Ab mnitio potential energy surface, electric
dipole moment, polarizability tensor, and
theoretical rovibrational spectra in the
electronic ground state of “'NHJ

Sergei N. Yurchenko,® Walter Thiel,® Miguel Carvajal, ¢
and Per Jensen 9

&Technische Universitat Dresden, Institut fiir Physikalische Chemie und
Elektrochemie, D-01062 Dresden, Germany

b Maz-Planck-Institut fiir Kohlenforschung, Kaiser- Wilhelm-Platz 1,
D—45470 Mdilheim an der Ruhr, Germany

¢ Departamento de Fisica Aplicada, Facultad de Ciencias Experimentales, Avenida
de las Fuerzas Armadas s/n, Universidad de Huelva, E-21071 Huelva, Spain

d Theoretische Chemie, Bergische Universitit, D-42097 Wuppertal, Germany

Abstract

We report the calculation of a six-dimensional CCSD(T)/aug-cc-pVQZ potential
energy surface for the electronic ground state of NH‘;)F together with the correspond-
ing CCSD(T)/aug-cc-pVTZ dipole moment and polarizability surface of “NHZ.
These electronic properties have been computed on a large grid of molecular ge-
ometries. A number of newly calculated band centers are presented along with the
associated electric dipole transition moments. We further report the first calculation
of vibrational matrix elements of the polarizability tensor components for 14NH§F;
these matrix elements determine the intensities of Raman transitions. In addition,
the rovibrational absorption spectra of the vo, v3, vy, 209 — 1o, and vy + v3 — 1y
bands have been simulated.
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1 Introduction

Thus far, there have been only few experimental, high-resolution spectroscopic
studies of the ammonia cation NHJ . The experimental observations are limited
to the infrared absorption bands vs, s, and vy — 2wy, vy — 1y + 13 [1-
3]. At low resolution, the “NHZ ion has been studied by photoelectron and
photoionization spectroscopy [4-15]. Further, the infrared spectrum of NHJ,
trapped in a solid neon matrix, has been recorded [16]. To the best of our
knowledge, no observation of the NH Raman spectrum has been reported.

Theoretical studies of NH3 are more abundant: A number of ab initio calcula-
tions have been done [17-25] to provide theoretical information and encourage
experimental work. Considering only the variation of the two vibrational coor-
dinates that describe the ion as having structures of Cj, geometrical symmetry
(see, for example, Ref. [26,27]), Botschwina [18-20] obtained a two-dimensional
ab initio potential energy surface (PES) and the corresponding electric dipole
moment surface (DMS) with the coupled electron-pair approximation (CEPA)
method [28]. With this ab initio information, he predicted many vibrational
term values and relative infrared intensities [18-20] with an accuracy equal-
ing that of present-day calculations. Spirko and Kraemer [21,22] calculated
full-dimensional ab initio PESs at different levels of theory and a correspond-
ing DMS was reported by Pracna et al. [23]. These authors used their DMS,
together with a PES from Spirko and Kraemer [21,22], for computing rovibra-
tional energy levels and line strengths. In that work, special attention was paid
to the symmetric out-of-plane bending mode (which turns into the “umbrella-
flipping” inversion mode in NH3). More recently, Viel et al. [25] have calculated
the PES of NHJ at the MR-CI level of theory with the purpose of studying
the photoelectron spectrum of NHjs, taking into account the Jahn-Teller effect.

We report here the theoretical computation of spectral data (band centers
and vibrational transition moments together with rovibrational transition
wavenumbers and intensities) for electric-dipole and Raman spectra of NHJ .
These data are obtained from an ab initio PES with accompanying DMS and
polarizability surface also calculated as part of the present work. Relative to
previously published theoretical results [19-21,23] for NH3, we have achieved
a noticeable improvement in the reproduction of the extant experimental data.
Our ab initio electronic-property surfaces are more accurate than those pre-
viously available and therefore more useful for the prediction of spectroscopic
properties, especially for transitions involving highly excited states. We have
generated, for the first time, the six-dimensional ab initio polarizability surface
for NH7 .

In order to generate (ro)vibrational energies and intensities for the electric-
dipole and Raman spectra of NHJ, we solve the nuclear-motion Schrédinger



equation variationally. In these calculations, we take into account all internal,
nuclear degrees of freedom (i.e., all vibrational modes and the rotation). The
theoretical procedure has been explained in Refs. [29,30] and applied to a
number of pyramidal molecules: Ammonia NHj [31,32], phosphine PH3 [33—
35] and, most recently, bismutine BiHz and stibine SbH3 [36].

The NHJ ion is planar at equilibrium with Ds, geometrical symmetry; its
Molecular Symmetry (MS) Group is Ds,(M) [26,27], which is isomorphic to
the point group Dgp,. The irreducible representations of Ds,(M) and Dy, are
given in Table A-10 of Ref. [26]. The D3,(M) selection rules for vibrational
transitions [26,27] are such that some of the fundamental vibrational tran-
sitions are forbidden in absorption and emission. This motivated us to sup-
plement the information on such ‘inactive’ IR bands with information on the
corresponding Raman transitions which satisfy other selection rules [26,27] so
that they are not forbidden.

An important motivation for the present work is astrophysical: Ammonia is
found in comets, interstellar space, and planetary atmospheres [37-39]. Spec-
troscopic studies of NH3 and related molecules lead to new understanding of
these environments. For example, the nascent ortho-to-para ratio (OPR) for
NHj; in a comet can be interpreted to give the temperature of formation of
the NHj species, and hence the temperature of formation of the comet; the
temperature of formation of the comet indicates the distance from the solar
nebula at which the comet was formed. The NH; OPR can be determined by
analysis of the emission spectrum of NHy which derives from the photodisso-
ciation of NHy [40-42]. Interstellar microwave transitions have already been
observed for NHj [37]. In addition nitrogen-containing, tetra-atomic ions such
as HCNHT [43] have been detected in interstellar space, and so NH3 appears
a probable candidate for interstellar detection.

The paper is structured as follows. Section 2 discusses the ab initio PES, and
Section 3 is concerned with the DMS and the polarizability surface. In Sec-
tion 4 we describe the computed vibrational bands, the electric-dipole tran-
sition moments, the polarizability-tensor matrix elements and the intensity
simulations of rovibrational absorption spectra. Finally, we present conclu-
sions in Section 5.

2 The ab initio potential energy surface

The ab initio PES of NHf has been computed with the MOLPRO2002 [44,45]
package at the UCCSD(T)/aug-cc-pVQZ level of theory (i.e., unrestricted cou-
pled cluster theory with all single and double substitutions [46] and a pertur-
bative treatment of connected triple excitations [47,48] with the augmented



correlation-consistent quadruple-zeta basis [49,50]). Core-valence correlation
effects were included at each point by adding the energy difference between
all-electron and frozen-core UCCSD(T) calculations with the aug-cc-pCVTZ
basis [51]. Throughout the paper this PES, and the level of theory at which it
is calculated, will be referred to as AQZ.

Following our previous work on XY3 molecules [29], we represent the PES by
an expansion (PES type A in Ref. [29])

V (&1, 62, &3, Saar Eavs sin p) = Ve + Vo(sinp) + Z Fj(sinp) &;
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& =1—exp(—alr;—r.)), 1 =1,2,3, (2)

which describe the stretching motion,

1

§40 = % (201 — g — a3), (3)
1

Eap= ﬁ (042 - 063) ) (4)

which describe the ‘deformation’ bending, and

o 2 .
sinp = 7 sin[(ay + ag + a3) /6] (5)

which describes the out-of-plane bending motion. In Egs. (2)-(5), r; is the
instantaneous value of the internuclear distance N-H;, i = 1, 2, 3, and the
H-N-H bond angle «; is ‘opposite’ to the r; bond. We truncate the expansion
in Eq. (1) after the fourth order terms.

