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Ab initio coupled cluster calculations with single and double substitutions and a perturbative
treatment of connected triple excitations [CCSD(T)] with the augmented correlation-consistent
polarized valence triple-zeta aug-cc-pVTZ basis at 51 816 geometries provide a six-dimensional
potential-energy surface for the electronic ground state of NH;. At 3814 selected geometries, CBS+
energies are obtained by extrapolating the CCSD(T) results for the aug-cc-pVXZ(X=T,Q,5) basis
sets to the complete basis set (CBS) limit and adding corrections for core-valence correlation and
relativistic effects. CBS™ ab initio energies are generated at 51 816 geometries by an empirical
extrapolation of the CCSD(T)/aug-cc-pVTZ results to the CBS+ limit. They cover the energy region
up to 20 000 cm™' above equilibrium. Parametrized analytical functions are fitted through the ab
initio points. For these analytical surfaces, vibrational term values and transition moments are
calculated by means of a variational program employing a kinetic-energy operator expressed in the
Eckart-Sayvetz frame. Comparisons against experiment are used to assess the quality of the
generated potential-energy surfaces. A “spectroscopic” potential-energy surface of NHj is
determined by a slight empirical adjustment of the ab initio potential to the experimental vibrational
term values. Variational calculations on this refined surface yield rms deviations from experiment of
0.8 cm™! for 24 inversion splittings and 0.4 (3.0) cm™! for 34 (51) vibrational term values up to

6100 (10 300) cm™"'. © 2005 American Institute of Physics. [DOI: 10.1063/1.2047572]

I. INTRODUCTION

We report an extension of our previous ab initio study1
on the potential-energy surface (PES) of the electronic
ground state of NH; at the CCSD(T) level. The basic ap-
proach is the same as before:' CCSD(T) energies obtained
with the aug-cc-pVXZ basis sets (X=T,Q,5) in the frozen-
core approximation are empirically extrapolated to the com-
plete basis-set (CBS) level. CBS+ energies are determined
by correcting the CBS energies for core-valence correlation
and relativistic effects. The differences between the
CCSD(T)/CBS+ and CCSD(T)/aug-cc-pVTZ energies that
are available at a limited set of geometries are used to derive
an analytical representation of the corresponding energy dif-
ference surface (EDS), which is then employed to correct the
CCSD(T)/aug-cc-pVTZ energies at all nuclear geometries
and thereby generate so-called CBS™ energies. Proceeding
in this manner, we have now constructed potential surfaces
that completely cover the energy region up to 20 000 cm™!
above equilibrium, which is a substantial extension of our
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previous work." In addition to the surfaces presented here,
other high-level potential-energy surfaces have recently been
computed for the electronic ground state of NH3.2_6 The
most recent of these studies has gone beyond the CCSD(T)
level and incorporated higher excitations in the coupled clus-
ter series up to CCSDTQP and an extrapolation to the full
configuration-interaction (CI) limit as well as diagonal Born-
Oppenheimer corrections.’

The computed ab initio energies are used to determine
parametrized analytical representations of the potential-
energy surface, based on an expansion in terms of geometri-
cally defined coordinates.' These analytical potential-energy
functions and analogous parametrizations of the dipole mo-
ment surfaces™® serve as input for variational calculations
performed in the framework of a recently developed model
for the nuclear motion in pyramidal XY; molecules." It has
already been demonstrated that such calculations can provide
accurate rotation-vibration energies9 and rotation-vibration
spectra7’8 of ]4NH3.

The analytical representation of the potential-energy sur-
face should ideally satisfy the following criteria:"™" It
should be global (i.e., with correct behavior not only near

© 2005 American Institute of Physics
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equilibrium, but also in the asymptotic limits), flexible (i.e.,
capable of accommodating a large number of parameters),
but compact (using rather few parameters in practice), and
robust (in that small variations of parameters lead only to
small variations of the potential-energy surface). Our expan-
sion in terms of geometrically defined coordinates is flexible
since it can be taken to arbitrarily high order, and it has an at
least qualitatively correct asymptotic behavior.'” In the
present work, the ab initio data sets are significantly larger
than those considered before,1 so that it is inevitable to in-
troduce more parameters in the analytical representation.
This sacrifices to some extent its compactness and robust-
ness, but is the price to be paid for obtaining a potential-
energy surface that is valid in a larger region of coordinate
space.

We present several analytical representations of the
potential-energy surface for the electronic ground state of
NH; which differ by the level of theory in the underlying ab
initio calculations, and by the amount of ab initio data used
during the fits. Their quality is assessed by considering the
properties of the fits through the ab initio points [root mean
square (rms) deviation and number of parameters varied] and
by comparing calculated vibrational term values and transi-
tion moments with the available experimental information.
The comparison between theory and experiment for vibra-
tional term values is a traditional test for potential-energy
surfaces of NH3,1_5’9’12_21 and corresponding comparisons for
vibrational transition moments are customarily used to gauge
the quality of computed dipole moment surfaces of
NH3'7,8,22—24

The comparisons against experiment indicate that our
present ab initio surfaces are quite accurate, but not perfect.
Further improvements in a purely ab initio fashion would
require calculations at higher levels, for example by incorpo-
rating higher excitations in the coupled cluster series.*> We
have chosen to explore the alternative empirical approach of
refining the ab initio potential-energy surface against experi-
mental data. The corresponding fit has been restrained to
remain close to our best purely ab initio surface.

The paper is structured as follows. Section II describes
the ab initio methods employed and defines the selected sets
of nuclear geometries. Section III specifies the procedure for
determining the CBS™ energies. The analytical representa-
tion of the potential-energy function is the subject of Sec. IV,
and Sec. V gives the details of the variational nuclear-motion
calculations. Section VI discusses the properties of the ana-
lytical potential-energy surfaces and compares the variational
results for the ab initio surfaces against experiment. Section
VII presents a refined PES obtained from a restrained fit to
experimental data. Finally, Sec. VIII offers a discussion and
conclusions.

Il. DEFINITION OF THE AB INITIO DATA SETS

A. Computational scheme

The quantum-chemical calculations were done at the
CCSD(T) level (coupled cluster theory with all single and
double substitutions from the Hartree-Fock reference
determinant®® augmented by a perturbative treatment of con-
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FIG. 1. The labeling of the nuclei, the molecule-fixed axis system xyz, and
the geometrically defined coordinates chosen for NHs.

nected triple excitations®’?®) using the MOLPRO2000
package.29’3o The correlation-consistent families of basis sets
cc-pVXZ, aug-cc-pVXZ, and aug-cc-pCVXZ(X=T,Q,5) de-
veloped by Dunning3] and Woon and Dunning32 were em-
ployed. CCSD(T) calculations with the cc-pVXZ, aug-cc-
pVXZ, and aug-cc-pCVXZ basis sets are denoted by XZ,
AXZ, and ACXZ, respectively. An appended label “fc”
(“cc”) indicates that the frozen-core approximation was (was
not) applied. Threshold values for MOLPRO2000 were the
same as before.'

ATZfc calculations were performed at all geometries
considered. CBS extrapolation at selected geometries re-
quires ATZfc, AQZfc, and A5Zfc energies. Denoting the car-
dinal quantum number of the basis set by X, with X=3 for
ATZfc, 4 for AQZfc, and 5 for A5Zfc, the computed energies
were fitted by the expression33’34

E(X)=E.+b/X’ (1)

to determine the CBS energy E., at the complete basis-set
limit and a second fit parameter b.

The CBS energy was corrected for core-valence correla-
tion and relativistic effects. The core-valence correlation
contribution AE_,,. was obtained as the energy difference
between frozen-core (ACTZfc) and all-electron (ACTZcc)
calculations. The relativistic correction AE,, was evaluated
at the ATZfc level as the sum of the expectation values for
the mass-velocity and the one-electron Darwin terms. The
final corrected energy is given by E.,=FE.+AE..+AE.y
and called the CBS+ energy.

Dipole moment surfaces were computed at the ATZfc
level using a numerical finite-difference procedure with an
added dipole field of 0.005 a.u.

