32)

and a nondiagonal contribution

2
(JK = UTrorcentdK) = %ze VI + 1) - K(K £ 1) (2K = 1), (33)
2
(IK + 2 Tror_cent JK) = % (Gux—Gyy) VI +1) - K(K £ 1)
x IO+ 1)-(K=1)(K+£2). (34)

The Coriolis kinetic energy matrix elements are

~ .h
(IK + 1T corlIK) £y g(pkeky + Gy PK)

X I +1)-K(K=1). (35)

The matrix representation of each component of the angubanentum were taken from Refs. [40, 41].
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4.2. The rovibrational Hamiltonian

The expansion of kinetic and potential energy terms is uallen up to eighth-order inclusive. Although the
present formalism has been conceived to establish a linkdset spectroscopic parameters and structure and force
constants [11, 12, 13, 15, 18, 19, 20, 21], in the presentité&sesed in a purely phenomenological way. Our aim
is to show the power and simplicity of this approach providanfit of spectroscopic quality for a particular case.
A substantial improvement is expected including highereosdf the rotational angular momentum components in
the kinetic operator expansion, akin to what happens in thtesdv Hamiltonian [52]. This latter implementation is
currently under study.

Hence, from the correspondence between phase space anthtrenanic ladder operators, an algebraic repre-
sentation of the rovibrational Hamiltonian is obtained§79]. This approach to construct an algebraic Hamiltonian
has the advantage of providing an estimation of the PES faynstants from the algebraic spectroscopic parameters.

In this work, the relevant physical interactions chosentlfier algebraic Hamiltonian stem from the phase space
Hamiltonian (5,10) and they are restricted to those that preserve the polyadheum

P=2(i+V3)+Va , (36)

where \ stands for the number of quanta in téh vibrational local mode. Therefore, the rovibrationarhiltonian
in the local anharmonic representation is given by

Hrv Huib

B,J?

Bk J?

Bo(F + J)

Dya, J2(bby + byb] + bibs + bsbl)/2

Dy.1J2(blbs + biby)

Dy, J2(bb, + byb) /2

Do, J2 (b} b1b! by + bibsblbs)

D o, J2b] b1 bs

Duse,d% (blby + bybl + bibs + bab))(bb, + byb})/4
D, 32 [(biby + byb + bibs + bsb)(blbs + biby)/2 + h.c]
Dyed? Fn

Dy,, 32 [(bibs + biby) (bibibby + bibsbibs)]

Diw, J2(blby + byb] + bibs + bgbf)/2

D J2(bbs + biby)

Dikw, J2(D}b7 + bob}) /2

Diwx, J2(bb1bl by + bibsbibs)

Dikwse J2(D5b2b5 )

Dig, 32 (bibs + bir) (byb, + boby)/2

Diy, 32 [(b}by + byb] + bibs + bsbl)/2(bbiblb; + bibsbibs)]
Dis, 32 [(bb1b!by + bibsbibs) (bibib}bs + bibsbibs)

+ o+ + + + + + 4+ o+ 4+ o+ o+ o+ o+ + o+ ++

Linteraction terms could also be determined by the couplingm$drial operators [53] or with the help of the eigenfuntticethod (See Sec.
3), without a direct connection with the phase space Haniéton

10
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— 2 (bl b1 bibs) (b} b1bibs)]
Dkss 32 [(b}b1bi by + bibsbibs) (bbyblbs)]
Dy (32 + 2)(0}bs + by + blbos + bsb) /2
Daga(J2 + J2)(bbs + bjby)
Dy (32 + J2)(b5bz + bb}) /2
Dy, (32 + 32)(blb1bi by + bibsblba)
Do (J2 + %) (blbb5by)
Dy (32 + J2)bl by b}bg

Dyyy, (32 + 32) [(b by + byb! + bibs + bsb})/2(0l bbby + bibsbibs)]
Dyyy, (32 + 32) [(b} by bibs) (biby + byb] + bibs + bsb])/2]
Dy, (32 + J2) [(b]b1bl by + bibsbibs) (bjbibiby + bibsbibs)