The pure out-of-plane-bending potential energy function in Eq. (1) is taken
to be

||Mu>

(sin p) (sin pe — sin p)?, (6)



and the functions Fjj (sin p) are defined as

N
Fip..(sinp) = [ (sinp. — sin p)°, (7)
s=0

where sin p. = 1 is the equilibrium value of sin p and the quantities fo(s) and

f](z) in Egs. (6) and (7) are expansion coefficients. The summation limits in

Eq. (7) are N = 3 for F;(sinp), N = 2 for Fji(sinp), N = 1 for Fjy(sinp),
N = 0 for Fjg,(sinp). In total there are 49 symmetrically unique potential

parameters f](,i)

The Morse parameter a is fixed to the value 2.13 A~'. The 49 parameters f](Z)
are obtained through fitting to 1251 ab initio energies computed for a set of
geometries covering the range 0.9 A<r <nr< rs < 1.2 A and 90° < Qaq, Qo
az < 120°. The root-mean-square (rms) deviation of the fitting is 0.25 cm ™.

The optimized potential-energy parameter values are listed in Table 1.

3 The molecular dipole moment and the polarizability tensor

The ab initio dipole moment (DM) and polarizability tensor (PT) values em-
ployed in the present work were computed with the MOLPRO2002 [44,45]
package at the RCCSD(T)/aug-cc-pVTZ level of theory [46-50] in the frozen-
core approximation. Throughout the paper the DM and PT surfaces, together
with the level of theory at which they are calculated, will be referred to as
ATZfc. Dipole moment and polarizability tensor values were computed in a
numerical finite-difference procedure with an added external dipole field of
0.001 a.u.

The ab initio dipole moment components were calculated at 2281 geometries
covering the same geometry range that was used for the PES. The polariz-
ability tensor has six independent components, and in order to describe them
accurately, it was necessary to compute them on an extended grid of 2661
points.

Following Refs. [30,32,52,53] we use the Molecular Bond (MB) representation
to describe the r; and «; dependence of the electronically averaged dipole
moment vector [26,30] p for NHJ. In the MB representation, this vector is
given by

ﬁ — Iall_%ond e 4 la2Bond e 4 la?]?ond e; (8)

where the three functions iP°", i = 1, 2, 3, depend on the vibrational coor-



Table 1
Ab initio potential energy parameters (in cm~! unless otherwise indicated) for the
electronic ground state of NH§L.

Parameter Value Parameter Value
re/A 1.0207036(11)* fia —9342(214)
a/A-1 2.13% i —425.9(77)
fa 57472.2(64) fias 2719(318)
fé 364126(337) o4 1033.1(79)
3 —853100(6027) floy 7343(196)
fa 2042989 (34772) i —1326(17)
fi —19613(15) fh —7881(314)
f2 2021(537) IO —2973(19)
3 —59330(4946) fiss —6538(351)
19 37674.58(92) Ioss 5339(25)
i) —8710(35) flss 13017(376)
A —26408(627) ACeT 3693.5(80)
£t —130.3(12) iz —99.8(79)
i 5277(48) Ve —391(15)
2 13150(851) 1900 —89(11)
19 —1315.2(54) I3 —242(19)
fla —18267(250) P24 340(17)
2 3788(2425) 1905 618(25)
I 11461.3(42) IOs —937(25)
i 54250(165) e —2514(34)
2 —112973(1583) a4 504(18)
9 491.2(19) i 1570(27)
i —4170(82) FOiaa —611(36)
s 24.4(20) 1905 —856(55)
fis 1392(92) T4 —155(10)
s —725.7(97)

®Quantities in parentheses are standard errors in units of the last digit given.
bParameters, for which no standard error is given, were held fixed in the least-squares fitting.

dinates, and e; is the unit vector along the N-H; bond,

r,—TIy
€;

(9)

B |5 — 14

with r; as the position vector of nucleus i (the protons are labeled 1, 2, 3,
and the nitrogen nucleus is labeled 4). The representation of p in Eq. (8) is
‘body-fixed’ in the sense that it relates the dipole moment vector directly to
the instantaneous positions of the nuclei (i.e., to the vectors r;) [30].

Following Refs. [30,32], we express the three functions 2", i = 1, 2, 3, in



terms of the projections of p onto the N-H bonds

pPert =3 (A7) (e (10)

i=1 N

where (A™1);; is an element of the non-orthogonal 3 x 3 matrix A~! obtained
as the inverse® of
1 cosas cosay
A=|cosas; 1 cosaq |- (11)

cosay cosay 1

All three projections are given in terms of a single function fig(ry, 2, 73, @1, @2,

Oég) [30]

B e =[o(r:, re, r3, 0, o, a3) = fig(r1, T3, T2, 01, 3, a), (12)
B ey =[ig(re, r3, 1, o, a3, 1) = fig(Tra, 71, T3, G2, 1, A3), (13)
B es=[io(rs, ri, re, o, a1, Q) = fig(rs, 9, T1, i3, A2, Q7). (14)

This function is expressed as an expansion

o= Ng)) G+ Ml(c(l])gkq
k Kkl
+ 3 HhanGGln + X i GeGilnGn (15)

k,l,m k,lmmn

in the variables

(p =T}, exp (—627“,3) , k=1,23, (16)
2 1
¢ =cos (qy_3) — cos (%) =3 + cos (aq—3), 1 =4,5,6. (17)

We include the factor exp(—b?r?) in Eq. (16), with a suitably chosen value of
the parameter b, in order to prevent the expansion from diverging at large r,
[32,53].

1 'We have already discussed in Refs. [30,32] that at planar configurations where oy
+ ag + a3 = 2m, the determinant |A| = 0 and A~! does not exist. This is because
e1, €9, and eg are linearly dependent and there are infinitely many possible values
of (pPond, phond pBond) Tn this case we set 715" = 0 in Eq. (8) and express j in

terms of e; and ey only.



The expansion coefficients u,(colzn in Eq. (15) obey the following permutation

rules:

0 0
My = P (18)
if the indices k/,1I’,m/, ... are obtained from k, [, m, ... by replacing all indices

2 by 3, all indices 3 by 2, all indices 5 by 6, and all indices 6 by 5.

We have determined the values of the expansion parameters in Eq. (15), which
we take to fourth order, in a least-squares fitting to the 3x2281 ab initio dipole
moment projections p-e;, 7 = 1, 2, 3. We could usefully vary 113 parameters
in the final fitting, which had a rms deviation of 0.00012 D. Table 2 lists the
optimized parameter values. Parameters, whose absolute values were deter-
mined to be less than their standard errors in initial fittings, were constrained
to zero in the final fitting and omitted from the table. Furthermore, we give
in the tables only one member of each parameter pair related by Eq. (18).

For an ion such as NH7, the dipole moment vector depends on the choice of
origin for the axis system used to describe this vector. The parameter values in
Table 2 define, together with Egs. (10)-(18), a dipole moment vector expressed
in an axis system with origin at the center of mass for *NHj. This dipole
moment vector is required to calculate the line strengths of electric dipole
transitions for *NH{ (see, for example, Ref. [26]).

The components of the static electric polarizability tensor oy, expressed in a
laboratory-fixed Cartesian axis system XY Z, are denoted by asp (A, B =
X,Y,Z). In the ab initio calculations of the present work we determine elec-
tronic expectation values a4p (which depend on the vibrational coordinates)
of these quantities in the electronic ground state. At this stage of the com-
putation, XY Z represents the laboratory-fixed axis system used to define the
nuclear positions in the ab initio calculation. In order to provide a description
of the polarizability tensor that is independent of the choice of axis system we
utilize an MB-type representation, i.e., we express the tensor ay in terms of
the vectors e; from Eq. (9):

3 3
G —exBron 3 ealre, (19)

i=1 j=1

or, equivalently, in terms of the components

(as)ap = (ex) 4 do (ex)p +

i=1j

(e) 4 a™ (e)p (20)

3
= 1

3



Table 2
ATZfc electric dipole moment parameters® in the MB representation for the elec-
tronic ground state of “NHJ [see Eq. (15)].