B. Data sets

The bond length r; is the instantaneous value of the dis-
tance N—H;, where H; is the proton labeled i=1, 2, or 3 in
NH;. The bond angles «; are denoted as «;= / (H,NHj;),
a,=/ (HNHj3), and a3= 2 (H;NH,) (see Fig. 1). In terms
of these coordinates, we define three six-dimensional grids:
6D-1, a dense grid where ri/A €{0.85, 0.90, 0.95, 0.99, 1.01,
1.05, 1.10, 1.20} and «; € {80°, 90°, 110°, 104°, 108°, 112°,
116°, 120°} (14 400 grid points); 6D-2, a grid with points
close to equilibrium, ri/A €{0.99,1.01,1.05} and «;



134308-3 Ground-state PES for NH4

50000
__ 400004
T
?, 300004 Hyperbox (1D slice)
©
= 2000
S Missing points
from the border region
100004
Internal points

0 T Y T T + T T
00 05081215 20 25 30 35 40

TI/A

FIG. 2. Potential curve along the stretching coordinate r; at the ATZfc level
of theory. The remaining five coordinates are fixed at r,=r;=1.012 A, «,
=a,=a3=106.7°. The 6D-4 grid points (see text) and the symmetrically
equivalent points form a “hyperbox” in coordinate space that contains the
internal points.

e{98°, 104°, 108°, 112°, 116°} (560 grid points); and 6D-3,
a sparse grid where r;/A €{0.85, 0.99,1.05,1.20} and «;
e {80°, 90°, 101°, 112°, 120°} (700 grid points). These
grids were used in our previous ab initio study.1 For a given
grid, a complete set of points could in principle be generated
by forming all combinations of (ry,r,,73,a;,a,, az) that are
consistent with the “allowed” values of r; and «;. For the
6D-1 grid, for example, there are eight allowed values for
each coordinate, and the total number of possible grid points
is thus 8°=262 144. However, the potential energy of NH; is
invariant to permutations of the three protons,35’3 % and many
of these 262 144 grid points are connected by nuclear per-
mutations and hence correspond to the same electronic en-
ergy. For the three grids, 6D-1, 6D-2, and 6D-3, we
previously1 reduced the number of points further (to reduce
the computational effort) by imposing the constraints r,
<r,<rzand a; < a, < a3. This leads to the 14 400, 560, and
700 points listed above for the 6D-1, 6D-2, and 6D-3 grids,
respectively. If one applies only the constraint r;<r,<r3
and then removes all symmetrically redundant points from
the remaining geometries, the 6D-1, 6D-2, and 6D-3 grids
contain 45 760, 680, and 1540 points, respectively. In the
present work we use the 45 760-point grid obtained in this
manner from the 6D-1 allowed values of r; and «;. The re-
sulting grid is called 6D-4 and has the range of 0.85 A<r,
<r,<r;=1.20 A and 80° <, @, a3 < 120°. The energies
calculated at the 6D-4 grid points extend up to 36 800 cm™!
above equilibrium.

Since we aim at a consistent description of the electronic
ground-state potential-energy surface of NH; for energies up
to 20 000 cm™! above equilibrium, we need to check for low-
energy points outside the 6D-“hyperbox” containing the
6D-4 grid points and symmetrically equivalent points. The
one-dimensional potential curves in Figs. 2 and 3 show that
such low-energy points exist. We thus have to find a “border”
in the six-dimensional coordinate space that envelopes the
geometries with a potential energy of up to 20 000 cm™'
which we need to cover with ab initio points. Exploratory
calculations with our previous analytical representation of
the ATZfc potential-energy surface' suggested that it is
sufficient to consider geometries with 0.75 A<r,<1.60 A
and 45° < ;=< 180° for this purpose. Ab initio calculations
at the ATZfc level further narrowed the range
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FIG. 3. Potential curve along the bending coordinate a; at the ATZfc level
of theory. The remaining five coordinates are fixed at ri=r,=r;=1.012 A,
a,=a3=106.7°. For further conventions see Fig. 2.

of relevant geometries and led to the definition of a “border
search  grid” 6D-B  with the allowed values
ri/ A €{0.90, 1.00, 1.10, 1.25, 1.40, 1.55} and «; €{45.0°,
60.0°, 75.0°, 90.0°, 105.0°, 120.0°, 135.0°, 150.0°, 165.0°,
180.0°}. The range of allowed values was chosen such that
the energy remains in the target region when one internal
coordinate is displaced while keeping the others close to
their optimum values. Simultaneous displacements along two
or more internal coordinates will generally yield (much)
higher energies, and it is clearly unnecessary to perform ab
initio calculations at such severely distorted geometries that
will formally be part of the 6D-B grid. Such geometries were
identified through an initial screening with the analytical
potential-energy function. Proceeding in this manner, 6056
points with energies below 20000 cm™' were found by
ATZfc ab initio calculations on the 6D-B grid (not counting
the corresponding symmetrically equivalent points).

The union of the 45 760 points of the 6D-4 grid with the
6056 points of the 6D-B grid generates the extended grid
6D-5 with 51 816 points. At the ATZfc level, 29 860 of these
points have energies below 10000 cm™', 20 213 points lie
between 10 000 and 20 000 cm™', and the remaining 1743
points have energies above 20 000 cm™'. Since the 6D-4 grid
is contained in the 6D-5 grid, the ATZfc energies range up to
36 800 cm™! above equilibrium in both cases, but the cover-
age is designed to be adequate only up to 20 000 cm™.

The CBS+ calculations are more demanding than the
ATZfc calculations (see Sec. II A). Therefore only 2554
CBS+ energies were computed in the border region, for a
subset of the ATZfc points on the 6D-B grid. These 2554
points were combined with the 1260 internal points of the
6D-2 and 6D-3 grids (where CBS+ energies were determined
previously') to yield the 6D-6 grid.

Table I summarizes the available ab initio data sets.
ATZfc energies have been computed plreviously1 for the
6D-1 grid. The present work provides ATZfc energies for the
6D-4 and 6D-5 grids as well as CBS+ energies for the 6D-6
grid, which can be used to determine the CBS™"-energies for
the 6D-4 and 6D-5 grids (see Sec. III). For easy reference,
Table I also contains the labels of the analytical potential
functions that represent the ab inifio data sets (see Sec. IV).

The T1 diagnostic test’’ was applied to all 51 816 ATZfc
points to ensure that the CCSD(T) treatment is adequate for
all geometries considered. The largest T1 value obtained was
0.019.
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TABLE I. Notation for the grids, the ab initio data sets, and the analytical
representations of the potential-energy surfaces employed for NH;.

Grid Data set® PES®

6D-1 ATZfc-14 400 ATZfc-1
6D-4 ATZfc-45 760 ATZfc-4
6D-5 ATZfc-51 816 ATZfc-5
6D-6 CBS+-3814 CBS+

6D-4 CBS™-45760 CBS™-4
6D-5 CBS™-51816 CBS™-5

“The number in the data set label is the number of ab initio points in the
underlying grid.
bAnalytical representation of the potential-energy surface (see Sec. IV).

lll. CBS™ SURFACES

In this section we discuss a procedure that aims at im-
proving the ATZfc data by utilizing the available, more ac-
curate CBS+ energies. The basic approach is to calculate the
differences AE=E(CBS+)-E(ATZfc) at all geometries
where E(CBS+) is available, to represent these differences
by an empirical correction function that depends on the
nuclear coordinates, and then to add the value of this correc-
tion function to E(ATZfc) at all available geometries. The
resulting energies are expected to approach CBS+ quality at
all geometries where E(ATZfc) is known.

Previously, the correction was done in terms of Cartesian
coordinates and cubic spline interpolation1 which led to
CBS" energies. The disadvantage of spline interpolation is
that it requires a regular grid for numerical differentiation.
Alternatively, the correction function can be expressed as a
polynomial in terms of the geometrically defined coordinates
r; and «;, with the coefficients being obtained by least-
squares fitting. We adopt this latter approach here to generate
CBS™ energies simply because the “border points” are not
defined on a regular grid. It should be noted, however, that
the CBS™ energies from fitting are usually less reliable than
the CBS” energies from interpolation, especially at highly
distorted geometries.]

To be more specific, the CBS™-51 816 surface was con-
structed by calculating AE=E(CBS+)-E(ATZfc) at all
3814 points of the 6D-6 grid, fitting a sextic polynomial in r;
and «; through the resulting AE values, and adding the value
of the fitted polynomial to E(ATZfc) at all 51 816 points of
the 6D-5 grid. The rms deviation between the CBS+ and
CBS™ surfaces at the 3814 geometries of the 6D-6 grid is
2.8 cm™!. Thus, the computed CBS+ energies are well repro-
duced by the CBS™ surface.

