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Abstract The electronic and rovibrational structure of
("A,) NaH," has been investigated using a relativistically-
corrected, all-electron coupled-cluster with singles, doubles
and perturbative triples (CCSD(T)) ansatz. For the elec-
tronic ground state this ansatz yielded equilibrium Na-H
bond lengths (R,) of 2.4208 A and an equilibrium H-Na—H
bond angle (0.) of 17.8°. An analytical potential energy
surface (PES) was embedded in the rovibrational Hamil-
tonian. The PES was constructed using 118 CCSD(T) points
and exhibited a residual error of 1.2 cm™'. The rovibra-
tional Hamiltonian was diagonalised using variational
techniques. The vibrational and rovibrational eigenvectors
were assigned using a configuration weight scheme in terms
of normal modes and the Mulliken assignment scheme,
respectively. For the ground vibrational state of ('A;)
NaH, ", the vibration-averaged bond lengths (R) and angle
(0) were 2.4995 A and 17.1°, respectively. The ab initio
(lAl) NaH," PES yielded a dissociation energy (D) value
of 10.3 kJ molfl, which is in excellent agreement with the
experimental value of 10.3 & 0.8 kJ mol~' (Bushnell et al.
in J Phys Chem 98:2044, 1994). An analytical dipole
moment surface was constructed using 90 CCSD(T) points.
Rovibrational spectra of ('A;) NaH,™, ('A’) NaHD™ and
(lAl) NaD," for v < 10, J <5 were constructed using
rovibrational transition moment matrix elements calculated
in a novel manner that employs the analytical dipole
moment surface (DMS). The rovibrational structure of the
Nat-H, vyg =1 < vgg =0 band was calculated and
compared to that of Li*—H,.
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1 Introduction

Small molecular hydrides of the alkali metals have been
assigned a central role in current models of primordial
interstellar chemistries. In particular, the dihydrides of metals
such as lithium, sodium and potassium have been the focus of
several recent investigations. For example, it has been pro-
posed that the chemical interaction between lithium and
hydrogen was amongst the first to take place in the nascent
universe ([1, 2] and references therein). Extensive efforts
have therefore been made to characterise the nature of the
lithium—hydrogen interaction [3]. The NaH, exciplex pro-
vides an archetypal example of an electronically non-
adiabatic process. Such processes are of central importance to
the study of photochemical reactions [3]. Hydrides of sodium
and potassium also possess roles with respect to interstellar
chemistry. For example, these metals have been identified in
the spectra of dwarf stars and irradiated planets [4].

The structure and spectroscopy of small alkali metal-
hydride cations is also of particular interest with respect to
theory and experiment. There has been extensive investi-
gation of the 'A, ground state of LiH," ([5, 6] and
references therein), which exhibits a C,, equilibrium
structure and results from the interaction between the ion
charge and the H, quadrupole moment. Despite this nature
of the LiH,™ ground state interaction, this collision com-
plex exhibits a rich spectroscopy. For example, Page and
von Nagy-Felsobuki [5] and Kraemer and épirko [6]
recently reported the energies and radiative properties of
bound and quasi-bound rovibrational states of ( 'A)) LiH,"
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using ab initio methods. In addition, Bieske et al. [7, 8]
recently unravelled the IR rovibrational spectra of LiH,"
and LiD, " using mass-spectrometric techniques. Page and
von Nagy-Felsobuki [5] reported ab initio rovibrational
transition wavenumbers of LiD, " in the D-D stretch band
(at ca. 2,900 cm™ ') that were within ca. 5 cm™' of the
experimental values [8] for K < 0, 1, 2 and J < 10 (where
K and J are the usual rotational quantum numbers [9]).
These ab initio rovibrational transition wavenumbers were
calculated using a full configuration interaction (FCI) an-
satz in conjunction with triple-{ basis sets.

The ground state of NaH," also results from an ion—
quadrupole interaction, analagous to that of LiH,". These
species therefore exhibit similar structures and energetics.
Nevertheless, there are fewer studies concerning the
NaH," collision complex. For example, Switalski et al.
[10] employed Hartree—Fock (HF) in conjunction with a
model core potential to elucidate the equilibria of a number
of two-electron valence systems including (A)) NaH,". In
the only reported study concerning the (‘A;) NaH," PES,
Falcetta et al. [11] employed HF to construct a 291-point
discrete PES grid which was represented analytically using
a non-piecewise function. Curtiss and Pople [12] employed
both HF and Mgller-Plesset theory (MP4) in a theoretical
investigation of the thermochemistry of the ground state of
NaH,". In the only experimental investigation of NaH,*,
Bushnell et al. [13] reported Dy(NaH,) to be 10.3 & 0.8
kJ mol ™", 2.5 kJ mol ' larger than the MP2/6-311G+(3d,
2pd) results (also reported by Bushnell et al.) More
recently, Tamassy-Lentei and Szaniszl6 [14] employed a
floating spherical Gaussian orbital ansatz to investigate the
ground state structure and dissociation energetics of
NaH,". Barbatti et al. [15] employed MP2 and MP4 to
characterise the ground state equilibria of Nat(Hy), (for n
< 7) concluding that each species possessed thermo-
dynamically stable structures. In 2005, Vitillo et al. [16]
reported a detailed investigation of the ground state NaH, "
interaction, using both MP2/aug-cc-pVQZ and density
functional theory. In general, calculations are in agreement
with a minimum energy structure corresponding to a C,,
symmetry with bond lengths of ca. 2.5 A and a bond angle
of ca. 16°. A '=7 transition state has also been character-
ised in a number of theoretical studies [12, 16]. Analogous
transition states have also been identified in MH," (M = Li,
Na, K, Rb) [16] and MgH22+ [17]. Thus far in the litera-
ture, no PES or DMS have been constructed using a
correlated ansatz for (1A1) NaH,t. Moreover, no experi-
mental or theoretical investigation of the rovibrational
spectroscopy of (*A;) NaH,™ has been reported to date.

We wish to report here ab initio rovibrational spectra of
('A)) NaH,", ('A’) NaHD" and ('A,) NaD,", thus
continuing our systematic study of the rovibrational spectra
of metal dihydride cations [5, 17, 18]. A PES of (‘A))
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NaH," calculated using relativistically corrected coupled-
cluster with singles, doubles and perturbative triples
(CCSD(T)) has been developed and employed to calculate
vibrational band origins and rovibrational transition
wavenumbers. In a similar fashion, a CCSD(T) DMS has
been constructed and embedded in the nuclear Hamilto-
nian. Vibrational and rovibrational radiative properties
including radiative lifetimes, vibrational band strengths and
rovibrational spectral intensities, have subsequently been
calculated and moreover, are compared to rovibrational
calculations of (lAl) LiH, ™", the deuterated analog of which
has been previously published [5]. All rovibrational prop-
erties of ('A;) LiH," and ('A;) NaH," have been
calculated using fully variational algorithms. It is hoped
that the data reported in this work will provide timely
assistance for the spectroscopic identification and charac-
terisation of ('A;) NaH,", ('A’)NaHD™" and (*A,) NaH,™.