Parameter Value Parameter Value Parameter Value
b /A1 115 % /DA 2.878810 ulm /DA-1 0.558748
wV/DA-1 6843604  p\0) /DA3 —6.361674 qu /DA=% 19.646100
pl” /DAL 3434735 S, /DA—2 2.186843 ,u2224 JDA=3  —3.219553
(0) /D 1012222 Y, /DA-1 —0.200454  p80). /DA-3 4.237734
(°> /D 2.069054 %), /D 0.130048  pulY,, /DA-2 0.288955
,uu) /DA-2 4835573 ul0 /D 0.073544  pi). /DA-2  —0.811717
WY /DA-2 —3arsse2 S /D 0.632632 ﬂég)zle /DA=2 —0.516277
pO/DA-1 4264478 p0 /D —0.082600 u2255 JDA=2  —0.399009
4 /DA-1 5651595  pl% /D 0.060544 ums /DA—2 2.206634
1) /DA-2 6.823521  ul% /D —0.132632 Y. /DA=2 1555935
w /pA-2 —2808766  p\%), /DA% 35944039  pull, /DA 9.500434
p /DA —osa3rer  pl9, /DA —10497074  pll, /DA-3 2.655695
PP /DAY 12640348 8%, /DA 9457721 ug;g /DA-3 1.774231
pl /DAL 2399561 {9, /DA-3 8.802863 u2336 /DA=3 0523673
M46) /D —0.117599 %), /DA—4 2.630873 u2344 /DA-2 0.648306
1 /D —0.504553 {9}, /DA=3  —3.312608 u2345 /DA-2 1.090952
w9 /D 0.388056 {9}, /DA—3 0401930 p{9L. /DA=2  —0.573295
WO /DA-3 137r9aar {0, /DA 3.997013  u{%. /DA-2  —1.475248
p9 /DA=3  10.049993 %, /DA-2 0938232 i), /DA-1  —0.087380
4%, /DA-2 9.691422 {9, /DA-2 2.075752 M§3)45 /DA-1 0.655178
w0 /pA-2 —g706157  pl0. /DA-2 —0.593303 u2455 /DA-1 —0.013374
w9 DA-3 2220674 p\0 /DA-2 2217717 :“2456 /DA-1 —1.782524
89, /DA-2 2.341861 ug)m /DA% —6.570507  piygs /DA 0.858035
Hgg)s/DA_Q —1.907079 N1225 /DA~3 2.328468 /‘:(),%):’,5 /DA=3 —31.175997
pige/DAT2 4551584 pion, /DATH 2443607 gl /DATT —0.220146
I .
POy /DAY 1834530 pl). /DAT3 —1.605869 N355e /DA~ —0.448908
pO /DA —1.328220 !9, /DA-2 0.584696 u3566 /DA=1 —0.102296
w0 /DA 1.208989  pu{9, /DA-2  —0.394594 M%GG /DAL 0.071158
pD /DA-3  —8850826  p%. /DA-2  —0386002  ul%), /D —0.049562
pi /DA-2  —3858000 %), /DA-3 0.555470  p'0 /D —0.027221
pi /DA=2 25883368 %), /DA-3 2405382 ks /D —0.368059
DA s G DA s oo o
w2 /DA —0.669207  pl%  /DA-2  —0.165703 u4555 /D —0.080231
Mgz);)s/DAﬂ —0.523503 Mg?;)zxs /DA! —0.084613 :“4556 /D —0.532429
80 /DAY 1.263005  pl., /DA? 1941205 pllhg /D 0.477874
usd /DAL 0873503  u{%, /DA-L  —0.591163 2. /D 0.093791
pO /DAL 1204535 pl%  /DA-T 1.023531  pllk. /D 0.020529

?The parameter values in the table define, in conjunction with Eqgs. (10)-(18), a
dipole moment vector expressed in an axis system with origin at the center of mass
for 14NH;}F.



where A, B = X, Y, Z and ey = qy/|qy| with the ‘trisector’

qn = (61 X 62) —+ (62 X 83) + (e3 X el). (21)
We define
D=ex-e;=ex-e=ex-e3= (e Xe)- e3/|qy] (22)

and obtain in a derivation analogous to that leading to Eq. (10)

B3 (), fon (seed) - 7] (47, 25

!
k=1 1=1 J

where A1 is the matrix? introduced in connection with Eq. (10), the vectors
e and e; are understood as row (1 x 3) matrices, and a superscript T denotes
transposition.

By analogy with Egs. (12)-(14), we introduce parameterized functions repre-
senting the projections ey - (&s elT) from Eq. (23). The symmetry properties
of these functions are such that we can express them in terms of two scalar
functions &g and 7y:

el ° (ag erlr) :do(Tl,TQ,Tg,Oél,Oéz,Oég) - dO(T17r37T27a17a37a2)7 (24)
e2 : (as eg) :@0(T27T3, r, 0, O3, Oél) - d(](,r27 r1, T3, 0g, O, 043), (25>
e - (&s egT) =ao(r3, 71,72, a3, 1, az) = Qg(r3, 72,71, A3, (2, 11, (26)

— Ty — T
62' (ase3)—e3' (ase2)

=o(r1, 72,73, 1, A, i3) = Yo (71, T3, T2, 11, 3, A2), (27)
€ (5‘5 eg) =€3- (5‘5 e?)

=70(ra, 73,71, 2, 3, 1) = Yo (12,71, 73, A2, 1, 3), (28)
€ (5‘5 eQT) =€y (5‘5 e1T)

=o(r3, 71, T2, 03, 01, ia) = Fo(r3, T2, 71, i3, o, 17 ). (29)

2 As mentioned above, A~! does not exist at planarity. By analogy with the pro-
cedure used for the MB representation of the dipole moment [30,32], at planar
geometries we set o’zf‘»’“d =0 for ¢« = 3 and/or j = 3 and express &, in terms of ej,

e, and ey = e X es/|e; X e3| only.

10



Since the ag tensor is symmetrical, we have e, - (&8 e;r) =e;- (&8 e?) for i
# j. The scalar functions &g and 7, are expanded [in a manner analogous to
Eq. (15)] in terms of the internal coordinates ( from Eqgs. (16) and (17):

Go=cf) +> G+ D Al GG
K ol

+ D7 AmGGln+ Y Aran GG (30)

k,l,m k,l,mmn

with ¢ = « and ~, respectively. The expansion coefficients a,ﬁ?ﬂnm (for ¢ = )

and ’y,i(l)) _(for ¢ = v) in Eq. (30) are subject to the permutation rules given
in Eq. (18).

We have determined the values of the expansion coefficients oz,(gzn__ and ’7/2?7)71
defined by Eq. (30) for ¢ = a and ~, respectively, in least-squares fittings to
polarizability tensor component values calculated ab initio for NH7. For ay,
we fitted 3x 2661 data points and achieved an rms deviation of 0.000083 A3 by
varying the 109 parameters whose optimized values are listed in Table 3. For
Yo, we also fitted 7983 data points by varying 107 parameters (Table 4). The
rms deviation of the final fitting was 0.000068 A%. Parameters, whose values
are not listed in Tables 3 and 4, were constrained to zero in the final fittings.