A sextic polynomial was chosen to represent the correc-
tion function because it produces the best fit to the AE val-
ues. As the order of the chosen polynomial is increased, the
rms deviations of the fit to the AE values decrease in a sat-
isfactory manner, from 7.4 cm™' (cubic) via 5.7 cm™! (quar-
tic) and 4.0 cm™' (quintic) to 2.8 cm™! (sextic). A seventh-
order polynomial did not give useful results because the
number of fit parameters required was comparable to the
number of ab initio points available so that the fit diverged.
The sextic polynomial seems to represent the correction
function rather uniformly at all geometries. For example, the
rms deviation drops only slightly from 2.8 to 2.6 cm™~! when
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all border points are removed from the 6D-5 grid. The con-
sistency of the chosen approach can also be appreciated from
the difference between the two CBS™-51 816 surfaces gen-
erated by quintic and sextic correction functions, respec-
tively: the corresponding rms deviation is 3.5 cm™'.

In addition to the full CBS™-51 816 data set (6D-5 grid),
a reduced CBS™"-45 760 data set (6D-4 grid) has been con-
structed in a completely analogous manner. The 6D-4 grid
does not contain the border points with their distorted geom-
etries.

IV. ANALYTICAL REPRESENTATION
OF THE POTENTIAL-ENERGY FUNCTION

For each of the ab initio data sets in Table I, an analyti-
cal representation has been determined by fitting a function
of the following form' through the ab initio points:

V(&1.65.85. 8400453510 P)

=V, + Vo(sin p) + 2 Fy(sin p)&;+ X Fylsin p)éé
j i<k

+ > F(sin p)§;&:& + > Fin(sin p)&:6&E,,

j<ksI j<k<i<m

+ X FumGin pEEEEE,

j<k<l<m=n

+ X

J<k=sl=m=n=<o

F itimno(sin p)&;E:£E,6,€,. (2)

The variables are

&=1-exp(-a(r,-r,), k=1,2,3, (3)
1

&a0= ?(2041 - - a3), (4)
V6
1

ép=T(—a3), (5)
V2

where r, denotes the equilibrium value of r;, and
2
sin p= '_E sin[ (@) + @, + a3)/6]. (6)
\‘!

The pure inversion potential-energy function in Eq. (2) is
taken to be
8
Vo (sin p) = E ff)s)(sin p, — sin p)*, (7)
s=1
and the functions F;; (sin p) are defined as
N
Fi..(sinp) =2 £ (sin p, = sin p)’, (8)
s=0
where sin p, is the equilibrium value of sin p, a is a molecu-
lar parameter, and the quantities ff)s) and fﬁ) in Egs. (7) and
(8) are expansion coefficients. The summation limits in Eq.
(8) are N=6 for F(sinp), N=4 for Fy(sinp), N=3 for
Fiy(sinp), N=2 for Fj,(sinp), Fjyp,(sinp), and

J
F jtimno(sin p). In total there are 303 symmetrically unique
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TABLE II. CBS™-5 potential-energy parameters (in cm™' unless otherwise indicated) up to fourth order for the
electronic ground state of NHj, see Eq. (2). Conventions for indices: 4=4a and 5=4b. Only symmetrically
unique parameters are given. Symmetry relations between the parameters are available as supplementary ma-
terial (see Ref. 38) together with a FORTRAN routine for calculating potential-energy values. The quantities in

parentheses are standard errors in units of the last digit.

Parameter Value Parameter Value Parameter Value
p./deg 112.096 6(16) fu 324 179(1399) A 3694.9(85)
rel A 1.010 313 1(59) fi —536 600(6670) i —6990(133)
alA™! 2.15 A 277.2(14) i 19 038(542)
v, -12419377.33(78) fin -9581(23) A -545.7(25)
1 324 077(35) £ 61 987(367) £ 14 424(756)
fi —401792(343) £u —262799(2146) P —678.5(98)
1 1133 218(4844) 0 -291.8(13) P -59594(777)
s -2 662 929(36894) o 2 294(15) 122 ~189.9(34)
£ 4561 862(83100) £ 26 099(312) P 14 272(605)
f -33671.7(42) £ -103 127(1765) s —254.3(31)
1 41 558(72) A -2 068.4(25) Flins 2729(51)
7 ~349 715(693) fiia -6 903(36) P 895.1(45)
it 1246 471(6848) Fa ~77 502(428) Flioa 2.070(92)
H ~2439730(21652) i 233 336(2638) P ~7392(723)
o 38 730.1(10) o -186.3(57) Fos 1399.4(52)
L —17346(15) flas 4547(43) flios 5090(56)
£ 57 866(175) Fo 16 600(869) P —1150.3(74)
£ —462 520(1598) o —88 441(5419) Fliaa ~7205(77)
h 979 992(7042) 0 1 956.59(96) Aiss -2615.7(81)
) -403.29(72) fiaa 5405(28) fliss -8 539(151)
() 4673(12) 2 —2 685(197) o 508.2(43)
i 41 577(182) 0 -1648.6(21) P —27 657(596)
1 -199 083(1988) L4 -6 830(36) s 1321.9(45)
I 606 382(8584) fru -19.840(613) Floss 921(61)
0 -3651(11) fou 85 887(2549) o —765.1(53)
1 -17081(16) Ass -2938.1(22) flasa -3922(69)
2 —44 594(211) lss —9 414(45) s -1581.9091)
fla 156 439(2117) 25 -14906(611) Flass ~8 474(169)
Y —427 396(8779) fiss ~119 102(2480) Fass -93060(1380)
% 16 833.16(77) Fiss 1551.7(33) o 395.6(12)
. 67 883(18) fiss ~57777(49) fiasa 8 421(53)
2 —110704(213) 2 35 451(946) frima 13 895(551)
i 324 179(1399) fiss 388 038(3465)

potential parameters sz) The symmetry relations between
the parameters are given as supplementary material.*®

Considering the large ab initio data sets with more than
45 000 points, it is unavoidable to vary a large number of
potential parameters in the fits, even though we use a reason-
able analytical representation of the potential-energy surface.
For a satisfactory description of the border points with their
often highly distorted geometries, the expansion in Eq. (2)
must be taken to sixth order whereas a fourth-order expan-
sion was sufficient in the previous fits that involved only
regular points.l To give a specific example, the present sixth-
order fit of the ATZfc-51 816 data set (6D-5) with 171 varied
parameters achieves a rms deviation of 3.5 cm™!, while the
previous fourth-order fit of the ATZfc-14 400 data set (6D-1)
with 76 parameters yielded a rms deviation of 5.3 cm™.
Striving for analytical functions that are as compact as pos-
sible, we have tried to carefully minimize the number of
varied parameters in each fit (171 out of 303 parameters in
the preceding example).

The ab initio energy values and the parameter values

obtained from the fits of the potential-energy function in Eq.
(2) are given as supplementary material®® for each of the data
sets in Table I, together with FORTRAN routines for evaluating
the corresponding potential-energy functions at any geom-
etry. The CBS™-5 potential-energy surface is expected to
provide the best overall description of the electronic ground
state of NH; below 20 000 cm™" (see Sec. VIII), and there-
fore we list the parameters for this surface in Tables II and
III. Further information about the quality of the fits is given
in Sec. VL.

V. VARIATIONAL CALCULATIONS

The quality of the constructed potential-energy surfaces
can be assessed by variationally computing the vibrational
term values of 14NH3 and comparing the results with experi-
ment. Our variational approach to the calculation of rotation-
vibration energiesl’9 and intensities”® of XY 3 pyramidal mol-
ecules is an implementation of the Hougen-Bunker-Johns
(HBJ) formalism.”® The molecular motion is described by
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TABLE III. CBS™-5 quintic and sextic potential-energy parameters (see caption of Table II) (in cm™") for the

electronic ground state of NHj.