2 Computational details

The electronic ground state of NaH, ™ has been investigated
using all-electron relativistically-corrected CCSD(T). This
ansatz has previously been described and validated with
respect to the low-lying excited states of the neutral NaH,
species [3]. The CCSD(T) wave function employed a HF
determinant as a starting point. For Na and H, ANO-RCC
[19] and aug-cc-pVQZ [20, 21] basis sets were employed,
respectively. The former basis set is described explicitly as
the [9s8p5d4f] contraction, and necessitates the inclusion
of relativistic effects via the second order truncation of the
Douglass—Kroll-Hess (DK2) [22, 23] one-electron Hamil-
tonian. Basis set superposition error (BSSE) was accounted
for by the use of the site-site function counterpoise (SSFC)
method of Wells and Wilson [24]. All reported dipole
moments of (1A]) NaH," were calculated as the gradient of
the electronic energy with respect to an applied external
electric field. All electronic structure calculations presented
in this work have been calculated using the MoLPrRO pro-
gram system [25], and were constructed in the C; symmetry
framework.

3 Rovibrational Hamiltonian

The C,, rovibrational Hamiltonian employed in this work
is the normal t coordinate operator of Carney et al. [26],

. 1 . 1 . 1
Hshv =E, <S>ab+§ <A>abn)2r + 5 <B>ahn\2 + 5
1 PR PR i . .

+5 (D)o (ILIL, + TLIL) + 2 (F), T+ V- (1)

here, E, is the energy of vibrational state (al. The overlap
integral between (al and 1b) is given by the matrix

<C> ab ﬂz
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element (S),,. Similarly, for states (al and 1b), (A)..
(B)aps {C)up and (D), are the rotational constant matrices
and (F),, is the Coriolis coupling matrix. The angular
momenta of the system (in the molecule-fixed frame of
reference) in the x, y and z components are described by
f[x,f[y and f[z, respectively. The operator V is the
embedded analytical potential energy function (vide
infra), which is evaluated numerically using a quadrature
scheme adapted from that of Harris, Engerholm and
Gwinn (HEG) [27]. In all vibrational calculations the
expansion of the Watson operator [28] was truncated at
third order, whereas matrix elements of the Kkinetic
energy, vibrational angular momenta and potential energy
operators were calculated exactly. The wvalidity of the
truncation of the Watson operator has been previously
established with respect to the vibrational states of H;™*
[29]. For example, this truncation yields vibrational
eigenvalues converged to within ca. 0.01 cm™' for low-
lying vibrational states of H;*.

The three dimensional (3D) vibrational eigenfunctions
W) = lijk) were constructed as a CI of three 1D basis
functions ;, Y; and . Each of the latter are eigenfunc-
tions of the 1D Schrodinger equation in the respective
normal-coordinate, and were optimised using a numerical
finite-element method (FEM) detailed elsewhere [30]. This
FEM, based upon the Rayleigh—Ritz method [31], numeri-
cally solves each Schrodinger equation over a series of

Table 1 Comparison of ( 'A,) NaH,* equilibrium parameters

single discrete elements. The basis functions employed are
the piecewise continuous Hermite cubic polynomials.
These basis functions are identically zero outside of the
element being considered. The nth 1D eigenvector is ulti-
mately composed from the optimised basis functions over
each finite-element. The corresponding eigenvalue
obtained using this method is therefore correct to 0(h6n8 ,
where & is the finite-element length.

Each vibrational state lijk) was constructed from a CI
of 20 x 20 x 20 1D eigenfunctions. A list of 8,000
configurations therefore comprised each vibrational wave
function. Each state was subsequently assigned using a
‘configuration weight’ assignment scheme, in which the
relative contribution of each configuration is calculated
via,

|Cy|

{ s ka} 1/2 (2)

weight;; =

where C;; is the coefficient of the jth 1D basis function in
the ith normalised 3D vibrational eigenfunction. Trial
rovibrational eigenfunctions I‘PE}/K,,) were constructed as
products between the optimised 3D vibrational eigenfunc-
tions and IRJiKm) basis functions. The latter consists of plus-
minus combinations of the symmetric-top eigenfunctions.
This guarantees that all elements of the diagonalised
rovibrational Hamiltonian remain real. Vibration-averaged

R (A) R.(H,) (°) Do (kJ mol™}) Harmonic wavenumbers (cm™?)
(@] (25) 3

SCF MO" 238 0.74
HF® 2.541 0.732 10.3 260 4,577 439
HF! 2.458 0.739 72 306 4518 558
HF 2.475 0.740 8.0 286 4,522 502
MP2° 2.427 0.743 11.5
MPp2é8 2.463 0.737 7.8 304 4,458 533
mp2h 245 0.7412 114
CCSD(T)! 2.3918 0.7477 10.3 350 4,317 568
Experiment® 103 £ 0.8

* Distance between Nat ion and H, bond midpoint

® In conjunction with a model core potential, see [10]

In conjunction with 6-31G(d) basis sets, see [12]

c

9 In conjunction with [3s, 2p] (H) and [6s, 5p, 1d] (Na) basis sets, see [35]
¢ In conjunction with [5s, 3p, 1d] (H) and 6-311G* (Na) basis sets, see [11]

€ In conjunction with 6-311G+(3df, 2p) basis sets, see [13]
h

i

numerical gradients with no BSSE correction, and are unscaled

In conjunction with 6-311G(d, p) basis sets, see [15]. D, value calculated using MP4 result

Includes BSSE correction, in conjunction with aug-cc-pVQZ basis sets. See [16]
This work. Dy value calculated using ZPE attained with the full vibrational wave function/PES. Harmonic wavenumbers calculated using
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structures of all vibrational states were calculated as the
transformed expectation values of I-AI}fbV in the 1D eigen-
function basis. This procedure has been outlined previously
[17, 32].

The 1D vibrational eigenfunctions of (‘A;) NaH,",
('A’) NaHD™ and ('A;) NaH," were calculated using a
FEM grid consisting of 1,000 elements over the #; (a;
breathe), t, (a; bend) and #3 (b, asymmetric stretch) mode
domains. These domains were [—3.0, 4.5 a.u.], [—0.75, 5.0
a.u.] and [—2.5, 2.5 a.u.], respectively. All 1D basis func-
tions decayed appropriately in the classically forbidden
regions of the PES. Moreover, it was ensured that all
corresponding eigenvalues were converged to within the
residual error of the PES.