The term ey dpey in Eq. (19) is required in order to describe correctly the
polarizability tensor components at planar configurations. When the molecule
is planar, the three vectors ey, ey, e3 [Eq. (9)] all lie in the molecular plane.
If, for the planar configuration, we consider an axis system xyz with the z
and y axes in the molecular plane and the z axis perpendicular to it, then the
term involving the o‘sz”d—functions in Eq. (19) will, by necessity, produce zero
contributions to the a,-components o, = a.,, ay. = .y, and ., at planarity.
By symmetry [26], the components o, = o, and a,, = a,, vanish at planarity
and no problem arises, but «, is non-zero at planarity, and we have introduced
the term ey dpey in Eq. (19) to model it. For planar geometries, the unit
vector ey is perpendicular to the molecular plane so that we have §y = ..
We represent 0y as an expansion in terms of the internal coordinates ¢j, from
Egs. (16) and (17); see Eq. (30) with ¢ = 4. Values of the corresponding
expansion coefficients 6,(9?7)” are obtained by fitting the expansion through
values of the projection ey - (a; e;) which, at planar geometries, has the value
@,,. The scalar function &, depends on the coordinates 7, 72, r3, aq, o, and o
and is totally symmetric in Dg;,(M). Consequently, the expansion coefficients
5,&% [Eq. (30) with ¢ = §] are subject to symmetry constraints which we can
express as

0 0
S = O (31)

11



Table 3

ATZfc polarizability tensor parameters®
electronic ground state of YNHJ [see Eq. (30) with ¢ = al.

Q...

(0)

in the MB representation for the

Parameter Value Parameter Value Parameter Value
b /AT 0 ol /A2 —0.989074 ol /A2 —0.062063
a{? /A2 0.493404 ol /A2 1.952151 ol /A2 —0.189215
ol /A2 —0.465832 aggg —0.460974 ol /A=1 0.076761
al” /A3 0.445852 a334 /A —0.055144 ol —0.046087
ol A3 —0.284352 344 /A2 0.024214 ol /A —0.028324
an) /A —1.189665 a9 /A3 —0.044236 ol /A 0.021640
oY) /A —0.169320 ol /A3 0.137282 afD /A —0.072515
o9 /A2 —1a4m197 ol /A3 —0.700875 ol /A 0.019044
a9 /A2 0.560079 a2 /A3 0.097452 ag‘;)% /A 0.116615
a23) /A —0.312925 al?) /A3 0.026306 al /A —1.323202
ol /A 0.540775 ag(;g /A3 0.137435 ol 0.136829
ol /A2 0.050189 o\, /A-1 0136197 ol 0.054877
ol /A2 0.911449 alP,/A-1 —0.194616 ol —0.201638
ol JA2 —0.311468 al9, —0.476985 ol /A 0.063080
a9 /A3 —0.267262 alf, —0.105702 ol /A —0.042955
ol /A3 —1.014634 a{9, /A= —0.182241 ol /A 0.772595
al® /A3 1.111683 a9, —0.013455 a2366/A —0.061730
aﬁ)l 0.496223 a{9 0.387104 a2 4 \o/AZ  —0.055619
A 0.397490 ol —0.046041 ol /A2 0.030787
a{9, /A 1.394169 a9, /A 0.037216 ol /A2 —0.061066
a9 /A —0.132916 alPe /A —0.089148 ol /A2 —0.105342
A 0.251988 aﬁ‘i)% /A —0.106994 aé%)% 0.243145
a9, /A 0.145328 a{9L /A 0.243709 ol /A2 0.043989
a9 /A —1.904524 a{9,/A=1 0.061230 all /A2 —0.085116
a9 /A 0.298890 a9 —0.145562 all /A2 —0.015273
o9, /A% —0.060657 a9 /A-1 —0.098227 al) /A2 0.043723
a9 /A2 0.401608 a9, —0.129946 ol JAZ —0.008463
ol /A2 0.335064 a9 0.019214 a9, /A3 0.023417
a{D /A2 —0.490512 ag‘;{w//& —0.291728 afl‘i{m/A?’ 0.016761
A 0.117860 a1246 /A 0.256699 a4456 /A3 0.196531
al) /A 0.269858 a9 /A 0.070449 a9 /A3 —0.037671
ol /A —0.530312 a9, 0.015997 al) /A3 0.059061
ol /A —0.279805 a9 0.967789 ol /A3 0.169423
ol /A 0.095014 a9 /A 0.010522 ol JAS  —0.201868
ol /A2 0.177348 a9 /A —0.037858 al% /A3 —0.049009
ol /A2 0.047253 aﬁ{m /A2 —0.195151 ald) A3 0.030824
ol /A2 0.058489 ol /A2 0.652634

%In the cgs unit system, the static polarizability tensor components have units of
cm?®. We use here the related unit A3 = 10724 c¢m?.
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Table 4

ATZfc polarizability tensor parameters® -

o)

ijk...

electronic ground state of 1*NHI [see Eq. (30) with ¢ = 7).

in the MB representation for the

Parameter Value Parameter Value Parameter Value

b /A 0 A4 /A% 0581908 (g /A2 —0.031633
0 /42 0.571253 vieh /A2 —0.014717 Yioha —0.790934
A /A2 —0.158345 v /A 1.770157 Yohs 0.149684
NOWIE 1064409 A9 /A2 —o0a00991 40, /A —0.312831
NOWI —0.671033 ~9) /A3 0.095695 VD /A —0.091105
4O /& ~0.971826 A0 /A3 0.022256 VD 6/ A —0.350528
9 /& 0.167939 O /A3 —0.137319 Vo5 /A 0.034223
NONI 0571641 A0 /A3 —0.167322 9L /A —0.027770
+O /A2 0.607798 40 /A 0041107 {0, /A7T 0234003
»O /& 0.646475 oy /A3 —~0.040988 Viana —0.222918
O /& 0.136753 ~+O JA-1 —0.194871 1 0.178192
MO —1.979865 ~O 0.010980 Vs 0.099244
A0 /42 ~0.058342 ~9 0.154238 13/ A 0.708195
0 /42 1462181 WO /A=t —0.074861 V9 /A ~0.131913
MO 0.308868 0 ~0.055953 /A 0.410695
A0 /43 0.187358 G 0.055629 ~9 /A 0.100046
O /A3 —0.172508 +0 0.405061 Yau/A? —0.033803
49 0.699937 ~O /A —0.068093 7505/ A2 0.034601
O oomm  AOwA oomem  Gu/A oo
A0 /& ~0.309539 ~OL /A 0.043053 Vhe /A2 0.134212
40 ~0.161635 ~O) /A —1.476878 Viahe /A2 0.101537
JOA ossiss AQ ATt ooess 4 ot
40 /A& ~0.178955 1 os 0.240693 Vidhs /A2 0.079421
v /A —oo7a2e A /A-T 0oea625 4 /A2 0.006624
NOWIC 0.143030 +9, ~0.271015 ~ ) /A2 0.126310
NOWIt —0.760431 +9. /A 0.129446 V0 /A2 —0.014971
0 /A2 0.062305 16/ A 0.575131 ebe/ A2 0.045119
A0 /A2 2.070483 0L /A 0.077033 vida/A® —0.025655
9 —0.396710 SAN —0.268837 vidis /A —0.050596
79 /A —0.782040 e —0.060920 Vithe /A3 0.211031
0 /& 0.550283 0 /A —0.119683 Yiake/A®  —0.163845
0 /& 0.468093 VO /A 0.051170 ik /A3 —0.022778
0 /A —0.577397 9. /A2 —0.055251 ioke /A3 0.085410
NOWI 0.113045 1oL /A2 —0.168697 VO JA3 —0.028347
A0 /&2 0.106509 0 /A2 0.067165 ioke /A3 0.037276
s/A2 0277997 yfe/A? 0112158 4igre/A®  0.002851