Parameter Value Parameter Value Parameter Value
fam —127.4(12) Fass —679.2(80) Frisss -8 199(162)
frisaa 1827(24) 0 s 221(13) fasas 56 324(1357)
fi4444 9 830(378) f?1334 624.3(69) f(2)3344 1 130(27)
s ~714(11) Flisse 2211(120) i34 —440(15)
frziss —108 147(2062) 0 ass 807.3(72) N —3746(264)
s 809.8(39) Foioss —27721(1211) fai3a —144 810(5072)
Fraaas 3 330(66) Frioes -3018(196) Foosas 11 246(422)
0 s 1791(14) Frious 43 059(2393) o3 -578(29)
Frsss 4219(260) Fiss ~7232(158) $ons ~1648(20)
Pz —2410.4(82) i 245.9(76) S0 —2032(38)
Fissaa —11427(177) s —400(15) Frooos —34578(738)
Fissaa 50 287(1419) Fhssss 2257(43) Faoona 211 698(4360)
L, —183.1(45) fassss 24 161(483) O om —458(12)
P 1 749.4(49) s 127.07(87) Froom 5 104(120)
Pssss -52.8(23) i 4563(47) Fusss -1719(11)
Fassss -1133(30) Fiasas 42 425(542) iasss -27172(221)
fassss —17 384(598) 01555 121.1(71) Fisss 82 494(1883)
Poass 584.9(49) fassss —19 542(463) s -336.8(82)
Poaass —53324(1258) e 867(15) fl3aaa —4362(90)
fouass 1070.1(53) Faas 4471(227) Hsaa 661(17)
Fhasas 4 655(76) s —1066(16) Fie 5970(212)
Fraaas ~37568(1244) Fsans -6 945(258) fhian ~72 281(2700)
333 —374.9(60) s 560(15) Fuss 1027(19)
455 1127(11) frizss -4979(120) Flasss 10 494(230)
Flaass 7287(161) s 619(18) s 254(16)
Fraass 27 647(2367) Fii3s 7 177(280) s —733(62)
f(1)3445 _395(54) f(2)4455 _648(12) f(1)1355 _828(16)
Flaus -2037(87) Frisss —-14993(220) flisss -2 148(162)
Fraus 21 076(1148) Fraas —493.8(87) £ —266(20)

means of a flexible reference configuration (of Cs, geometri-
cal symmetry for NH;) that follows the large-amplitude mo-
tions (rotation and inversion), whereas the remaining vibra-
tions are viewed as small-amplitude displacements from the
reference configuration. In our model, these small-amplitude
displacements are measured by the linearized coordinates
"9 k=1,2,3, and

1
¢ _ Lo 0 0 ¢
S4¢¢—V/g(2“1 - a3), )
¢ Lo
S4b=?(a{2—a’3). (10)
V2

Here, r,(f) is the linearized version® of the bond length r;, and

a is the linearized version of the bond angle a;. The coor-
dinates r,(f), k=1,2,3, and (Sﬁa,Sﬁb) describe the stretching
motion and the degenerate bending mode, respectively. The
inversion is represented by the HBJ inversion coordinate’ p
which, in the reference configuration, is the angle between
the C; rotational symmetry axis and any one of the N-H
bonds. The rotational motion is described by means of a
molecule-fixed axis system xyz defined by the Eckart-
Sayvetz conditions.***! By implementing the Eckart-Sayvetz
conditions, we obtain a Hamiltonian with the largest possible
separation between different types of motion, in particular,
between rotation and vibration, which facilitates calculations

on highly excited rotational states.*? A drawback of the
Eckart-Sayvetz conditions, however, is that they lead to a
nuclear kinetic-energy operator expressed as a truncated ex-
pansion (with p-dependent expansion coefficients) in the
small-amplitude vibrational coordinates. In our model, these
coordinates are

yi=1-expl-a(ri?-r)], k=1,2,3, (11)

Sﬁa, and Sﬁb. The kinetic-energy expansion was previously1
truncated after the fourth order in y! and the first order in
(S%,,S5,), but the code has later been extended such that this
expansion can be taken through eighth order in all
coordinates.” In the currently implemented model, the
potential-energy function is transformed to a sixth-order ex-
pansion in all coordinates, while a fourth-order expansion
was employed originally.1

In the variational nuclear-motion calculations, a trun-
cated matrix representation of the rotation-vibration Hamil-
tonian is diagonalized. The basis set is constructed from
Morse oscillator functions (labeled by the principal quantum
numbers n;, n,, and n3) for the local stretching modes, two-
dimensional isotropic harmonic oscillator functions (labeled
by the principal quantum number 7,) for the bending modes,
and numerical inversion functions (labeled by the principal
quantum number n;) obtained by solving the one-
dimensional inversion Schrodinger problem with the
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TABLE IV. Ab initio potential-energy surfaces for the electronic ground state of NH;.

Fit* Variational calculations for 14NH3b
Epax Oims 610300 100 Oupiit
PES Ny (em™) Ny (em™) (ecm™) (ecm™) (cm™)

1 ATZfc-1 14 400 36 800 128 1.2 3255 20.7 13.5
2 ATZfc-4 45760 36 800 147 0.9 30.5 20.2 12.9
3 ATZfc-5 51816 36 800 171 35 30.0 20.8 13.2
4 CBS+ 3814 36 000 163 7.2 8.8 5.8 1.2
5 CBS™-4 45760 36 000 140 1.4 7.9 43 1.9
6 CBS™-5 51816 36 000 181 3.6 9.4 6.3 1.3
7 ATZfc(2002) 14 400 36 800 76 53 32.6(35.0)° 22.4 13.5
8 CBS+(2002) 1236 36 000 69 6.4 18.8(11.5)° 18.8 3.0

apr E oo Npmms and o, are the number of ab initio points in the data set, the maximum ab initio energy in

P!

the data set relative to the equilibrium energy, the number of parameters varied, and the rms deviation obtained
in the fitting of the ab initio points, respectively (see text).
b510 3000 F6100- and Sy are the rms deviations between observed and calculated values for the vibrational term

values below 10300 cm™!, the vibrational term values below 6100 cm

vibrational states below 10 300 cm™, respectively.

!, and the inversion splittings for the

“The quantity given in parentheses is the value of &) 30, obtained from variational calculations using the earlier

implementation in Ref. 1 (see text).

Numerov-Cooley approach“_45 on a numerical grid of N;,,

=1000 points. The basis set used in the variational calcula-
tions is truncated according to

P=2(n1+n2+n3)+ni+nb$Pmax. (12)

Convergence tests show that at P,,,=18, the convergence is
better than 0.1 cm™' for the energies listed in Table V. For
P =14, we obtain convergence to within 0.6 cm™'. We use
the P, ..=14 basis set in most standard calculations, and
P .x=18 when higher accuracy is important. For P, =14,
the matrix blocks to be diagonalized for /=0 have the di-
mensions N,=1455 [A symmetry in Ds,(M)] and Ny=2571
(E symmetry), while for P,,=18, Ny=4486 and N;=8241.
Test calculations with the nuclear kinetic-energy operator ex-
panded to sixth and eighth order in the small-amplitude vi-
brational coordinates show differences in the calculated en-
ergies of less than 0.02 cm™'. Thus, the sixth-order
expansion is adequate and is adopted both for the kinetic-
and potential-energy operators in the present work. All cal-
culations reported in this paper refer to the rotational ground
state (J=0).

VI. POTENTIAL-ENERGY SURFACES

We now describe and compare the six potential-energy
surfaces listed in Table I and the two surfaces ATZfc(2002)
and CBS+(2002) obtained previously."° It should be noted
that the surfaces ATZfc(2002) and ATZfc-1 were determined
by fitting to the same 14 400 ab initio points (grid 6D-1).
However, they are different since the expansion in Eq. (2)
was truncated after the fourth and sixth order, respectively.
Table IV lists some characteristic properties of these eight
surfaces, namely, the number of ab initio points Ny in the
underlying grid, the highest ab initio energy E,,,, (relative to
the equilibrium energy) in the data set, the number of param-
eters Ny, varied during the fitting, and the rms deviation
o Of the fit. For each of these surfaces, variational calcu-
lations of the vibrational term values were carried out for
NH; as described in Sec. V, and the resulting rms devia-

tions from experiment are included in Table IV for the ener-
gies below 10300 cm™'(8;300), the energies below
6100 cm™!(8,q0), and the inversion splittings below
10300 cm™(Spp)-

We evaluate the constructed potential-energy surfaces
with regard to the quality of the fits (Sec. VI A), the calcu-
lated vibrational term values (Sec. VI B), and the calculated
vibrational transition moments (Sec. VI C).

A. Quality of the fits

Inspection of Table IV shows that the rms deviations of
the analytical fits to the ab initio energies are reasonably low.
They lie between 0.9 and 1.4 cm™' for sixth-order expan-
sions in the internal region (ATZfc-1, ATZfc-4, and CBS™-
4), between 5.3 and 6.4 cm™' for fourth-order expansions in
the internal region [ATZfc(2002) and CBS+(2002)], and be-
tween 3.5 and 7.2 cm™! for sixth-order expansions that cover
all points including those in the border region (ATZfc-5,
CBS+, and CBS™-5).