— 2 (b b1 bibs) (b} b1bibs)]
Dy, (32 + J2) [(bib1bl by + bibsblbs) (b}bibibs)]
Ci(J; - J.) (bjbs — blby)
Cua(Js — J_) (bb}bsbs — biblbiby)
Cr(J, — J_) (bibiby — biblbs — bibyby, + bib,by)
Dy [J-(2J0 + 1) + 3, (230 — 1)] (bl by — bjbg) + ... ,

11

37)

whereh.c. stands for hermitian conjugate, tBgparameters refer to equilibrium rotational constantsXiparameters
correspond to centrifugal terms, and @arameters stems from the Coriolis interaction. In thigeggion we have
introduced the notatioR, for the Fermi interaction, given by

Fm = [(b]ba, + biboby) + (bibjby + bibjbg)] .

The pure vibrational HamiltoniaH.i, is

|:|vib

+ + + o+ 4+ A+ o+ o+ o+ 4

+

+

w1(biby + bib! + bibs + bsbl)/2

A(bbs + biby)

w2 (b, + bob) /2

wxq(blb;b} by + bibsbibs)

w¥o(bhbybiby)

wxq1 bl bbjbs

w12 (b}by + byb! + bibs + bsbl)(bsb, + byb))/4
A2 (blblbsbs + h.c))

B1[(blby + byb! + bibs + bsbl)(bibs + bib1)/2 + h.c]
B2 (bibs + biby)(biby + bobl)/2

FI(bibab, + biboby) + (bibiby + bib}bg)]

% Fws |Fm (bjby + byb] + bl + bsbl)/2 + hc |

% FA[Fm (bbs + biby) + h.c]
11
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+ % FwzlFm (bhbs + byb)/2 + h.c]

+  yil(b}by + bib] + bibs + bsb})/2 (bibiblby + bibsbibs)
— (biby + bib! + bibs + b3b)/2 (bibibjbs)]
y2[(bbs + bjby) (b}bsbiby + bibsbibs)]
y3l(biby + bob}) /2 (b} bsbiby + bibsbibs)]
yal(bibibjbs) (bIby + bib! + bibs + bsbl)/2]
S1[(b}bibiby + bibsblbs) (b}bibiby + bibsblbs)
— 2 (b by bibs) (bibibibs)]
62 (b} b1blbs) (b]bybibs)
+  83[(blbiblby + bjbsblbs) (b]bibibs)]
+ FRIEF, . (39)

+ + o+ o+

+

The matrix elements of the rovibrational Hamiltonian carob&ined in a straightforward way in the local basis
set (12). However, in practice, it is more convenient to heesymmetry-projected basis set

e, Due) = vibs Tvib) 13, K, Trot) (40)

obtained with the approach presented in Section 3. IThesymmetry can also be obtained as the direct product
Tib ® 't [40]. The quantum numbens, of the complete basis set gather the vibrational and ratatiquantum
numbers. In the framework of this approach it is possible twkweither in a local or in a normal scheme. The
latter one is obtained through the diagonalization of theregtrized number operators defined in terms of bosonic
operators [47].

In case that the polyad number is not a good quantum numbepdlyad scheme has to be broken with the
inclusion of additional interactions, leaving aside thstrietion in Eqg. (36). The polyad breaking may be treated
perturbatively [54].

5. Application to Hydrogen Selenide(HgOSe)

As an application of the presented approach, a fit to the @rpetal rovibrational spectrum of Hydrogen Selenide
(H§°Se) in its ground electronic state [24, 25, 26, 27, 28, 2933032, 33] has been performed, including levels up to
angular momentuninax = 5 and up to polyad®na.x = 10. In the pure vibrational case energies up to poRagk= 12
were considered.

The number of bosons (26) were adjustetli{c= 56 andNy, = 234, for stretching and bending degrees of freedom.
An initial estimate of theN value for a particular mode of vibration can be made usinduhdamental ;) and first
overtone E;) energies and the formuM = we/weXe— 1 =~ (4E1 — E3)/(2E1 — E) [2]. In the triatomic stretching case,
two values can be obtained, one for the symmetric and anfiihére antisymmetric vibrational degrees of freedom;
the initial N value in this case is the average of the former two valuess ifiltial value is manually varied to optimize
the agreement with experimental data. The dependencepatameter of themsis usually quite smooth.