%In the cgs unit system, the static polarizability tensor components have units of
cm®. We use here the related unit A3 = 10724 cm3.
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For example, in order that &, be invariant under the operation (123) of Dsj,(M)
[26], the indices k'I'm’ ... in Eq. (31) are obtained from klm ... when all indices
1 are replaced by 3, all indices 2 by 1, all indices 3 by 2, all indices 4 by 6,
all indices 5 by 4, and all indices 6 by 5. Similar relations can be obtained
by considering the other permutation operations (132), (12), (13), and (23)
in Dy, (M). With the 46 unique parameters listed in Table 5 we were able
to reproduce 2661 ab initio values of ey - (&, e)) with an rms deviation of

0.000050 A3. At equilibrium we obtain &) = —0.8868 A3

At the planar equilibrium geometry (with all «; = 120° and all r; = 7
1.0207 A), the polarizability tensor of NHJ is characterized by al® =
(Te, Tes Te, 120°,120°,120°) = —1.2060 A3, 5g(7e, e, 7e, 120°,120°,120°) =
—a9 /2, and 6©) = §(re, e, Te, 120°,120°, 120°) = —0.8868 A3. If we choose,
as in the preceding paragraph, a molecule-fixed axis system xyz such that
the z-axis is perpendicular to the molecular plane at equilibrium, the only
non-zero components are a{2) = a{) = a%, and alp) = 6(0).

o |
S

The intensity of a Raman transition depends on matrix elements of static po-
larizability tensor components between the ro-vibrational wavefunctions con-
nected by the transition [26,27,54]. The static polarizability tensor determines
the electric dipole moment induced by an external electric field. In order to
facilitate the evaluation of the matrix elements required for computing Raman
intensities, the Cartesian polarizability tensor is conveniently transformed to
irreducible spherical tensor form [26,54]. The irreducible tensor components
of the static electric polarizability tensor in the space-fixed axis system are

1
al00) = -7 [axx + ayy + azz] (32)
1
a?0 = % 2077 —axx — ayy] (33)
@gzil) =TFaxy —1Qyy (34)
1 _
5{§2¢2) = 5 [@XX — C_Yyy] + axy, (35)

where we use a ‘bar’ to signify that the tensor components are averaged over
the electronic ground state wavefunction. The space-fixed components &(*")
can now be relatively straightforwardly transformed to the molecule-fixed axis
system zyz [26,55]: The operator a{*? in Eq. (32) is totally symmetric in the
rotation group K(spatial) [26] and thus invariant under rotations in space (i.e.,
it transforms as the irreducible representation D). The operators a3, o =
0, £1, 2, in Egs. (33)-(35) transform as the irreducible representation D(?)
of the group K(spatial). The irreducible tensor components in the molecule-
fixed axis system zyz, which we denote as &%, a9 a2+ and a@+? are
obtained [26,56] by replacing, in Egs. (32)-(35), subscript s by subscript m, X
by z, Y by y, and Z by z.

14



Table 5

ATZfc polarizability tensor parameters®
electronic ground state of 14NH§{ [see Eq.

(0)
ijk...

(30) with ¢ = ).

in the MB representation for the

Parameter Value Parameter Value Parameter Value
b JA! 0 59 0.491484 50 0.229499
5% /A3 —0.302838 59 /A2 —0.171005 59 /A 0.303504
5\ /A3 0.057101 501 /A2 —0.164452 sOL /A —0.017150
5 /A —0.638935 590 /A3 —0.250350 5L /A 0.189312
59 /A 0.368525 59 /A3 —0.010198 59 /A 0.208419
s /A2 —0.346979 50 /A3 0.023956 5O /A=1 —0.086087
s /A2 —0.082276 59, 0.238257 SO /A —0.181862
59 /A3 0.040883 59 0.390058 59 /A2 —0.104290
s /&3 —0.079680 5O JA=1 0.211208 59 4 /A2 0.092558
80 /A —0.600373 89 /A= —0.149092 50 /A2 0.041340
59, 0.985018 59, —0.237972 5901 /A2 —0.040422
59 —0.356775 50 —0.055421 589, /A3 0.005441
59 /A 1.092313 59 —0.341766 5% /A3  —0.026849
50 /A 0.314545 89, /A 0.072321 5O /A3  —0.109425
530 /A2 0.391433 5O /A —0.067657 59) /A3 0.078811
sOL /A% —0.021601 sOL /A 0377933

%In the cgs unit system, the static polarizability tensor components have units of
cm®. We use here the related unit A3 = 10724 c¢m?.

4 Rotation-vibration energies and spectra

4.1 Band centers

The AQZ potential energy surface described in Section 2 has been used to
calculate vibrational term values of *NHJ . The calculations were carried out
with the computer program XY3 described in detail previously [29]. In the
numerical integration of the out-of-plane-bending Schrodinger equation (see
Ref. [29]) a grid of 1000 points was used. The size of the vibrational basis set
was controlled by the parameter P, defined so that

P22(01+U3)+U2/2+U4 < Pmaxa <36>

where the vibrational quantum numbers vy, v3 are associated with the stretch-
ing basis functions, vy describes the excitation of the out-of-plane bending
mode, and vy describes the excitation of the ‘deformation” bending mode. We
use here P,.. = 14. The kinetic energy operator expansion was truncated
after the 4th order terms while the potential energy function was truncated
after the 6th order terms [29]. The spin-rotation splitting is found to be small
for NH3 [1] and so we neglect spin effects in the rovibrational calculations. In
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Table 6, we list the calculated term values for vibrational states of **NH3 with
Ay, AL F', and E” symmetry in Dg, (M) (states of symmetry Al and A are
highly excited and no such state has been experimentally characterized owing
to unfavourable selection rules); the calculated term values are compared with
the available experimental and theoretical values.

Calculations carried out with the kinetic energy operator being expanded to
different orders suggest that for the term values in Table 6, the error origi-
nating in the kinetic energy truncation is generally within 1 cm~!. The only
exception is the v5 + 4, level at 6878.42 cm~! which has an estimated error

of about 3 em~1!.

4.2 Electric-dipole transition moments

Along with the band centers described in Section 4.1 we compute the vibra-
tional transition moments defined as

ppe= >0 {OW | fia | L), (37)

a=T,Y,%

where [®\%)) w = i or f, are vibrational wavefunctions (J = 0), and Jiy is
the component of u [Eq. (8)] along the molecule-fixed o (= x, y, z) axis. The
matrix elements required are generated by techniques described in Ref. [29]
for matrix elements of the potential energy function. In calculating the vibra-
tional wavefunctions, we use the ab initio AQZ potential energy surface. To
obtain the vibrational transition moments we utilize the ATZfc dipole moment
surface. The basis set truncation parameter Py., [Eq. (36)] was chosen to be
14.

By comparing our theoretical values for the vibrational transition moments /i ¢
to other theoretical values available in the literature [18,23] for Y NHZ, we can
assess the quality of the ATZfc dipole moment surface. We make this compari-
son in Table 7. It is seen that the ATZfc DMS affords a reasonable description
of the intensities for transitions involving both stretching and bending exci-
tation. The corresponding vibrational transition moments for NH3 have been
reported in Refs. [30,32].