The transition from the previously used fourth-order
expansions1 to sixth-order expansions has improved the qual-
ity of the fits significantly. This is seen most clearly for the
ATZfc-14 400 data set where the rms deviation has been re-
duced from 5.3 to 1.2 cm™!, at the expense of having 128
rather than 76 optimized parameters. Therefore we generally
recommend to truncate the analytical potential-energy func-
tion in Eq. (2) only after the sixth order.

The points in the border region with their distorted ge-
ometries are harder to fit than those in the internal region. In
the case of the ATZfc-5 and CBS™-5 surfaces, only 12% of
the ab initio points lie in the border region, and standard fits
with unit weight for all points yield acceptable results (rms
deviations of 3.5 and 3.6 cm™' overall, and 1.7 and 1.8 cm™
for the internal region). In the case of the CBS+ surface,
however, 62% of the points lie in the border region, and we
have therefore assigned weights of 10 to the internal points
and 1 to the border points to make sure that the spectroscopi-
cally important internal region is well represented by the fit;
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this has led to rms deviations of 7.2 cm™' overall and

2.5 cm™! for the internal region (compared with 6.5 and
4.2 cm™! from a standard fit with unit weights).

The internal consistency between different fits can be
checked most easily for the ATZfc-based surfaces. The rms
deviation between the ATZfc-1 and ATZfc-5 potential func-
tions, calculated at the 14 400 common geometries in 6D-1,
is less than 2 cm™!, and the same is true for the rms deviation
between ATZfc-4 and ATZfc-5, calculated at the 45 760
common geometries in 6D-5. These three sixth-order expan-
sions are thus quite similar in the internal region.

Extrapolations beyond the fitting domain are generally
associated with larger errors. Taking the fourth-order
ATZfc(2002) expansion as an example, the rms deviations
with regard to the ATZfc-14400, ATZfc-45760, and ATZfc-
51816 data sets are 5.3, 16.0, and 50.2 cm™’, respectively.
Obviously, the extrapolation is particularly difficult for the
ATZfc-51816 set that contains the distorted geometries of the
border region. This is confirmed by the rms deviations of the
six-order ATZfc-1 and ATZfc-4 expansions for the ATZfc-
51816 data set which amount to 90 and 96 cm™, respec-
tively.

In summary, the ab initio energies in the spectroscopi-
cally important internal region near equilibrium can be rep-
resented analytically with an accuracy of about 1 cm™'; in
the case of the most accurate CBS™*-4 surface the rms devia-
tion is 1.4 cm™' for 45 760 energies. Inclusion of the border
points provides the desired complete coverage up to
20000 cm™! above equilibrium, but makes the analytic fits
more difficult; for the most accurate CBS™"-5 surface, the
rms deviation rises to 3.6 cm™! for 51 816 energies. Both the
CBS™-4 and the CBS™-5 surface give an inversion barrier
of 1792 cm™, close to the directly computed' CBS+ value of
1790 cm™.

B. Vibrational term values

Experimentally determined vibrational term values for
14NH3 and the corresponding theoretical values calculated
from the ATZfc-5, CBS+, and CBS™"-5 potential-energy sur-
faces (see Tables I and IV) are listed in Table V. The vibra-
tional states are labeled by the quantum numbers v;, 1, 1f33,
and 1f44, where v, and [, are the usual harmonic oscillator
quantum numbers, and p= +(—) indicates the lower, symmet-
ric (upper, antisymmetric) inversion component. The quan-
tity I" is the symmetry of the vibrational state in the molecu-
lar symmetry group’° D;,(M). Theoretical and
experimental values for the J=0 inversion splittings of
N H; are compared in Table VI; the theoretical values are
determined from the ATZfc-5, CBS+, and CBS™*-5 potential-
energy surfaces, and the vibrational states are labeled as in
Table V.

As shown in Sec. VI A, all ATZfc-based surfaces con-
sidered presently are rather similar in the spectroscopically
important internal region (6D-4 grid). It is therefore not sur-
prising that the calculated vibrational term values are of
similar quality, with typical rms deviations from experiment
(see Table 1V) of &,9300=30 cm™!, &;00=21 cm~!, and
Ogpric =~ 13 cm™!. The improvements in the nuclear-motion
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model (see Sec. V) lead to slightly better vibrational energies
in the case of ATZfc(2002): &, 39 drops from 35.0 cm™!
previously' to 31.2 cm™.

The agreement between experimental and theoretical vi-
brational term values is improved substantially at higher lev-
els of ab initio theory, i.e., when using the CBS+, CBS™-4,
and CBS™"-5 potential-energy surfaces. In all three cases, the
rms deviations from experiment lie in a narrow range: d;( 390
between 7.9 and 9.4 cm™!, ¢y between 4.3 and 6.3 cm™!,
and Oy between 1.2 and 1.9 cm™! (see Table IV). The
CBS™-4 surface gives the best results for the vibrational
term values, while it is slightly inferior to the other two
surfaces for the inversion splittings, but the differences are
only minor. Compared with the ATZfc-based surfaces, the
rms deviations of the higher-level results are lowered by a
factor of 4 for the vibrational term values, and by an order of
magnitude for the inversion splittings. There are also im-
provements relative to the CBS+(2002) surface (see Table
IV) where the use of the refined nuclear-motion model has
increased &) 390 from 11.5 cm™! previously1 to 18.8 cm™.

C. Vibrational transition moments

Transition moments for selected vibrational transitions
in the electronic ground state of '*NHj are listed in Table
VII. They are defined as

wi= | 2 KOL|ZJPUP, (13)

a=x,y,Z

where 1, is a component of the electronically averaged mo-
lecular dipole moment along the molecule-fixed axis’ a=x,
y, or z, while <I>5’i)b and @5’1 are the vibrational wave func-
tions of the initial state i and the final state f, respectively. In
the calculation of s, we use the ATZfc dipole moment
function."”® The required matrix elements are generated by
techniques described previously.9 The vibrational wave func-
tions (I)E/';;)), w=i or f, are calculated variationally on the
ATZfc-5, CBS+, and CBS™"-5 surfaces. We consider transi-
tions originating in the vibrational ground-state inversion
components 0% (the lower, symmetric component) and 0~
(the upper, antisymmetric component). If the final state f of
the transition has the symmetry I'=A” or E’ in D;;,(M), the
initial state is 0%; if the final state has A" or E” symmetry, the
initial state is 0~. The upper states f are labeled as in Tables
V and VL

The three calculations use different vibrational wave
functions, but the same ATZfc dipole moment surface. It is
therefore not surprising that the three sets of computed tran-
sition moments are quite similar, with deviations typically in
the percent range (see Table VII); moreover, all of them are
in very satisfactory agreement with the available experimen-
tal results. The largest discrepancies between the computed
transition moments are found for the transitions 21507
where the ATZfc values amount to only 70% of the CBS+
and CBS™"-5 values. A possible explanation is that the upper
states of these two transitions are close to the top of the
inversion barrier that is overestimated at the ATZfc level by
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TABLE V. Vibrational term values (in cm™") for the electronic ground state of *NHj,.