The fitting procedure, a non-linear least square fit, waseghiwut as follows. In first place, pure vibrational
term values were calculated for the 140 lowest vibratioteates, up to polyad 12, through the fit of the available
24 experimental term values. In this step, the theoretitmbtional energies were replaced within the experimental
accuracy by the corresponding experimental band centsirsg the empirical basis set correction (EBSC) applied
in the spectral simulation of ammonia [55, 56]. The obtaindatational rms was 0.0016 cth Once the pure
vibrational parameters were determined, they were ke fixdit the rovibrational parameters. The final value of the
complete Hamiltonian parameters was obtained graduallindreasing the number of experimental data polyad by
polyad and increasing the total angular momentum valuelstegtep. A total number of 3324 rovibrational energies
was calculated through the fit of 745 available experimelatadls, with an rms of 0.117 cth. Therefore, 2579

12
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Table 6. Parameters of the vibrational Hamiltonian (39) useté global fit up to polyad 12 and J up to 5 in the analysis%?ﬂd. All parameters
are given in cm? units with one standard deviation statistical uncertasfor final significant digits.

Parameter Values || Parameter| Values
w1 2393.65686(1) Fw, 0.155478(5)
A -9.52086(1) Fa -0.38570(2)
w> 1037.145816(6 Fw, -0.376478(4)
Wy -1.095555(6) v1 0.556735(4)
Wy, 1.457815(4) V2 -0.23644(1)
Wxyy -29.615626(6) V3 -1.070584(7)
Wy, -19.436396(9) V4 28.029001(4)
A2 -0.33035(1) 01 -0.071699(3)
b1 1.219793(9) 0o -12.9510250(9)
B2 -0.041515(3) 03 -6.3920624(6)
F -11.13182(2) Fl2l -0.118708(4)

rovibrational energies have been predicted for the 140 dowibrational bands and this is the first time that some
levels up to a maximum angular momentum,& 5 and polyad numberR,=10 are reported.

The total number of fitted parameters is 57: 22 of them arecéstea with pure vibrational interactions and the
remaining 35 ffect rotation-vibration interactions. In Tables 6 and 7 Maleies and uncertainties of Hamiltonian (37)
fitted parameters are shown. From this set of optimized adgeiBpectroscopic parameters is possible to obtain an
estimation of the canonical force, Coriolis, and centréfudjstortion coupling constants (see, e.g. [13]).

In the provided supplementary material we include a catedlapectrum up to angular momentum= 5 and
polyadP = 10, and up to polya® = 12 for the pure vibrational term values. The available eixpental rovibrational
energy terms have been included to assess the goodness Biiditobtention of results of spectroscopic accuracy
including levels with a larger angular momentum impliesektension of the model, including higher order operators
in the Hamiltonian expansion. This extension of the modethe spirit of a Watson Hamiltonian, is currently being
under research.

As noted in the introduction, the aim of the present work ista@ompete with the calculations published in Ref.
[39]. However, a comparison of the present results withrghisimandatory. In Ref. [39], 1723 rovibrational energies
were reproduced for the isotopologuéose, with an rms of A6 cnT?!, up to polyadP = 12 andJ = 8. In this
work, the number of rovibrational energy spacings is smdbecause included levels go upde= 5. The calculated
72 vibrational term values, up to polyd&l= 12, of Ref. [39] are in good agreement with our results forltdveer
polyads. For the highest polyadsffdrences increase between the predictions in Ref. [39] arsd An experimental
recording in this energy range would be a great help in therdlmn of an appropriate theoretical description of the
coupling between highly-excited states. Also, due ttedénces between the models, there are some discrepancies in
the labeling of some vibrational term values between Re&X] &d our results; e.g. in the bandg &ndv; + 2v3. In
this case, our labeling agrees with the labels suggestéa ipaper which provides the experimental vibrational band
centers [30].