In Tables 8 and 9 we provide more extensive lists of transition moments rele-
vant for the room-temperature absorption spectrum of “NHZ . We list ‘effec-
tive intensities’ defined as

87T3NAﬂif e Ei/kT

In(f =)= (4meg)3he  Qest

[1 — o (B =E)/RT /ﬁ% (38)
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Table 6

Band centers (in em™!) for vibrational states of NHj with A,

4, E', and E"

symimetry.
State® '’  AQZ¢ Obs.? MR—CI¢ CEPAS State T AQZ Obs. MR-CI®
2v9 A/1 1836.69 1843.9 1840 1839 V4 E’ 1512.54 1507.1 1518
2vy A/1 2998.66 2vy E’ 3015.73
21 Al 3230.87 32329 3221 3322 2ug 4+ 14 E’ 3368.85 3327
4o Al 3796.11 3807.4 3794 3812 V3 E’ 3389.49 3388.65" 3331
3v4 A/1 4509.33 3v4 E’ 4478.28
2v2 + 2u4 A/1 4875.99 v1+1va E’ 4731.49
v3 + vy All 4897.52 v3 + V4 E’ 4879.45
V1 + 219 A’1 5053.99 2vo + 214 E’ 4891.90
6o A/1 5838.99 5851.7 5833 5877 2v9 + 3 E’ 5192.20
4vy A/1 5938.25 dvo + vy E’ 5345.37
v1 + 214 A’1 6201.72 dvy E’ 5952.52
v3 + 2v4 A’1 6358.85 4vy E’ 5996.56
2v2 + 3v4 A/1 6404.43 v1 + 2v4 E’ 6220.87
2v1 A/1 6404.75 v3 + 2v4 E’ 6335.89
2u3 Al 6691.19 2v9 + 3va E’ 6376.01
2v2 + 13 + g A’1 6721.18 v3 + 2v4 E’ 6381.04
4vg + 2v4 A/1 6870.95 v1 +v3 E’ 6515.33
v1 + 4o All 7000.12 v+ 20 +v4 E' 6574.90
2us +v3 +uvg B 6702.07
. 2v3 E’ 6751.66
8vo A/1 7943.52 7957.8 7935 8010 dvo + 2vy E’ 6884.63
12} A’Q’ 899.33  903.39° 903 899 vo + vy E" 2421.91 2413
3v2 A/Q/ 2804.10 2813.2 2805 2812 v + 2v4 E" 3935.14
vo + 21y A/2/ 3918.51 vo + U3 E"” 4271.49 4274.957 4247
v + 2 A’2’ 4123.35 4127.5% 4143 4214 3v2 + 14 E” 4345.23 4259
%) A’Q’ 4808.74 4821.2 4804 4835 vo + 3v4 E" 5408.37
vo + 3v4 A/Q/ 5438.43 v +ve + vy E" 5634.30
vo +vs+uvg A 5790.09 vo4+v3+uvy E'" 5771.74
3vg + 2v4 Al 5862.01 3va + 2v4 E” 5876.74
V1 + 32 A’Q’ 6014.71 6022.59 6115 3va +v3 E" 6143.29
vo + 4vy A/Q/ 6878.42 bvg + 14 E" 6365.29
Tvg Al 6884.52 6899.4 6877 6936 vo + 4vy E” 6892.42
S vo + 4vy E” 6935.53
1% A/Q/ 9014.58 9030.4 9007 9097

%Spectroscopic assignment.
®Symmetry of the vibrational state in Dsp,(M) [26,27].
“Band centers calculated theoretically in this work.

dExperimental band centers, from Ref. [6] unless otherwise indicated.
°MR-CI theoretical band centers from Ref. [21].
JCEPA theoretical band centers from Ref. [19].

IRef. [14].
hRef. [1].
‘Ref. [2].
IRef. [3].

FRef. [14]. The experimental value obtained in Ref. [6] is 4345.7 cm L.
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Table 7
Vibrational transition moments p; for “NHY (in D).

States Hfi
i f MR—CI® CEPA® ATZfc®
g.8. Vg 0.311 0.324 0.318
ve 2v2 0.440 0.434
2v9 3v2 0.525  0.517
3vg 4o 0.591  0.583
4vo 5ug 0.645 0.638
5v9 6v2 0.694 0.686
6ro Tvo 0.735 0.728
Tva 8va 0.775  0.766
8va Yo 0.807 0.801
vy U1 0.031
g.s. U3 0.238 0.248
ve v2+ 3 0.243
g.8. V4 0.187 0.185
vy v+ 0.182
g.8. 2v2 +va 0.007
vy 3v2 +v4 0.008
g.s. 21/2 0.036
Vo V2+2V§ 0.038

*MR-CI theoretical values from Ref. [23].
YCEPA theoretical values from Ref. [18].
“Present work.

where F; and E; are the band centers of the initial and final states, respec-
tively, V4 is the Avogadro constant, h is Planck’s constant, ¢ is the speed of
light in vacuum, k is the Boltzmann constant, 7' = 300 K, ¢, is the permittiv-
ity of free space. The vibrational strength is u?i with piy; defined in Eq. (37),
and, finally, the partition function Q.g was set to 100. Q.¢ = 100 can be
viewed as a typical value of the rotation-vibration partition function, and so
the value of I(f « i) is representative for the intensities of the individual
rotation-vibration transitions of the vibrational band in question. Only tran-
sitions with Ip;(f < i) > 3 cm mol~! are included in Tables 8 and 9. The
intensities from these tables are visualized in Fig. 1.

We have carried out calculations of the electric-dipole matrix elements in
Table 7 and the effective intensities in Tables 8 and 9 (and of the polarizability-
tensor matrix elements described in Section 4.3 below) with various values of
Prax [Eq. (36)]. These calculations suggest that, with the limited number of
significant digits given here, the values listed are essentially converged.

4.3 Polarizability tensor matriz elements

The ATZfc polarizability tensor surface has been used, together with the vibra-
tional wavefunctions |q)$fb)>, w =1 or f, described in Section 4.2, to compute
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the matrix elements

aoo(f,1) =/ (@) | alt® | 812, (39)
aso(f,1) =/ (@) | a2 | 812, (40)
B, ) =/ (@) | a2V | 81))2 4 (@) | al o) (41)
V(£ i) =@ ] al? [ el + (@) | a7 | 22, (42)

where the definitions of the irreducible tensor components of the static po-
larizability tensor in the molecule-fixed axis system zyz, @l®%, a9 a2+
and a(>*?) | are given in connection with Egs. (32)-(35). From the matrix el-
ements in Egs. (39)-(42) we can generate all the vibrational matrix elements
that govern the intensities of Raman transitions. The results for a number of
low-wavenumber vibrational transitions are given in Tables 10 and 11.

4.4 Intensity stmulations

We have simulated the vy, 219 — 19, 13, 119 + 13— 19, and 14 absorption bands of
MNHZ at an absolute temperature of 7' = 300 K. These simulations are based
on the potential energy surface AQZ and the dipole moment surface ATZfc;
they are analogous to those reported for NHj in Ref. [32]. The simulated bands
all start in the vibrational ground state, and we include in them transitions
between rotational states with J < 20. In Fig. 2, we have drawn the simulated
spectra as stick diagrams, where the height of the stick representing a line is
the integrated absorption coefficient [30,32]. The line strengths are computed
with the spin statistical weight factors g,s = 0 for states with A} and A}
symmetry in Ds, (M) [26,27], gus = 12 for states with A} and Aj symmetry,
and g,s = 6 for states with symmetry £’ and E”. In order to reduce the size
of the matrices to be diagonalized and thus make the calculations feasible, the
vibrational basis set is reduced to have P, = 10 [Eq. (36)] relative to the Pyax
= 14 basis set employed for calculating the vibrational transition moments in
Section 4.2. Test calculations indicate that the effect of this reduction on the
line intensity values of the bands in question is less than 0.01% and thus very
small.

In computing the integrated absorption coefficient, we use the partition func-
tion value @) = 901.2, which is obtained from the J < 20 term values calculated
variationally at T=300 K.
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Table 8
Vibrational transition moments pr; and effective intensities Ir; (' = 300 K) for
14NH§' transitions originating in the ground vibrational state.