State ATZfc-5 CBS+ CBS™-5

r " 4 3 Uy Obs. Ref.* Calc. o-C" Calc. o-C" Calc. o-C"
A’ 0 1* 0° 0° 932.43 51 961.25 -28.82 933.76 -1.33 934.25 -1.82
0 2 0° 0° 1597.47 52 1 666.12 -68.65 1599.78 -231 1601.31 -3.84
0 3+ 0° 0° 2384.15 53 2408.09 -23.94 2387.77 -3.62 2388.55 -4.40
0 0 0° 20 3216.10 54 3211.07 5.03 3220.62 —4.52 322115 -5.05
1 0 0° 0° 3336.11 54 3319.42 16.69 3342.37 -6.26 334224 -6.13
0 4+ 0° 0° 3462 55 3455.11 6.89 346791 -5.91 346833 -6.33
0 1* 0° 20 4115.62 56 4148.15 -32.53 4121.45 -5.83 4123.01 -7.39
1 1* 0° 0° 429453 56 430233 -7.80 430227 —7.74 4302.46 -7.93
1 0 0° 20 6 520 57 6 492.65 27.35 6 530.84 -10.84 6531.38 -11.38
2 0 0° 0° 6 606.0 57 6 623.60 ~17.60 6616.80 ~10.80 6617.45 ~11.45
0 0 20 0° 6795.30 57 6750.30 45.00 6 808.88 ~13.58 6 809.47 ~14.17
0 0 3? 0° 1023252 57 10 164.36 68.16 10252.22 -19.70 10 253.36 -20.84
E' 0 0 0° 1! 1626.28 52 1 624.89 1.39 1 628.57 -2.29 1 628.84 -2.56
0 1* 0° 1! 254053 53 257138 -30.85 2543.80 -3.27 2544.77 -4.24
0 0 0° 2? 3240.44 54 3255.44 ~15.00 3244.84 -4.40 3245.41 -4.97
0 0 1! 0° 3443.68 55 3420.34 23.34 3449.20 -5.52 344935 -5.67
0 1* 0° 2? 4135.94 56 4169.11 -33.17 4141.40 -5.46 4143.00 -7.06
0 1* 1! 0° 441691 56 4416.90 0.01 4423.65 -6.74 4424.41 -7.50
1 0 0° 1! 4955.85 57 493854 17.31 4965.04 -9.19 4965.03 -9.18
0 0 1! 1! 5052.60 57 5027.76 24.84 5060.69 -8.09 5061.24 —8.64
0 1* 1! 1! 6012.90 57 6013.73 -0.83 6021.43 -8.53 6022.97 -10.07
1 0 0° 2? 6 566.22 57 6575.13 -8.91 6 568.43 221 6 568.95 -2.73
1 0 1! 0° 6 608.83 57 6 643.03 -34.20 6 618.61 978 6 620.27 —11.44
0 0 1! 22 6677.23 57 6 647.40 29.83 6 677.60 -0.37 6 678.46 -1.23
0 0 2? 0° 6 850.20 57 6 804.92 45.28 6 861.73 ~11.53 6 862.03 ~11.83
2 0 0° 1! 8200 58 8173.85 26.15 8220.50 -20.50 822237 -22.37
0 0 3! 0° 10 110.86 57 10 049.90 60.96 10 129.87 -19.01 10131.20 -20.34
A" 0 0 0° 0° 0.79 51 0.49 0.30 0.79 0.00 0.79 0.00
0 1- 0° 0° 968.12 51 985.10 -16.98 969.51 -1.39 969.73 -1.61
0 2 0° 0° 1882.18 52 1904.10 -21.92 1 884.96 278 1885.51 -3.33
0 3 0° 0° 2895.51 53 2.899.14 -3.63 2900.01 —4.50 2900.49 -4.98
0 0 0° 20 3217.78 54 3212.16 5.62 322225 -4.47 322277 -4.99
1 0 0° 0° 3337.10 54 3320.19 16.91 3343.34 -6.24 3343.22 -6.12
0 4 0° 0° 4055° 59 4042.85 12.15 4068.25 -13.25 4068.53 -13.53
0 1 0° 20 417325 56 4186.75 -13.50 4179.06 -5.81 4 180.06 -6.81
1 1- 0° 0° 4320.04 56 4319.82 0.22 432791 -7.87 4327.94 -7.90
0 0 20 0° 6796.73 57 6751.13 45.60 6 807.22 ~10.49 6 807.85 ~11.12
0 0 3? 0° 10234.73 57 10 165.04 69.69 10 250.07 -15.34 10 250.62 -15.89
E' 0 0 0° 1! 1627.37 52 1625.57 1.80 1 629.68 -231 1629.95 -2.58
0 1- 0° 1! 2586.13 53 2602.04 -15.91 2589.62 -3.49 259021 -4.08
0 0 0° 2? 3241.62 54 3238.06 3.56 3246.30 -4.68 3246.88 -5.26
0 0 1! 0° 3443.99 55 3420.55 23.44 3449.57 -5.58 3449.71 -5.72
0 - 0° 2? 4193.14 56 4207.70 ~14.56 4198.89 -5.75 4200.04 -6.90
0 1- 1! 0° 4435.44 56 4428.88 6.56 444234 -6.90 4442.93 ~7.49
1 0 0° 1! 4956.79 57 4939.37 17.42 4966.18 -9.39 4966.24 945
0 0 1! 1! 5052.97 57 5028.10 24.87 5061.31 -8.34 5061.91 -8.94
0 - 1! 1! 6037.12 57 6 028.85 8.27 6 045.42 -8.30 6 046.70 -9.58
1 0 0° 2? 6 566.22 57 6575.97 -9.75 6569.92 -3.70 6 570.54 -432
1 0 1! 0° 6 609.66 57 6 641.50 -31.84 6619.55 -9.89 6621.29 -11.63
0 0 1! 22 6 677.95 57 6 647.76 30.19 6 677.35 0.60 6 678.48 -0.53
0 0 2? 0° 6 850.70 57 6 805.09 45.61 6 862.14 —11.44 6 862.45 -11.75
0 0 3! 0° 10 111.31 57 10 049.78 61.53 10 130.68 -19.37 10 131.76 -20.45
Ss100” 20.77 5.78 6.33

810300° 29.97 8.77 9.44

“Reference for the experimentally derived (observed) vibrational term values.
"Residual (observed-calculated) in cm™'.
“The (0,47,0°,0°) term value is not included in calculations of rms deviations because of its high experimental uncertainty (see Ref. 59).

drms deviation (in cm™") between observed and calculated vibrational term values below 6100 cm™'.

°rms deviation (in cm™') between observed and calculated vibrational term values below 10300 cm™.
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TABLE VI. Observed and calculated inversion splittings for *NHj (in cm™).

J. Chem. Phys. 123, 134308 (2005)

State Obs.* ATZfc-5 CBS+ CBS™-5
r n v, 3 Uy E, E. A Calc.” 0-C* Calc.” 0-C* Calc.” o-C*
A 0 0 0° 0° 0.00 0.79 0.79 0.49 0.30 0.79 0.00 0.79 0.00
0 1 0° 0° 932.43 968.12 35.69 23.85 11.84 3575 -0.06 35.48 0.21
0 2 0° 0° 1597.47 1882.18 284.71 237.98 46.73 285.18 -0.47 284.20 0.51
0 3 0° 0° 2384.15 2895.51 511.36 491.05 2031 512.24 -0.88 511.94 -0.58
0 0 0° 20 3216.10 321778 1.68 1.09 0.59 1.63 0.05 1.62 0.06
1 0 0° 0° 3336.11 3337.10 0.99 0.77 0.22 0.97 0.02 0.98 0.01
0 1 0° 20 4115.62 4173.25 57.63 38.60 19.03 57.61 0.02 57.05 0.58
1 1 0° 0° 4294.53 4320.04 2551 17.49 8.02 25.64 -0.13 25.48 0.03
0 0 20 0° 6795.30 6796.73 1.43 0.83 0.60 -1.66 3.09 -1.62 3.05
0 0 33 0° 10232.52 10 234.73 221 0.68 1.53 -2.15 436 -2.74 4.95
E 0 0 0° 1! 1626.28 1627.37 1.09 0.68 0.41 L1 -0.02 111 -0.02
0 1 0° I 2540.53 2586.13 45.60 30.66 14.94 45.82 -0.22 45.44 0.16
0 0 0° 2? 3240.44 3241.62 118 -17.38 18.56 1.46 -0.28 1.47 -0.29
0 0 1! 0° 3443.68 3443.99 0.31 0.21 0.10 0.37 -0.06 0.36 -0.05
0 1 0° 2? 4135.94 4193.14 57.20 38.59 18.61 57.49 -0.29 57.04 0.16
0 1 1! 0° 4416.91 4435 .44 18.53 11.98 6.55 18.69 -0.16 18.52 0.01
1 0 0° 1! 4955.85 4956.79 0.94 0.83 0.11 1.14 -0.20 1.21 -0.27
0 0 1 1! 5052.60 5052.97 0.37 0.34 0.03 0.62 -0.25 0.67 -0.30
0 1 1 1! 6012.90 6037.12 24.22 15.12 9.10 23.99 0.23 23.73 0.49
1 0 0° 2? 6 566.22 6 566.22 0.00 0.84 -0.84 1.49 ~1.49 1.59 -1.59
1 0 1 0° 6 608.83 6 609.66 0.83 -1.53 236 0.94 -0.11 1.02 -0.19
0 0 1 272 6677.23 6 677.95 0.72 0.36 0.36 -0.25 0.97 0.02 0.70
0 0 2? 0° 6 850.20 6 850.70 0.50 0.17 0.33 0.41 0.09 0.42 0.08
0 0 3! 0° 10 110.86 10 111.31 0.45 -0.12 0.57 0.81 -0.36 0.56 -0.11
St 13.2 12 13

‘E, (E_) is the term value of the lower, symmetric (upper, antisymmetric) inversion component and A=E_-E_ is the inversion splitting. The references for
the experimentally derived vibrational term values can be inferred from Table V.