4 Radiative properties

The vibrational transition moment integrals for states
I¥,) and [¥,) were calculated using u, and u, compo-
nent DMSs (vide infra), in conjunction with a novel
adaptation of the HEG quadrature scheme [33]. In the
3D vibrational eigenfunction basis these integrals are of
the form,

,ua(a’b) = (ljk|y“(pl,p2,p3)|lmn> (3)

where p; =R° — Ry, p» =R° — Ry, p3 =6°— 0 and
o = x, y. The variables R; and R, denote the instantaneous
H;—Na and Na-H, bond lengths, while 6 denotes the
instantaneous H;—-Na—-H, bond angle. The Einstein
coefficients of induced absorption (B,,) and spontaneous
emission (A,,) were subsequently calculated,

8,
Buy = 321 (a,b) (4)

where B,;, and A_;, are such that,

N, Apg + Bpap
NaBbapvab:Nb(Aab+Bﬂbpvab)’ NZ:((lePavab)
abFvgp

(5)

at thermal equilibrium. Here, p, , is the spectral density of
the external field at a given temperature 7. The radiative
lifetime of fluorescence and vibrational band intensity were
calculated using,

1
T, = (6)
Za Apa + Za Bbapvah + Zb/ th/pvah

and,
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Fig. 1 Contour projections of the (*A;) NaH,™ CCSD(T) potential
energy surface in terms of normal coordinates (a.u.): a t, (horizontal
axis) vs. t; (vertical axis); b t3 (horizontal axis) vs. t; (vertical axis);

and c t3 (horizontal axis) vs. t, (vertical axis). Contours spaced at
10 kJ mol ™!
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Table 2 Padé expansion coefficients of the CCSD(T) potential energy surface
Expansion variable Expansion coefficient® Expansion variable Expansion coefficient®

Numerator Denominator Numerator Denominator
1 —163.3215260 -1.0 Ees + 86, 1.5265894 0.0098367
&+ & —21.5447690 —0.1319148 68+ &8 —0.2776953 —0.0017996
& 146.8181762 0.8989489 88+ &8 —6.7076955 —0.0406266
a4+ 35.0713907 0.2142270 88+ 88 —3.4685406 ~0.0212396
& 39.7233542 0.2410479 a8+ 848 —3.1830347 ~0.0197211
&6 —6.5382509 —0.0395175 EEabs + 61838, —0.9665177 —0.0056201
Eals + 6163 9.3383797 0.0571994 E16283 6.4082684 0.0394177
8+ 13.0621534 0.0804563 §8¢& 6.8313282 0.0421861
a —71.3281314 —0.4334456 GG + 6865 5.3534545 0.0318521
&3, + £,83 —44.9567002 —0.2750253 RG] —12.4644938 —0.0766375
&ié + & 24.5380061 0.1507423 & —0.6684773 —0.0038384
L8+ &8 1.8643311 0.0111332 8B&+ 68 26.7119438 0.1643648
E16aEs —29.3644926 —0.1808657 &+ B —17.6882451 —0.1092554
g+8 —4.8237103 —0.0299710 L8+ &8 —4.7721125 —0.0292397
& —1.5597289 —0.0106946 &g+ 88 8.2409201 0.0517293
a6+ 48 —67.1009276 —0.4112046 &g+ 88 5.3515331 0.0329919
&+ 88 20.4819674 0.1251849 8+ 84 11.3069744 0.0691577
L8+ &8 —2.0317707 ~0.0121537 Eleals + 61835, —15.7487383 ~0.0959680
&8 —7.8689389 —0.0482565 &16E 6.1330762 0.0375566
88+ 85 —7.2853015 —0.0440467 88 7.3390310 0.0422062
EExls + 6183, 25.6389599 0.1569756 88+ 88 5.2034233 0.0320124
&6 —21.7148520 ~0.1328672 E8E + B8E —27.2954011 —0.1677809
848 —0.4104298 —0.0021155 EEE + 685 10.1070117 0.0615700
8 6.6263342 0.0400874 868 + 688 —14.1857226 —0.0863394
e + &6 —9.8435987 —0.0609902 888 —12.0083242 —0.0740831

)" =562 x 107°E,

* All coefficients given in E,,

hvap Na 1.012510 x 10° B, ef’w/kT(1 B e,hmb/kT)
c O RT “

ab —
(7)

respectively, where Q, is the vibrational partition function
and v,, is the energy of the IW¥,)« I¥,) transition. The

probability of transition between two rovibrational states
PRV ) and IPRY,) were calculated using,

2
2
Ry = Z ZK‘PEVJ,,KM Hst |\PvR,7\./JhKhm,,>‘ (8)

mg Mg

where g is the DMS transformed to the space-fixed frame
of reference [34]. The associated rovibrational spectral
intensity may then be calculated,

3
gb _ 81 CaNy gusi Vo [e—thd/kT _ e—hCEb/kT:| Rib )
3he QVQR RT

where C, is the isotopic abundance, g,y is the nuclear
statistical weight of the initial state and Qg is the rotational
partition function.

5 Results and discussion
5.1 Electronic structure of (‘A;) NaH,"

Ab initio equilibrium parameters of (lAl) NaH," including
bond lengths (R.), R.(H»), Dy, ®1, @, and w3 are collated in
Table 1. The results of this work indicate that the mini-
mum-energy structure of the ground state is of C,,
symmetry, in concurrence with previously reported data.
Nevertheless, the CCSD(T) ansatz employed presently
predicts an equilibrium structure disparate to those previ-
ous investigations in a quantitative sense. For example, the
R. value of this work is ca. 0.03-0.15 A smaller than all
previously reported HF and MP2 values, with the exception
of the SCF MO result of Switalski et al. [10]. The latter
ansatz employed a model core potential and yielded an R,
value of 2.38 A. There is better agreement between the
description of the H, moiety in the molecule. From Table 1
it is evident that HF ansatz [11, 12, 35] predicted R.(H,) to
be 0.732-0.740 A, whereas MP2 methods [13, 15, 16]
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yielded R.(H,) to be 0.737-0.740 A. The R.(H,) value
reported in this work is larger than all previous data by at
least ca. 0.006 A.

The data in Table 1 with respect to the harmonic fun-
damentals of ('A;) NaH," suggest that the 'A, PES is
particularly sensitive with respect to the ab initio ansatz
employed. This is particularly evident upon comparison of
w, fundamentals. This fundamental mode essentially cor-
responds to w, in the H, moiety. From Table 1, it can be
seen that the CCSD(T) w, value is generally 200-250 cm ™!
smaller than previously reported HF values, and ca.
140 cm ™! smaller than the MP2/6-311G~+(3df, 2p) value
reported by Bushnell et al. [13]. For comparison, w.(H;)
calculated using CCSD/aug-cc-pVQZ is 4,399 cm™'. This
implies that the anisotropy of the Na*—H, interaction is less
pronounced than those of the Li"—H, [5] and Mg?*—H, [17]
interactions. For these isovalent and isoelectronic series ,
were calculated to be 4,277 and 3,951 cm_l, respectively,
using equivalent CCSD(T) ansatz.