Band® I‘l} vei(em™1h) pypi (D) Ipi(cm mol™1)
|12 Al 899.33 0.31746 224140.9
V4 E’ 1512.54 0.18478 129360.6
3o Al 2804.10 0.00067 3.1
2v4 E’ 3015.73 0.03626 9937.5
2v9 + vy E' 3368.85 0.00743 465.7
V3 E’ 3389.49 0.24759 520816.7
v + 2v4 AY 3918.51 0.00062 3.8
v+ v2 AY 4123.35 0.01418 2078.6
3va E’ 4478.28 0.00135 20.5
V1 +va E’ 4731.49 0.00274 89.1
V3 +va E’ 4879.45 0.03072 11546.3
2v9 + 2v4 E’ 4891.90 0.00313 119.8
2v9 +v3 E’ 5192.20 0.00383 190.8
v + 3v4 AY 5438.43 0.00074 7.4
vy +vs+uvg Aj 5790.09 0.00070 7.2
dvy E’ 5952.52 0.00072 7.7
4vy E’ 5996.56 0.00097 14.2
V1 + 2v4 E’ 6220.87 0.00222 77.1
v3 + 2v4 E’ 6335.89 0.00479 363.9
v3 + 2v4 E’ 6381.04 0.00053 4.5
V1 +v3 E’ 6515.33 0.01869 5703.8
2up +v3 +vg E 6702.07 0.00042 3.0
2v3 E’ 6751.66 0.00505 431.2
va +v3+2uy A 7259.86 0.00045 3.6
2v1 + 12 Al 7290.40 0.00109 21.5
v1 + 3va E’ 7663.79 0.00056 6.0
v3 + 3v4 E’ 7793.37 0.00041 3.4
2v1 + vy E’ 7894.21 0.00100 19.9
vi+vs+va E' 7996.52 0.00249 124.1
2v3 + 14 E’ 8162.96 0.00089 16.2
2v3 + 14 E’ 8233.26 0.00103 22.0
vi+2v2 +uvs E' 8304.08 0.00047 4.6
2v1 + 2v4 E’ 9368.53 0.00083 16.0
v +v3+2vf E 9435.96 0.00053 6.7
2v1 +v§ E’ 9557.14 0.00176 74.5
v + 2vg E’ 9819.33 0.00076 14.3
3vg E' 9970.07 0.00147 53.7
3vs + vy E’ 11491.38 0.00069 13.9
3vg + 2§ E’ 12942.49 0.00065 13.6
4vg E’  13184.39 0.00030 3.0

%Spectroscopic assignment.

bSymmetry of the final vibrational state in Dsy, (M).

¢Ambiguous assignment. The use of un-symmetrized stretching basis functions
makes it difficult to assign v and v3 unambiguously.
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Table 9
Vibrational transition moments pf; and effective intensities Ir; (T' = 300 K) for a
number of hot “NHJ transitions.

Band® I’l; ¢ vp(em™1) pypi(D) I¢i(cm mol™1)
2uy — V2 AY A} 937.37 0.43392 5858.6
vo +v4 — U2 Ay E" 1522.59 0.18174 1687.0
2uy — v2 Al A} 2099.33 0.01049 7.8
V] — vy Al Al 2331.55 0.03134 76.9
Vo + 2v4 — 12 Al E" 3035.81 0.03791 146.5
vo +v3 — g Ay E" 3372.17 0.24340 6706.5
3vg +v4 — 2 Ay EV 3445.90 0.00756 6.6
v + 2v2 — o Al Al 4154.66 0.01913 51.0
vo+uv3+ g — o Al E" 4872.42 0.03059 153.0
3va +v3 — o Ay E" 5243.96 0.00610 6.6
vo +v3 + 24 — 1o Ay EV 6340.09 0.00560 6.7
vi+va+rvs—ua Al E" 6490.76 0.01835 73.4
Vo + 2v3 — va Ay E" 6717.97 0.00467 4.9
Vo 4+ V4 — Vg E" E" 909.37 0.45232 325.7
2uy — vy E' A} 1486.12 0.18957 94.6
2uy — Vg E" FE’ 1503.19 0.25875 178.3
V] — 4 E' A} 1718.33 0.03508 3.7
V3 — V4 E' E’ 1876.95 0.05928 11.7
3v4s — s E' E 2965.73 0.02695 3.8
3v4 — 14 E' A} 2996.78 0.04314 9.9
3vs — 14 E' A 2998.48 0.04517 10.8
v +v4— 1y E' FE’ 3218.95 0.02651 4.0
e 7 ) E' Al 3358.92 0.17512 182.6
V3 4+ v4 — Vg E" FE’ 3366.90 0.22848 311.6
2ug 4+ 2v4 — vy E" FE’ 3379.35 0.03231 6.3
V3 +v4 — g E’ A} 3384.98 0.16719 167.8
vi+ve+uvg—us E'" E" 4121.76 0.02030 3.0
v3+2u4 — vy E" FE’ 4823.34 0.02998 7.7
v3+2u4 — vy E' A} 4846.30 0.03393 9.9
v3 +2u4 — vy E' Al 4848.88 0.03201 8.8
2U1 +vg — g E" FE’ 6483.97 0.01795 3.7
3vg — 219 AlAY 967.41 0.51678 95.8
2 + vy — 212 AL E 1532.16 0.17859 18.3
2y + vz — 22 Al E 3355.51 0.23979 72.3
2uo + Vg — (1/2 + 1/4) E" E' 946.94 0.61774 8.1
vo +v3 +vg — (1/2 + 1/4) E" E" 3349.83 0.22681 3.9

“Spectroscopic assignment of the vibrational band.
®Symmetry of the final vibrational state in Dsj, (M).
¢Symmetry of the initial vibrational state in Dgp,(M).

5 Conclusions

We have calculated a six-dimensional CCSD(T)/aug-cc-pVQZ potential en-
ergy surface for the electronic ground state of *NHZ together with the corre-
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Table 10
Matrix elements of the polarizability tensor (in A®) for “NHJ transitions originating
in the ground vibrational state.

Band® Uy vpi/em™ ago a0 g v
g.s. Al 0.00 1.99927  0.29718

vy E' 1512.54 0.03804

2v9 Al 1836.69 0.00125  0.00528

Vo + 14 E"” 242191 0.00763x
2v4 E’ 3015.73 0.01337

21 Al 3230.87 0.16195  0.06433

2vg + g E’ 3368.85 0.00298

V3 E’ 3389.49 0.07435

4o A} 3796.11  0.00054  0.00007

vo + 2u4 E'" 3935.14 0.00067
Vo + v E" 4271.49 0.01056
3ve + 14 E" 4345.23 0.00013
3va Al 4509.33  0.00001  0.00029

v+ E' 4731.49 0.00567

V3 + v4 E’ 4879.45 0.00708

2u9 + 2v4 E' 4891.90 0.00105

V3 + vy Al 4897.52  0.00307  0.00237

V1 + 2v2 A7 5053.99  0.00029  0.00109

2v9 +v3 E’ 5192.20 0.00026

4vo + v4 E’ 5345.37 0.00003
vi+ve+vs E" 5634.30 0.00084
vo+uv3+uvg E" 5771.74 0.00009
3vo + 2v4 E" 5876.74 0.00028
4y E’ 5996.56 0.00016