“Calculated A value in cm™'.
1

‘Residual (observed-calculated) in cm™.

drms deviation in cm™!.

150 cm™,"* which may cause a drastic change in the 215
wave functions relative to those obtained at the CBS+ and
CBS™-5 levels.

Vil. REFINEMENT

Even with our best surfaces there are residual errors in
the computed vibrational spectra relative to experiment. For
further improvements on a purely ab initio basis, one would
need to go beyond the current CCSD(T) level by including
higher excitations in the coupled-cluster series, more accu-
rate corrections for basis-set incompleteness, and additional
terms such as diagonal Born-Oppenheimer corrections. Such
improvements have been reported for NH3,6’25 and it has
been established that these corrections can indeed cause
changes of several wave numbers in the fundamental transi-
tions of NH; and that wave-number accuracy can be reached
in this manner.®

Here we explore a different strategy of surface
refinement.*’ Following a commonly applied practice in
spectroscopic work, we empirically adjust the ab initio sur-
face by fitting to the experimental data that are available for
the ground electronic state of NH;. The number of optimized
parameters is limited by truncating the potential-energy func-
tion in Eq. (2) after the fourth order. Accordingly the experi-
mental input data comprise only the band centers below

6100 cm™! (see Table V), except for the transition at
4055 cm™! that has a large experimental uncertainty. To
make sure that the refined surface remains close to the ab
initio surface, the energies from the CBS™-45760 set are
included as input data. Separate weight factors are assigned
to the experimental (WS*?) and the ab initio (W'*") input data.
In the refinement (see Ref. 47 for details), r. and a, are kept
fixed at their CBS+ values, and hence 108 parameters are
varied in the fitting to 34 term values and 45 760 CBS™
energies. The parameter R=W?/ W' controls the relative
importance of the two types of input data. For R=0 the po-
tential parameters are fitted only to the ab initio energies and
this leads to the results given in Sec. IV. On the other hand,
for 1/R — 0 the refinement is unrestrained, and the surface is
adjusted only to the experimental data.

Fits were done with several values of R gradually in-
creasing from a starting value of R=0. For R=0.001 close
agreement with experiment was achieved, with & 3g
~3.0 cm™, &j00=0.4 cm™, and &, =0.8 cm™'. The re-
sulting “spectroscopic” surface shows an rms deviation of
0.4 cm™! from the experimental input data and of 8.9 cm™!
from the CBS™ reference energies, and the inversion barrier
is 1786.1 cm™!, in excellent agreement with the best
available® theoretical value of 1786.8 cm™'. The refined po-
tential parameters are given as supplementary material,”® and
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TABLE VII. Band centers vy; (in cm™') and vibrational transition moments wy; (in D) for “NHj transitions originating in the vibrational ground state.

Final state f vy i
r yy 4 o U} Obs." Obs.? Ref ¢ ATZfc-5 CBS+ CBS™-5
A 0 1* 0° 0° 93243 0.248(7) 60 0.23521 0.244 71 0.244 53
0 2+ 0° 0° 159747  0.020 36(25) 52 0.013 87 0.020 42 0.020 19
0 3+ 0° 0° 2384.15  0.004 96(13) 53 0.005 51 0.005 39 0.005 40
0 0* 0° 20 3216.10  0.009 20(6) 55 0.009 25 0.007 39 0.007 26
1 0* 0° 0° 3336.11 0.026 2(1) 55 0.027 68 0.026 86 0.026 92
0 4+ 0° 0° 3462 0.001 99 0.002 01 0.002 03
0 1* 0° 20 4115.62 0.003 72 0.003 40 0.003 38
1 1+ 0° 0° 4294.51 0.007 9 61 0.008 39 0.008 72 0.008 73
1 0* 0° 20 6520 0.000 27 0.000 30 0.000 30
2 0* 0° 0° 6 606.0 0.000 20 0.000 10 0.000 08
0 0* 20 0° 6795.30 0.002 53 0.001 99 0.002 02
0 0* 33 0° 10232.52 0.000 29 0.000 24 0.000 30
E' 0 0* 0° 1! 162628  0.084 08(34) 52 0.081 50 0.082 83 0.082 79
0 1* 0° 1! 2540.53  0.002 358(36) 53 0.009 30 0.009 03 0.009 08
0 0* 0° 22 324044  0.009 20(6) 55 0.008 51 0.009 12 0.009 08
0 0* 1! 0° 344368  0.0182(1) 55 0.015 09 0.018 10 0.018 10
0 1* 0° 22 413594 0.004 34 0.004 03 0.004 01
0 1* 1! 0° 441691  0.0206 61 0.024 28 0.024 60 0.024 60
1 0* 0° 1! 4955.85 0.004 90 0.004 94 0.004 92
0 0* 1 1! 5052.60 0.015 46 0.015 82 0.015 80
0 1* 1! 1! 6012.90 0.003 96 0.003 96 0.003 95
1 0* 0° 22 6 566.22 0.004 32 0.003 28 0.003 11
1 0* 1! 0° 6 608.83 0.009 08 0.008 82 0.008 78
0 0* 1! 272 6677.23 0.003 06 0.001 77 0.001 81
0 0* 22 0° 6 850.20 0.002 73 0.002 86 0.002 88
2 0* 0° 1! 8200 0.000 59 0.000 60 0.000 62
0 0* 3! 0° 10 110.86 0.000 87 0.000 92 0.000 93
A" 0 0" 0° 0° 079  1.47193(1) 62 1.475 00 1.456 20 1.456 37
0 - 0° 0° 968.12  0.236(4) 60 0.228 72 0.23479 0.234 70
0 2" 0° 0° 1882.18  0.003 256(35) 52 0.001 27 0.002 72 0.002 65
0 3" 0° 0° 289551 0.002 856(40) 53 0.002 62 0.002 70 0.002 70
0 0" 0° 20 321778 0.009 20(6) 55 0.009 33 0.007 51 0.007 37
1 0" 0° 0° 3337.10  0.0262(1) 55 0.027 78 0.026 96 0.027 02
0 4" 0° 0° 4055 0.000 84 0.000 89 0.000 89
0 1- 0° 20 4173.25 0.004 03 0.003 78 0.003 76
1 - 0° 0° 4320.04  0.0079 61 0.008 07 0.008 33 0.008 34
0 0" 20 0° 6796.73 0.002 53 0.002 52 0.002 51
0 0" 33 0° 10234.73 0.000 30 0.000 30 0.000 30
E" 0 0" 0° 1! 162737 0.08408(34) 52 0.081 44 0.082 72 0.082 69
0 - 0° 1! 2586.13  0.002 182(82) 53 0.009 51 0.009 37 0.009 40
0 0" 0° 22 3241.62  0.009 20(6) 55 0.008 67 0.009 01 0.008 96
0 0" 1 0° 344399  0.0182(1) 55 0.015 05 0.018 02 0.018 02
0 - 0° 22 4193.14 0.004 76 0.004 55 0.004 52
0 1- 1! 0° 443544 0.0206 61 0.024 13 0.024 40 0.024 41
1 0" 0° 1! 4956.79 0.004 89 0.004 91 0.004 88
0 0" 1! 1! 5052.97 0.015 42 0.015 74 0.015 72
0 - 1! 1! 6037.12 0.004 01 0.003 99 0.003 98
1 0" 0° 22 6 566.22 0.004 32 0.003 33 0.003 15
1 0" 1 0° 6 609.66 0.009 04 0.008 82 0.008 78
0 0" 1! 272 6 677.95 0.002 76 0.001 79 0.001 84
0 0" 22 0° 6 850.70 0.002 73 0.002 85 0.002 85
0 0" 3! 0° 10 111.31 0.000 89 0.000 90 0.000 92

“The references for the observed values of vj; can be inferred from Table V.
®Observed value of the vibrational transition moment with experimental uncertainty in parentheses (in units of the last digit quoted) where available.
“Reference for the experimental (observed) value of the vibrational transition moment.

the corresponding vibrational term values are listed in Table 1 cm™! while there are errors of several wave numbers for
VIIL. It is obvious that the low vibrational energies that were the transitions above 6100 cm™!, for example, in the case of
included in the fitting are well reproduced, typically within  the combination band v;+2v,.
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TABLE VIII. Vibrational term values (in cm™") for the electronic ground state of '*NHj. The calculated term values (Calc.) were obtained using a refined

surface (see text for details). (See footnotes b and ¢ of Table V.)