The [('A)) NaH,* — ('Sp) Na® + ('32) Hy (v = 0)]
dissociation energy has been measured experimentally by
Bushnell et al. [13] to be 10.3 &+ 0.8 kJ mol ™", In this
work, Do (NaH, ") has been evaluated to be 10.3 kJ mol !
in excellent agreement with experiment [13]. The zero-
point energy (ZPE) of ('A;) NaH," was computed here
using an 8,000 term vibrational CI wave function in con-
junction with the full CCSD(T) (lA]) NaH," PES (vide
infra). Curtiss and Pople [12] previously reported D, to be
10.3 kJ mol ™! using HF/6-31G(d) (a fortuitous agree-
ment). There is ca. 1 kJ mol™' agreement between the
MP2 D, values reported by Barbatti et al. [15] (MP2/6-
311G(d, p)), Vitillo et al. [16] (MP2/6-311G+(3df, 2p))
and the CCSD(T) value of this work.

5.2 Potential energy surface

The discrete CCSD(T) PES of (lAl) NaH," was con-
structued using an iterative algorithm described elsewhere

Table 3 Power series expansion coefficients of the CCSD(T) dipole moment surface

Hy M

Term Coefficient Term Coefficient Term Coefficient Term Coefficient Term Coefficient
Aooo —1.5923-01* aro4 —3.8794—02 As00 3.5102—-03 b1oo 1.1624—01 b3 1.9049—-01
ago1 —7.0854—02 ars —1.6528—-01 aq01 1.8616—02 bio1 1.1742—-03 b33 1.4271-01
aoo2 1.0434—-02 aszio —4.5935—-02 g —3.4477-02 b1z 9.3593-03 b3og 3.4777-02
aoos 3.0127—-01 a1 —1.2614—-01 as03 1.9968—02 bio3 1.3685—02 b3z, 1.6272—-01
oo —6.8754—01 azin 2.1122-01 aso —8.4723—-03 bioa —5.9478—02 b3z —2.6530—01
doos 5.1555-03 a3 —9.9924—03 dgr 2.9648—01 b1os —1.2268+4-00 baoo 1.1346—-01
Aooe 1.1849—-04 ariy —1.9147-02 asn —3.8606—01 bio6 —7.4600—04 bao1 1.1352—01
aoo7 —1.9193-02 axo 2.4490—04 asno —4.5369—-02 b0 —8.1113—-02 bao —1.1660—03
ajoo 2.5798—02 ay 9.8001—-07 a4 —6.2732-03 b1 1.6622—-01 bao3 —2.2919-05
ajo 1.7546—02 arn —2.2920—-02 Ayg30 —7.3667—-02 bry2 2.6520—02 b0 —4.7396—03
ajn 6.0412—-02 axs 3.8669—-02 aspp 7.5881—-02 bao3 5.3227-02 ba11 —6.9036—03
ajoz 9.2429—-03 aszoo —1.5387—-01 aso 2.1999-02 bog —2.3108—01 ba1n 8.1149—-02
dios —7.7948—06 aso1 2.0967—01 aso 9.3890—-03 baos 8.2696—05 baro —1.7516—01
aios —8.8886—02 asm —4.5396—02 dsio —2.2692—-02 bs1o 8.7224—03 1278 —4.0503—-02
dioe 2.0615-01 asos 5.6218—02 dsyy 2.8154—04 bs11 8.6484—02 ba3o 6.5253—02
apo —1.9161-01 azo4 2.3605—-01 asyo 1.4148—-03 b1 —3.0505—-01 bsoo —4.0742—-02
ap 5.7501—-02 asio 6.4118—-02 aeoo —1.7784—-05 bs13 1.0443+00 bso1 1.2486—01
ai; 8.9926—02 asyy 7.6925—02 Aep1 —1.4397—-05 123 —6.7185—-01 bsy 3.3447-01
aps 1.8006—02 asiz —4.5988—-03 ag1o —1.2306—08 b300 —4.3077—-01 bs10 2.1898—-01
ajg 3.5375-02 asis 2.1382—-02 az00 9.2517—10 b301 —4.3239—-01 bs11 1.7985-02
ais —3.1537-03 asng —4.8607—02 b3z 1.1973—01 bsao 1.5497—-02
dr00 —6.5521-06 asn 7.5411-04 b303 1.1094—-04 beoo —2.0458—04
azo 3.8694—-02 asy 1.2946—03 b3o4 5.5261-02 beo1 —6.8587—05
s —3.0885—-02 as3o —5.8087—06 b310 —1.6819—-01 be10 —2.4287-05
aros 1.4375—-02 ass; —5.0178—-08 b311 1.7038—01 b700 2.4817—-07

(XZ W2 =884 x 1073 au.

(Xz W2 =140 x 1072 a.u.

All Coefficients given in a.u.
* —1.5923—01 denotes —1.5923 x 107"
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[36, 37]. Briefly, the initial surface consisted of 34 points
located along the diagonal ¢, f,, 3 components of the
normal-coordinate domain. A preliminary diagonal ana-
lytical representation was constructed, from which a denser
HEG quadrature grid was calculated. This grid consisted of
20 quadrature points in each ¢ coordinate. The final discrete
PES grid consisted of a 118-point subset of these 8,000
quadrature points.

The CCSD(T) PES was subsequently embedded in the
molecular rovibrational Hamiltonian via a Padé approxi-
mant representation [38—42]. It was found that the most
suitable analytical representation of the discrete CCSD(T)
energy grid, both topologically and statistically, was a
P(6,6) expansion of the Ogilvie (OGL) expansion param-
eter & [43],

Z?,j,k:() Cijkéli szfg

P(6, 6) - il I
Zg.j’,k’:l Ciyw ) &85

(10)

where,

2(Ri — K)

¢i= W (11)

During the optimisation of the coefficients Cy, and Cyjp
the singular values ogs ggo1_ 99 Were eliminated using
singular-value decomposition (SVD) [44]. The P(6,6)
analytical representation exhibited a residual error (( ;{2)1/ 2)
value of 1.23 cm™' with respect to the discrete CCSD(T)
energy grid. Two-dimensional constant energy projections
of the P(6,6) CCSD(T) PES are given in Fig. 1, and the
term coefficients Cj and Cyjp are listed in Table 2.