V1 + 24 E' 6220.87 0.00054

v3 + 2v4 A 6358.85  0.00092  0.00012

Svo + 14 E" 6365.29 0.00006
v3 + 2v4 E’ 6381.04 0.00019

2v9 + 34 Al 6404.43  0.00028  0.00025

2v1 Al 6404.75  0.00149  0.00158

vy +v3 E’ 6515.33 0.00108
vi+2v2+uvs E' 6574.90 0.00006

2v3 Al 6691.19  0.00580  0.00202

2uy +vs+va E' 6702.07 0.00021

2v2 +v3+vg A] 6721.18  0.00008  0.00027

2v3 E’ 6751.66 0.00261

vo + 4vy E" 6935.53 0.00002
vy + 4vg A} 7000.12  0.00002 < 107

%Spectroscopic assignment of the vibrational band.
’Symmetry of the final vibrational state in Dsp,(M).
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Table 11
Matrix elements of the polarizability tensor (in A3) for a number of hot “NH

transitions.
Band® Fl} r¢ l/fi/crn’1 apo as20 8 o'
Vo — Ua AL AY 0.00 2.00693  0.29368
vy — V2 E' A 613.22 0.00766
vo+uvg—vy  E” A 1522.59 0.03826
vy — 12 Al A 1904.77  0.00283  0.00955
2uy4 — V2 E' AIQI 2116.41 0.00069
w9 +vy —ve E A’Q' 2469.53 0.01096
v — v E' A 2490.17 0.01023
vo+2vs —va E” A 3035.81 0.01387
vo +v3 — o E" A/Q/ 3372.17 0.07460
3ve +vy —vy E' AJ 3445.90 0.00096
vi+vs—vay E' AJ 383217 0.00130
59 — v AY AL 3909.41 0.00085  0.00018
v3 + g4 — o E' A/Q/ 3980.12 0.00033
2o +2u4 — v E' AL 3992.57 0.00154
vy — vy E' FE' 0.00 2.84398 0.42642 0.00116
vo+uvy—vy E" E'  909.37 0.00013
2u9 — 2v9 Al Al 0.00 2.01463 0.29015
4dvg — 2v9 Al AL 1959.42  0.00482  0.01394
3vg — 3us Ay A 0.00 2.02240 0.28666
5v9 — 3v2 AY AL 2004.64 0.00718  0.01845
2v4 — 2v4 E' E' 0.00 2.86416  0.43376  0.00044
v — v Al AL 0.00 2.05688 0.32319
vy — v E’ A} 158.62 0.02964
vo +v3 —u1 E" All 1040.62 0.00421
vs —v3 E' E' 0.00 2.90156 0.45125  0.02348
vi+va—vs A) E' 733.85 0.00350
vo +v3 —v3 E" E' 882.00 0.00452
4vg — 4vo Al Al 0.00 2.03027 0.28324
6ry — 4vs Al AL 2042.89  0.00987  0.02305

%Spectroscopic assignment of the vibrational band.
bSymmetry of the final vibrational state in Dsp,(M).
¢Symmetry of the initial vibrational state in Dgp,(M).

sponding CCSD(T)/aug-cc-pVTZ dipole moment and polarizability surfaces.
The computed ab initio data are provided as supplementary material together
with FORTRAN routines for evaluating the corresponding analytical functions
at any geometry. Based on the electronic properties, we have calculated band
centers, electric-dipole transition moments, and vibrational matrix elements
of the polarizability tensor components for 1*NHZ . The rotation-vibration en-
ergies and wavefunctions employed in the latter calculations were generated
by means of a variational formalism already applied to other XY3 pyramidal
molecules such as ammonia and phosphine [29,30]. Furthermore, we have used
this formalism to simulate the vy, v3, vy, 25 — 9, and 15 4 V3 — 15 absorption
bands of ““NHJ .
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The vibrational term values for *NHZ (Table 6) obtained from the AQZ PES
of the present work are, on the average, in substantially better agreement
with experiment than the results of previous theoretical calculations [19,21]
also included in Table 6 and based on PESs from CEPA [19] and MR-CI [21]
ab initio calculations. For example, the v3 fundamental term value is experi-
mentally determined [1] as 3388.65 cm ™! and we obtain a theoretical value of
3389.49 cm~! while the MR~CI calculation of Ref. [21] yielded 3331 cm™!. In
the CEPA calculation [19], only term values for vibrational states of A} or A}
symmetry were calculated, and so no value for the v5 state (of E’ symmetry)
was given. Similarly, for the 11 + 1, state (of A} symmetry), the experimen-
tal term value [14] is 4127.5 cm ™!, the value obtained of the present work is
4123.35 em ™!, the MR-CT value [21] is 4143 cm™!, and the CEPA value [19]
is 4214 cm™!. For a few low-lying states, the term values from the previous
calculations [19,21] are in slightly better agreement with experiment than the
results of the present work, but for several states at higher energy there are
very significant improvements as exemplified here. Obviously the AQZ PES
of the present work is a decisive improvement on the MR-CI and CEPA PESs
from Refs. [19,21] and, as mentioned in Section 1, we hope that our ATZfc
electric dipole moment surface represents a similar improvement so that we
can obtain accurate theoretical predictions of transition intensities, especially
for transitions involving highly excited states.

We have discussed in Section 1 that to a large extent, the motivation for
the present work is to facilitate the observation of NH3 in an astrophysical
context. A prerequisite for the observation of NHJ in space is the availability
of laboratory spectroscopic data and, as mentioned in Section 1, these data
are very limited at the moment. We hope that the present work will stimulate
further experimental studies of NH; . However it should be mentioned that in
general, the rovibrational transitions of the ion are found theoretically to be
quite weak, and this makes the observation in space a challenging problem.

In order to facilitate the observation of NHJ in astrophysical environments
it would clearly be desirable to simulate the rotational spectra of NH,D™
and NHDJ . The computer program XY3 employed in the present work, how-
ever, only permits calculations for pyramidal molecules with Ds, (M) [26,27]
molecular symmetry group. We are currently extending the newly developed
program TROVE [57], which can treat NH,D* and NHDj, by modules to
calculate rovibrational intensities. The simulation of the rotational spectra of
NH,D* and NHD3 will be one of the first applications of the extended pro-
gram and will be the subject of a future publication. Also, we plan further
theoretical work on the Raman spectra of four-atomic pyramidal molecules.
Recently, we have computed full-dimensional ab initio polarizability tensor
surfaces for NH; and SbHj3, and these surfaces will be used for predicting
Raman intensities.
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Fig. 1. ‘Effective’ absorption intensities of 14NH&?SF computed at an absolute temper-
ature of 300 K (note the logarithmic ordinate scale and see the text for details).
Only transitions with an effective intensity larger than 10 cm mol~! are shown.

10000004 L L L
E v, Vs
4 V4
1000004 -
: 2v
100005 2vl-v, VotVimv, T
1000E Y
_ V2+ 4_V4 2V N ZVZ_{—L 4/ \\//3}1\\//2:\\/,:_
] 47 Vy +2v .+ L/ Vitv,—V,
1004 3vi2v, v, vy, VY Buiveavt
] 2v,+y,—2v,
10 ViV, 3v v, i
14 : ;
_ 0 1000 2000 3000 4000
. 10000004 L L L
3 3
= 100000E
S I
° 1 V,+v
: 10000—E 304 Y a'A -
= 1 ViV,
10004 =
% V3+2V4 2V3
'E 1 | votvitv—yy 2V2+V3 V,+V,+V,
i 100'?\’1 2y, Y —2v.ARv, vA+2v,| V. VFv,—y, TV Ve
o~ 3
E o] 3v, 4v, 2v,+v, 2v1+v4_
+~ E
< ]
— 4
e 1 T T T
- 4000 5000 6000 7000 8000
10000004 ' ' '
1000004 -
100004 i
1000, .
100 ) 2v+v, 3y, -
1. 2vitv
10_: 2verv, ! 2V, 42V, v, +2v, 3v+v, I
1 T T T
8000 9000 10000 11000 12000

wavenumbers / cm™

1



Fig. 2. The va, 29 — 19, 13, Va+13—1s, and vy absorption bands of Y“NHI | simulated
at an absolute temperature of 300 K.
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