To finish, a last remark in favour of the anharmonic intewi built with the ladder operatofé and Bk. In
the harmonic limit (large number of bosoN3 of the Hamiltonian, the vibrational standard deviatiooregases from
0.0003 cnTt to 0.007 cnTt. Therefore, the inclusion of anharmonic terms in the Hamilin seems reasonable when
the aim of an spectral analysis is to reach experimentalracgu

6. Summary and conclusions

The approach presented has been devised as an alternativedolegy of spectral analysis, thaters the pos-
sibility of carrying out global analysis of rovibrationaata, taking into account vibrational anharmonicities fribve
outset, and without a high computational cost. In our opinthe theoretical method proposed in this paper could

13
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Table 7. Parameters of the rotation-vibration interactiosed in the global fit up to polyad 10 and J up to 5 with Hamiltor{ag¥) in the analysis
of H,8%Se. All parameters are given in chunits with one standard deviation statistical uncertaifor final significant digits.

Parameter| Values || Parameter| Values || Parameter, Values
B; 5.80839(3) || Dkuw, 0.1635(7) || Dky, -0.01899(7)
Doy -0.07243(5) || Dkuwx, 0.028(1) || Dks, 0.0022(5)
Dia 0.0129(8) || Dkwx, 0.0083(6) || Dkos -0.00521(1)
Doy 0.0690(1) | Dkg, 0.0110(7) || Dy, 0.0101(2)
Dawxy 0.004(1) || Byy 0.953(2) || Dy, 0.4635(4)
Diwxyy 0.009(1) || Duxyu, 0.0016(3) || Dy, -0.0013(7)
Dy, 0.004(1) || Dxyu -0.0091(3) || Dyxys, -0.1570(1)
D, -0.008(1) | Dy, 0.0523(1) || C, -0.3346(1)
Dir 0.0289(7) || Dxywx, -0.0196(4) || C )z -0.0170(2)
Bk 2.341(1) || Dyywx, 0.0024(1) || Ce 0.248(1)
Dk, -0.0839(3) || Dyywy; -0.594(1) || Dyaw, 0.0613(6)
Dk, 0.008(2) || Dg,, 0.0116(2)

be of help in the assignment of experimentally recorded tesmaes in when a large set of vibrational bands are
considered in the global analysis.

The novelty of this method is the combination of the 1DVM withational degrees of freedom to achieve a global
rovibrational analysis. Most other spectral assignmeatgdures describe, for the sake of simplicity, vibrational
bands using harmonic oscillators bases.

The present method starts building a rovibrational Hami#o in terms of angular momentum components and
anharmonic Morse ladder operators, associated with ooi@tind vibrational degrees of freedom, respectively. The
Hamiltonian interactions are chosen according to thegvaaice in the description of the molecular spectra, which
could be assessed, in first order, enforcing the polyad nuotmeservation. The resulting Hamiltonian is diagonalized
in a symmetry-adapted basis set given by the product ofioottstates and three Morse wavefunctions, one for each
local vibrational degree of freedom.

As an application of the present method, the rovibrationakgies of the main Hydrogen Selenide isotopologue
have been computed theoretically and compared to the bi@@aperimental data up to a maximum polyad number
Pmax = 10, and a maximum angular momentukp.x = 5. A total number of 745 rovibrational energies have been
fitted using 57 parameters (22 vibrational plus 35 rovilral parameters) with a standard deviation 4fl& cnt?.

With this Hamiltonian, 2579 new rovibrational energies &predicted for the 140 lowest vibrational bands and
they can be found in the supplementary material associatedhis manuscript. It is interesting to note that from the
140 vibrational bands that exist up to polyad 12, only 24 efitthave been measured experimentally [32]. Therefore,
apart from the new methodology presented in the rovibratistudy of a triatomic molecule, new clues are provided
to the spectroscopists for the assignment of unidentifigsietpectral lines.

This work can be considered a first step towards an extengitimecalgebraic model to obtain spectroscopic
parameters comparable to those in the Watson Hamiltonn This topic will be the object of a future work.

Besides, we expect that the present procedure will be péatlg useful to deal with large systems, where some vi-
brational modes could be considered more relevant and supgpthat the rest are rigid modes. In fact, the application
of this model to molecules involving more than six atoms $®dhe aim of future works.
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