5.3 Dipole moment surface

A subset of 90 CCSD(T) PES geometries comprised the
discrete DMS of (*A,) NaH,". For all calculated dipole
moments, the molecule was held in the Eckart frame. As

Fig. 2 Contour projections of
the ('A;) NaH, CCSD(T)
dipole moment surface in terms
of internal-displacement
coordinates (a.u.): a uy, p;
(horizontal axis) vs. p, (vertical
axis); b u,, p3 (horizontal axis)
vs. py (vertical axis); ¢ W, p;
(horizontal axis) vs. p, (vertical
axis); and d w,, p3 (horizontal
axis) vs. py (vertical axis).
Contours spaced at: a 0.058; b
0.013; ¢ 0.051; and d 0.105
(a.u.)
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such, the centre of mass was necessarily coincident with the
origin of the Cartesian coordinate space, and the molecular
dipole moment was described completely by the x and y
components. The discrete CCSD(T) DMS of (]Al) NaH, ™"
was embedded in the molecular rovibrational Hamiltonian
in the manner of Gabriel et al. [45]. In particular, u, and u,
were constructed analytically using power-series expan-
sions of internal displacement coordinates p;, p, and ps.
The most topologically and statistically optimal represen-
tations of u, and p, were 7th order expansions,

Table 4 Structural properties of low-lying vibrational states of ('A;) NaH,", ("A’) NaHD™" and ('A;) NaD,"

(P15 P25 P3

and

(P15 P25 P3

;
) = Z bip} o

ij k=0

7
)= > aupiphph

ij k=0

(12)

(13)

The analytical u, and u, functions were therefore
described by 50 b; and 70 ay coefficients, respectively.

i VBO (cm™!) Assign ltyt513) Sym. Weight® <R>(Na—H)(/f\) (R)(Na-D) A) 0 (°)
(lAl) NaH,*

0 0.00° 1000) a; 0.88 2.4995 17.1
1 341.02 1100) a 0.71 2.5625 16.8
2 646.02 1001) b, 0.82 2.4769 16.1
3 705.75 1200) a 0.52 2.5908 16.7
4 1,057.75 1101) b, 0.73 2.5227 16.0
5 1,096.90 1200, 1300) a 0.56,0.36 26113 16.7
6 1,428.86 1002) a 0.72 24327 15.9
7 1,484.30 1201) b, 0.63 2.5544 16.0
8 1,508.92 1300, 1600) a 0.56,0.35 2.6308 16.7
9 1,905.83 1102) a 0.68 2.4839 15.8
(*A’) NaHD*

0 0.00° 1000) a 0.87 2.4987 2.4990 17.0
1 264.68 1100) a 0.67 2.5578 2.5595 16.7
2 530.18 1001) a’ 0.59 2.5271 2.5522 16.3
3 558.21 1200), 1400) d 0.31, 0.24 2.5522 2.5336 16.4
4 827.25 1101), 1301) a’ 0.46, 0.18 25617 2.5845 16.3
5 871.88 1101), 1001) a’ 0.44, 0.20 2.5777 2.5450 16.3
6 1,134.31 1201), 1101) a’ 0.39, 0.17 2.5526 2.5825 16.1
7 1,178.21 1002), 1600) a 0.44, 0.20 2.5563 2.5547 16.1
8 1,223.73 1002), 1012) a 0.42, 0.22 2.5221 2.5094 16.0
9 1,461.74 1301), 1501) a’ 0.30, 0.24 2.5745 2.6004 16.1
(‘A NaH,*

0 0.00¢ 1000) a 0.87 2.4976 17.0
1 229.45 1100) a 0.64 2.5680 16.6
2 405.22 1001) bs 0.77 2.5000 16.0
3 464.58 1100, 1200) a 0.54, 0.38 2.6056 16.5
4 669.84 1101) by 0.61 2.5446 15.9
5 715.04 1200) a 0.60 2.6246 16.4
6 869.49 1002) a 0.65 2.4720 15.6
7 942.24 1101), 1201) b, 0.48, 0.44 2.5741 15.9
8 980.94 1300) a 0.55 2.6392 16.4
9 1,176.36 1102) a 0.58 2.5108 15.6
* See Eq. 2

b (lAl) NaH, " zero-point energy = 2,561.44 cem™!
¢ ('A’) NaHD™ zero-point energy = 2,213.73 cm™'

4 (A} NaH, ™" zero-point energy = 1,814.24 cem™!
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These coefficients are defined in Table 3. Two-dimensional
projections of u, and p, are presented in Fig. 2, from which
it is observed that physically acceptable representations of
the CCSD(T) dipole moment grid were obtained without the
use of SVD in the optimisation of the coefficients by, a;.

5.4 Vibrational and rovibrational states of NaH,™",
NaHD™ and NaD,"

The low-lying vibrational band origins (VBOs) of (‘A))
NaHfL are detailed in Table 4, as are the respective
assignments and vibration-averaged structures. Each state
listed here has been assigned using a single dominant
configuration, excepting the states with VBOs at 1,096.90
and 1,508.92 cm™!. These latter vibrational state are pre-
dominantly composed of the (1200), 1300)) and (1300),
1600)) configurations, respectively. For the fundamental
[100) and 1001) modes, configuration mixing in the

vibrational wave function is limited. For example, the
weights of the 1100) and 1001) terms in these states are 0.71
and 0.82, respectively. Similarly, the I010) term in the a,
bend fundamental (with VBO at 4,114.22 cm™") exhibited
a configuration weight of 0.77. There is more configuration
mixing in the low-lying overtone bands, as expected. For
instance, the a; with VBOs at 705.75 and 1,508.82 cm ™!
correspond to the 1200) and 1300) bands, respectively.
These states are more delocalised, with the predominant
terms having configuration weights of 0.52 and 0.56,
respectively.

Extensive configuration mixing is observed for the low-
lying vibrational states of (' A’) NaHD ™, which are presented
in Table 4. For example, only the ground state and the [100)
and 1001) fundamental modes have been assigned using a
single dominant term. The weights of the primary configu-
rations in the latter two states are 0.67 and 0.59, respectively,
suggesting that a greater degree of delocalisation is present

Table 5 Ab initio rovibrational transition wavenumbers (cm™') and intensities (cm molecule ™!) of NaH, " in the H-H stretch band for J < 5 and

K=<?2

R Branch P Branch Q Branch

Transition Vab Sab Transition Vi Sap Transition Vi Sab

K=0

151 < 0o 4,117.28 4.59-33° 000 < 101 4,111.23 5.80—35

202 < 1o 4,120.41 1.78-30 log < 202 4,108.32 1.93-33

303 < 202 4,123.62 1.02-32 202 < 303 4,105.49 7.45-33

404 < 303 4,126.92 8.80—33 303 < 404 4,102.75 6.25-33

505 < 404 4,130.31 1.03-30 404 < S0 4,100.12 4.72-33

K=1

212 < 11, 4,117.69 2.71-31 Lig < 21, 4,105.58 6.86—34 1ig < lip 4,111.54 2.37-31

211« Llip 4,117.80 2.38-32 Lig < 212 4,105.68 2.66—31 lip < 114 4,111.64 1.04-31

313 <« 212 4,120.94 2.90-31 211« 312 4,102.79 5.92-32 212 < 211 4,111.64 2.27-30

312« 21, 4,121.11 2.19-32 215« 313 4,102.93 1.22-31 211« 212 4,111.94 2.24-32

414« 313 4,124.30 1.03-33 3120« 413 4,100.11 1.15-32 315 < 312 4,111.79 6.86—31

413« 312 4,124.53 1.48-34 313414 4,100.29 7.83-32 312« 313 4,112.40 2.57-32

S15 < 414 4,127.78 5.21-32 413 < 514 4,097.56 1.48-32 414 < 413 4,112.02 1.57-33

S1a < 413 4,128.07 5.83-30 414 < 515 4,097.78 4.92—-34 413 <« 44 4,112.53 2.69-31
515« 514 4,112.33 5.04-32
514« 515 4,113.83 3.59-30

K=2

300 « 25, 4,128.13 1.01-32 250 < 32, 4,109.41 9.17-33 251 < 229 4,118.28 5.78-33

321 « 259 4,128.13 1.08—-30 251 « 322 4,109.41 1.38—-34 250 < 22, 4,118.28 2.13-32

4y5 « 3, 4,132.35 2.02-32 351 « 4o 4,107.44 1.22-30 322 « 32, 4,119.26 2.01-34

4y, « 355 4,132.35 7.44-34 3,0 « 4o 4,107.44 8.37-32 321 <« 302 4,119.26 4.44-31

524 < 4o 4,136.93 1.25-31 435 < 523 4,105.78 8.66—32 4r3 — 4o 4,120.54 2.22-34

523 < 4o 4,136.93 3.29-33 4r53 <« 524 4,105.78 7.00—32 4rp « 43 4,120.54 1.89-32
524 < 523 4,122.17 1.41-32
523 < 524 4,122.18 3.08-33

* All transitions given in terms of Jg, k., see reference [9]

® 45933 denotes 4.59 x 1073
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in the vibrational wave function of ( 1A’) NaHD™ than those
of ('A;)NaH," and ('A;) NaD, ™. The characters of all other
vibrational states listed in Table 4 are more multi-configu-
rational in nature, and have been described using two
dominant configurations.

The lowest 10 VBOs, their respective assignments and
vibration-averaged structures of (1A]) NaD,* are given in
Table 4. Each of the lowest 10 states has been assigned
using a single dominant configuration, except for the a; and
b, states corresponding to the VBOs at 464.58 and
942.24 cm ™', respectively. The latter vibrational states
were found to be composed primarily from (0.54 x
[100) + 0.38 x 1200)) and (0.48 x 1101) + 0.44 x 1201))
terms, respectively. As for (*A)) NaH, ", the fundamental
vibrational states of ('A;) NaH," have been assigned most
definitively. For example, the fundamental a, breathe and
b, asymmetric stretch modes include 1100) and 1001)
configuration weights of 0.64 and 0.77, respectively. These
vibrational states are therefore more delocalised than the
analogous states for (1A1) NaH, ™. The vibrational overtone
bands for (lAl) NaH,™ also possess more multi-configu-
rational character than the fundamental states. For
example, the 1002) term exhibits a configuration weight of

0.65 in the lowest b, asymmetric stretch overtone (VBO =
869.49 cmfl). Similarly, the second overtone in the a;
breathe mode includes the 1300) term with a configuration
weight of 0.55.

All rovibrational states of (‘A;) NaH,", ('A’) NaHD"
and (IAI) NaD," for v < 10, J < 5 have been calculated in
this work. Rotational constant (A, B, C, D) and Coriolis
coupling (F) matrix elements spanned zby the lowest ten
vibrational states of each species have also been evaluated.
These data are available from the authors upon request.
The x asymmetry parameters for the ground vibrational
states of (‘A;) NaH,", ('A’) NaHD" and ('A;) NaH,"
have been calculated to be —0.9516, —0.9497 and
—0.9473, respectively. As such, each species is a near-
prolate top. All rovibrational states have been assigned
using the Mulliken J, K,, K, assignment scheme [9].

5.5 Vibration-averaged structures of NaH,*,
NaHD™" and NaD,*

The effects of vibration-averaging on the equilibrium Na—H
bond length is quite noticeable in the vibrational ground
state of (A;) NaH,™. Comparison of data from Tables 1

Table 6 Comparison of experimental and ab initio rovibrational transition wavenumbers (ecm™ Y of LiHY * for J < 5and K < 2

R Branch P Branch

Transition Exp. Theor. A Transition Exp. Theor. A
K=0

Lo1 < Ogp 4,058.34 4,063.97 5.64 000 « 1o 4,053.86

202 < 1o 4,063.26 4,069.10 5.84 log < 202 4,043.37 4,048.87 5.50
303 < 202 4,068.15 4,074.26 6.11 202 < 303 4,038.36 4,043.95 5.58
404 < 303 4,072.99 4,079.45 6.46 303 <« 404 4,033.34 4,039.09 5.75
505 < 404 4,077.79 4,084.67 6.88 404 < 505 4,028.35 4,034.31 5.96
K=1

212 < 111 4,059.07 4,064.55 5.48 Lo« 214 4,039.24 4,044.36 5.12
211« Llip 4,059.38 4,064.83 5.44 11 < 212 4,039.54 4,044.64 5.10
3153« 212 4,063.88 4,069.64 5.76 211« 312 4,034.16 4,039.38 5.22
310« 2y, 4,064.34 4,070.05 5.71 212« 313 4,034.62 4,039.80 5.18
414 < 313 4,068.64 4,074.76 6.12 3120« 413 4,029.11 4,034.48 5.37
413« 312 4,069.26 4,075.31 6.05 3153 « 414 4,029.68 4,035.03 5.35
Si5 < 414 4,073.37 4,079.92 6.56 415 < 514 4,024.03 4,029.65 5.62
514« 413 4,074.12 4,080.60 6.48 414 < 515 4,024.77 4,030.34 5.57
K=2

300 « 25, 4,052.79 4,057.95 5.15 250 < 32,1 4,023.24 4,027.83 4.59
321 < 2590 4,052.79 4,057.95 5.16 251« 302 4,023.24 4,027.83 4.59
4r3 < 35 4,057.60 4,063.20 5.60 321 « 4o 4,018.25 4,023.09 4.84
4y, <« 355 4,057.60 4,063.20 5.60 320 < 423 4,018.25 4,023.09 4.84
524 < 4o 4,062.38 4,068.51 6.12 425 < 523 4,013.35 4,018.46 5.11
523 < 4o 4,062.38 4,068.51 6.13 4r3 < 524 4,013.35 4,018.46 5.11

* Experimental data from reference [8]. All transitions given in terms of Jk, k., see reference [9]
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Table 7 Radiative properties of low-lying vibrational states of ("A)) NaH,™, (IA’ ) NaHD" and (‘A,) NaD,"

i VBO (cm™!) ,u2 (au?) Agi (s7H By, (107160m3erg71 ) Soi (cm molecule™) T (s)
(*Ay) NaH, "

1 341.02 3.38+04* 4.20+05 6.36+06 3.07-12 6.13—07
2 646.02 3.06+04 2.594-06 5.76+06 6.24—12 3.29-07
3 705.75 1.264+04 1.394-06 2.38406 2.84—12 1.56—07
4 1,057.75 141404 5.224-06 2.65+06 4.88—12 5.54—08
5 1,096.90 6.96+-02 2.88+405 1.31405 2.50—13 5.64—08
6 1,428.86 9.354+02 8.554+05 1.76+405 4.40-13 1.86—07
7 1,484.30 8.95+03 9.184-06 1.69+06 4.38—12 1.52—08
8 1,508.92 7.154-00 7.71403 1.35403 3.56—15 2.64—08
9 1,905.83 2.044-03 4.434-06 3.84+05 1.28—12 1.75-08
(*A’) NaHD*

1 264.68 271404 1.584-05 5.114+06 1.50—12 8.87—07
2 530.18 1.954+04 9.11405 3.674+06 2.75—12 3.67—-07
3 558.21 1.534+04 8.33405 2.88+06 2.30—12 3.81-07
4 827.25 3.204-03 5.69+4-05 6.034+05 7.50—13 1.24—07
5 871.88 6.46+03 1.344-06 1.224+06 1.60—12 1.13—07
6 1,134.31 4.37+03 2.004-06 8.23405 1.42—12 5.13—-08
7 1,178.21 3.38403 1.73+06 6.36+05 1.14—12 5.96—08
8 1,223.73 1.094-03 6.254-05 2.05+05 3.83—13 6.49—08
9 1,461.74 1.29403 1.27406 2.444-05 5.45-13 2.32-08
(*A’) NaHD*

1 229.45 2.68+04 1.02+05 5.05+06 1.04—12 1.05-06
2 405.22 1.534+04 3.18405 2.874+06 1.34—12 1.42—06
3 464.58 9.02+03 2.844-05 1.704+-06 9.44—13 3.80—07
4 669.84 8.17403 7.704-05 1.544-06 1.32—12 2.70—07
5 715.04 2.614+02 2.994+04 491404 4.54—14 2.00—-07
6 869.49 1.56403 3.22405 2.94+405 3.36—13 7.20—07
7 942.24 5.01403 1.31+06 9.434+05 1.17—12 8.00—08
8 980.94 4.52—-01 1.34+02 8.51401 1.10—16 1.10—-07
9 1,176.36 1.56+03 7.944-05 2.93+05 4.58—13 8.01-08

2 338404 denotes 3.38 x 10*

and 4 indicate the (R) is ca. 0.1 A larger than R., which
corresponds to the PES minimum. The change in the H-
Na-H bond angle is more tempered, with (6) being 0.7°
smaller than the equilibrium value (0.). For the a; breathe
and b, asymmetric stretch fundamental modes, the (R)
values were calculated to be 2.5625 and 2.4769 10%, thus
deviating from the ground state values by 0.0630 and
—0.0226 A, respectively. Contractions in (6) of 0.3 and
1.0° are also observed for the 1100), I001) states, respec-
tively. This illustrates the effects of configuration
interaction in the vibrational wave function on observable
quantities. These data cumulatively suggest that the ana-
lytical ('A;) NaH," PES exhibits a relatively small
curvature in the immediate neighbourhood of the PES
minimum. Comparison of the anharmonic and harmonic
fundamental wavenumbers also assists in such a conclusion.

For example, the 1100), 1001) and 1010) VBOs differ from
the CCSD(T) w,, @, and w; values by —9.3, —202.8 and
77.6 cm™ ', respectively. The exaggerated difference in the
fundamental a; bend mode is typical of MH,"" species [5,
17, 18] and illustrates the high anharmonicity present in the
a; breathe 1D PES coordinate. Vibration-averaged struc-
tures of (lA’ ) NaHD™ are also indicative of a flat PES in
the region of the minimum. For (R)(Na-H) and (R)(Na-D),
a difference of 0.0003 A is observed for the ground
vibrational state. For comparison, the same differences for
(A’ LiHD™ and (*A’) MgHD™" have been calculated to be
0.004 and 0.0783 A [5, 17]. For the ground vibrational
state of (1A1) NaD, ", isotopic substitution results in a
contraction of 0.0014 A in the (R)(Na-D) value, compared
to (lA’ ) NaHD™, as expected. The effect of this isotopic
substitution is negligible with respect to (6).
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Fig. 3 Ab initio rovibrational spectra for v < 10, J < 5 and an
intesity threshold S, at 296 K: a ('A;) NaH," (S,, = 1 x 107%),
7,764 lines, b (‘A") NaH," (S, = 1 x 1072%), 4,855 lines; and ¢
(*A)) NaH, " (S, = 1 x 107%), 4,162 lines. Transition wavenumbers
and intensities given in cm™' and cm molecule ™', respectively

5.6 Comparison of the rovibrational structures of the
NaH," and LiH," vy = 1 « vy = O transitions

The wavenumbers and spectral intensities of low-lying

rovibrational transitions (J/ < 5, K < 2) in the R, P and Q
branches of the NaH," vyy =1 « vgy = 0 band are

@ Springer

listed in Table 5. This transition corresponds to the VBO at
4,114.22 cm™" and as such is close in energy to the same
vibrational transition of the isovalent species LiH,". The
latter transition has been observed experimentally at
4,053.4 cm™!' [17]. A comparison of these experimental
transition wavenumbers with theoretical values is made in
Table 6. The latter were calculated using the algorithms of
this work in conjunction with the (IA]) LiH,* FCI PES of
Page and von Nagy-Felsobuki [5]. It is evident from
Table 6 that these experimental and theoretical transition
wavenumbers of LiH," agree to within 5-6 cm ™! (ca.
0.1%) for J < 5 and K < 2. Similar relative errors were
reported for the D-D stretch band of LiD," [5].

The differences in the vibrational red shifts of the
respective vyy = 1 < vyy = 0 bands for LiH,* and
NaH," are indicative of the relative effects of the metal ion
charge distribution on the ground and first excited vibra-
tional states of the H, moiety. In particular, the vibrational
red shifts of these species may be interpreted as the dif-
ferences in binding energies between the M™—H,
(vug = 1) and MT—H, (vyy = 0) complexes [7]. As such,
the relative anisotropies of the Na*—H, and Li*—H,
interactions may ultimately be compared. For example, the
experimental band centre of the LiH,V vgu=1 «
vyy = O transition represents a red shift of 107.8 cm™!
relative to the Q;(0) transition of H, [46]. Similarly, the
calculated band centre for the NaH, " vyy =1 « vy =0
transition corresponds to a red shift of 47.0 cm™' relative
to the Q,(0) transition of H,. Therefore, the potential sur-
face of the Na*—H, (vgy = 1) complex is effectively
47.0 cm™! deeper than that of the Nat—H, (vyyg = 0)
complex. This is in agreement with the known increases in
the quadrupole moment/polarisability of H, in the first
excited vibrational state [47]. Moreover, this trend is con-
sistent with that observed experimentally for LiH, " [7].

5.7 Vibrational and rovibrational spectra of NaH, ™",
NaHD™" and NaD,*

Vibrational radiative properties, including vibration tran-
sition moments, Einstein A and B coefficients, vibration
band strengths and radiative lifetimes have been calculated
for the low-lying vibrational states of ('A)) NaH,™, (‘A"
NaHD™ and ('A;) NaH,". These data are given in Table 7.
It is evident from this table that the 1001) states of (‘A))
NaH, ", ('A’”) NaHD™" and ("A,) NaD," are of the greatest
intensity, exhibiting S, values of 6.24 x 107", 2.75 x
1072 and 1.34 x 107" cm molecule ™", respectively. It is
therefore anticipated that these bands would be dominant in
the simulated ab initio rovibrational spectra of these spe-
cies, given in Fig.3 for v <10 and J <5. The
rovibrational spectrum of (*A,) NaH," features several
bands of similar intensity in the region 500—1,750 cm™".
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Table 8 Assignments of prominent transitions in the ab initio rovibrational spectra of ("A)) NaH,", ('A’) NaHD" and ('A;) NaD, "

Initial Final Wavenumber Intensity
(cm™) (cm molecule™ ")
lt1t2t3) J Ka K; lt1t5t3) J K. K:
(‘A)) NaH,*
1001) 5 0 5 — 1000) 4 0 4 661.89 1.16—13°
1001) 4 0 4 — 1000) 5 0 5 631.79 9.62—14
1001) 4 0 4 — 1000) 3 0 3 658.59 9.62—14
1101) 5 0 5 - 1000) 4 0 4 1,072.75 9.09-14
1001) 5 1 4 - 1000) 4 1 3 672.28 8.36—14
1001) 3 0 3 — 1000) 4 0 4 634.49 8.29—14
1001) 5 1 5 — 1000) 4 1 4 671.87 8.08—14
1101) 4 0 4 — 1000) 5 0 5 1,042.94 7.99—-14
1201) 5 0 5 — 1000) 4 0 4 1,498.98 7.57—-14
1101) 4 0 4 — 1000) 3 0 3 1,069.74 7.51-14
('A’) NaHD*
1101), 1001) 5 0 5 - 1100) 4 0 4 617.43 4.54—18
|101), 1001) 4 0 4 — 1100) 3 0 3 615.37 3.59—-18
1001) 5 0 5 — 1000) 4 0 4 568.10 3.54—18
1001) 5 1 4 — 1000) 4 1 3 571.19 3.27-18
1001) 5 1 5 — 1000) 4 1 4 570.99 3.22—-18
1100) 5 1 4 — 1000) 5 0 5 310.65 3.18—18
1101), 1001) 5 1 4 — 1100) 4 1 3 620.69 3.16—18
1101), 1001) 5 1 5 — 1100) 4 1 4 620.50 3.11-18
1001) 5 1 4 — 1100) 5 0 5 316.19 3.02—18
1001) 4 0 4 - 1000) 5 0 5 547.63 2.87—18
( A;) NaH,*
1101), 1201) 5 0 5 — 1100) 4 0 4 720.80 1.42-22
1100) 5 1 4 — 1000) 5 0 5 265.32 1.39-22
1101) 5 0 5 — 1100) 4 0 4 448.59 1.32-22
1101), 1201) 4 0 4 — 1100) 5 0 5 705.23 1.28-22
1101), 1201) 5 1 5 - 1100) 4 1 4 724.09 1.18—22
1100), 1200) 4 1 3 - 1100) 4 0 4 265.38 1.17-22
1101), 1201) 5 1 4 — 1100) 4 1 3 724.36 1.16—22
1101), 1201) 4 0 4 — 1100) 3 0 3 719.15 1.16—22
1101) 4 0 4 — 1100) 5 0 5 432.97 1.14-22
1101) 5 1 5 — 1100) 4 1 4 452.53 1.13-22
* See reference [9]
® 1.16—13 denotes 1.16 x 107"
The most intense transitions however have been assigned 500 cm™' region. Nevertheless, the most intense transitions

to the (1001)«I1000)) (~650—750 cm™"), (1101)«I1000))
(~1,000—1,100 cm™") and (1201)«I1000)) (~1,450—
1,550 cm™") bands. Assignments of the most prominent
transitions are given explicitly in Table 8. The rovibra-
tional spectrum of ('A’) NaHD™ exhibits two predominant
bands located at ~550-650 cm™" and ~300-400 cm™".
The most intense lines have been also characterised in
Table 8. These transitions have been assigned to the (1101),
1001)«1100)) and (1001) «I000)) bands, respectively. The
rovibrational spectrum of (IAI) NaD," is dominated by
three bands of intensity ca. 1.5 x 107%* in the 300—

have been assigned unequivocally. In particular, transitions
from the (1100)«I000)) (~250—350 cm™"), (1001),
1201) «<1000)) (~450—550 cm™') and (I1101), 1201)«
1000)) (~700—800 cm™ ') bands have been assigned.

6 Conclusion
The electronic structure of ('A;) NaH," has been investi-

gated using  all-electron,  relativistically-corrected
CCSD(T). At this level of theory, the D, energy for the
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[('A)) NaH," - (!Sp) Nat + (°A;) H, (v = 0)] dissoci-
ation reaction was calculated to be 10.3 kJ mol ', and as
such is in excellent agreement with the experimental value
of 10.3 & 0.8 kJ mol~' [13]. Vibration band origins and
vibration-averaged structures for ('A) NaH,", ('A)
NaHD" and (A,) NaD," were calculated using an
embedded 118-point CCSD(T) PES in conjunction with
variational algorithms. The character of ground and excited
state vibrational eigenvectors were assessed using a con-
figuration weight assignment scheme. In the case of (‘A’)
NaHD™, it was observed that the low-lying vibrational
states possessed a relatively delocalised nature. The rovi-
brational structure of the NaH, " vy = 1 « vy = 0 band
was calculated and compared to that of the isovalent spe-
cies LiH,*. The strengths of the Li*/Na*—H, (vyy = 0)
and Li"/Nat—H, (vyy = 1) interactions were discussed in
the context of the vibrational red shifts of these bands.
Vibrational radiative properties, such as vibration transition
moments, Einstein A and B coefficients, vibration band
strengths and radiative lifetimes were calculated using an
embedded 90-point CCSD(T) DMS. All transition moment
integrals were calculated using a novel numerical scheme.
Spectral transition intensities of all rovibrational states
such that v < 10 and J < 5 were subsequently calculated
for each species. In all cases, the rovibrational wave
functions of (*A;) NaH,", ('A’) NaHD™" and ('A,) NaD,"
were assigned unequivocally using the J, K, and K.
assignment scheme, in conjunction with normal modes of
vibration.
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