State Refined State Refined

r v W o} Obs. Calc. 0-C r yon W o Calc. 0-C

A’ 0 1" 0° 0° 932.43 932.50 -0.07 A" 0 0~ 0° 0° 0.79 0.79 0.00
0 2t 0° 00 1597.47 1597.46 0.01 0 1- 0° 0° 968.12 968.16 -0.04
0 3+ 0° 0° 2384.15 2384.15 0.00 0 2- 0° 0° 1882.18 1882.13 0.05
0 0* 0° 20 3216.10 3215.98 0.12 0 3" 0° 0° 2895.51 2895.57 -0.06
1 0* 0° 0° 3336.11 3336.09 0.02 0 0" 0° 20 3217.78 3217.64 0.14
0 4* 0° 0° 3462 3 462.80 -0.80 1 0~ 0° 0° 3337.10 3337.14 -0.04
0 1" 0° 20 4115.62 4115.62 0.00 0 4- 0° 0° 4055 4062.20 -7.20
1 1" 0° 0° 4294.53 4294.43 0.10 0 1~ 0° 20 4173.25 4173.27 -0.02
1 0* 20 0° 6520 6517.67 233 1 1~ 0° 0° 4320.04 4320.08 -0.04
2 0* 0° 0° 6 606.0 6603.31 2.69 0 0~ 20 0° 6796.73 6793.10 3.63
0 0* 20 0° 6795.30 6795.29 0.01 0 0" 33 0° 10234.73 10 232.40 233
0 0* 33 0° 10 232.52 10229.18 3.34

E' 0 0* 0° 1! 1 626.28 1 626.30 -0.02 E" 0 0" 0° 1! 1627.37 1 627.40 -0.03
0 1* 0° 1! 2540.53 2 540.50 0.03 0 1~ 0° 1! 2586.13 2586.10 0.03
0 0* 0° 22 3240.44 3240.15 0.29 0 0- 0° 22 3241.62 3241.63 -0.01
0 0* 1! 0° 3443.68 3443.72 -0.04 0 0~ 1! 0° 3443.99 3 444.06 -0.07
0 1" 0° 22 4135.94 4 135.96 -0.02 0 1- 0° 22 4193.14 4193.17 -0.03
0 1* 1! 0° 441691 4416.89 0.02 0 1~ 1! 0° 4 435.44 443548 -0.04
1 0* 0° 1! 4955.85 4955.70 0.15 1 0" 0° 1! 4956.79 4956.94 -0.15
0 0* 1! 1! 5052.60 5052.71 -0.11 0 0" 1! 1! 5052.97 5053.29 -0.32
0 1* 1! 1! 6012.90 6011.31 1.59 0 1- 1! 1! 6037.12 6035.33 1.79
1 0* 0° 22 6 566.22 6554.92 11.30 1 0" 0° 22 6 566.22 6 556.47 9.75
1 0* 1! 0° 6 608.83 6 605.76 3.07 1 0" 1! 0° 6 609.66 6 606.82 2.84
0 0* 1! 272 6677.23 6672.99 424 0 0" 1! 272 6677.95 6673.78 4.17
0 0* 22 0° 6 850.20 6 849.89 0.31 0 0~ 22 0° 6 850.70 6 850.27 0.43
2 0* 0° 1! 8200 8208.76 -8.76 0 0" 3! 0° 10 111.31 10105.21 6.10
0 0* 3! 0° 10 110.86 10 104.89 5.97

VIil. DISCUSSION AND CONCLUSION

The main goal of the present work was to construct a
potential-energy surface for the electronic ground state of
NH; that accurately covers the region up to 20000 cm™
above equilibrium. For this purpose, CCSD(T)-based ener-
gies were computed for 51 816 (3814) geometries at the
ATZfc (CBS+) level, and these data were combined to gen-
erate at all 51 816 geometries CBS™ energies which are ex-
pected to be essentially of CBS+ quality. The corresponding
analytical representation (CBS™*-5) is our best overall
potential-energy function. Variational calculations on the
CBS™-5 surface yield rms deviations of 1.3 and 6.3 cm™! for
the inversion splittings and the vibrational term values below
6100 cm™, respectively, relative to experiment. For these
calculations, the distorted geometries in the border region of
the CBS™-5 surface are less relevant, and therefore the
CBS™-4 surface, which only covers the internal region close
to equilibrium, may be slightly superior in spectroscopic ap-
plications, as indicated by an rms deviation of 4.3 cm™! for
the vibrational term values below 6100 cm™'. Both these
CCSD(T)-based surfaces fall short of the target accuracy of
1 cm™" that has been advocated in recent work.>*®** In the
following, we therefore address the limitations of our ap-
proach and possible improvements.

One obvious shortcoming is the neglect of higher exci-
tations in the coupled cluster series beyond CCSD(T). It has

been shown recently6’25 that their inclusion up to quintuple

excitations (CCSDTQP) combined with an extrapolation to
the full configuration-interaction (FCI) limit affects the com-
puted vibrational term values of NHj significantly, for ex-
ample, in the case of the symmetric and degenerate stretch-
ing fundamentals by -5.2 and —-4.2 cm™!, respectively.6
Inspection of Table V shows that our variational calculations
on the CBS™-5 surface consistently overestimate the experi-
mental term values: in particular, all 12 transitions involving
two or three quanta of the stretching modes have large abso-
lute errors of 11-22 cm™' which would be much reduced by
assuming a transferable correction of about —5 cm™' per
stretching quantum (as indicated by CCSDTQP and FCI
data; see above). There is a good chance, of course, that
systematic corrections of this kind can be incorporated by an
empirical surface refinement (see Sec. VII).

Another limitation of our current approach is the proce-
dure for CBS extrapolation which employs the aug-cc-pVXZ
basis sets with cardinal numbers X=T,Q,5. It has recently
been argued in the case of water™ that larger basis sets up to
X =7 must be included in order to achieve an accuracy better
than 1 cm™!. Alternatively one may resort to the explicitly
correlated R12 method to reach the CBS limit at the
CCSD(T) level which caused changes up to 4 cm™' in the
computed fundamental wave numbers of NH; relative to
CBS extrapolation.6
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In our CBS+ calculations, the core-valence correlation
energy is obtained as the difference between all-electron and
frozen-core CCSD(T)/aug-cc-pCVTZ energies, which recov-
ers only about 86% of the corresponding CCSD(T)/aug-cc-
pCV5Z result.” This percentage is essentially constant over
the spectroscopically relevant region so that the CBS+ ener-
gies could easily be corrected for this systematic error. This
gives rise to changes of the order of 1 cm™ in the calculated
vibrational term values. Considering that other errors are
larger (see above) we decided against including such a cor-
rection in the CBS+ scheme.

The relativistic corrections in CBS+ are evaluated at the
CCSD(T)/aug-cc-pVTZ level as the sum of the expectation
values for the mass-velocity and the one-electron Darwin
terms. This should be adequate for a light molecule such as
NH; even though more refined relativistic methods could be
applied [which is mandatory for heavier molecules such as
BiH; (Ref. 50)]. Diagonal Born-Oppenheimer corrections are
not included in our approach. In NH; they affect the funda-
mental wave number for the inversion mode by 2.6 cm™! and
those for the other modes by less than 0.5 em™.% It seems
advisable to incorporate such corrections after taking care of
other larger errors (see above).

When generating a potential-energy surface by ab initio
calculations on a grid, the density of the points is considered
to be an important factor for the accuracy that can be
achieved.”™ Our largest grid (6D-5) contains 51 816 unique
points (and many more symmetrically equivalent points), but
being six dimensional it is still rather sparse. Moreover, the
CBS™ construction scheme strongly depends on the number
of points taken from the “parent” CBS+ data for the EDS fit
(currently 3814 points): the denser the parent grid, the closer
the CBS™ surface to the CBS+ limit, and the smaller the
extrapolation error (which is presently 2.8 cm™!). The ana-
lytical representation of the CBS™" energies necessarily intro-
duces some further inaccuracies which can be assessed from
the corresponding rms deviations (1.4 cm™' for CBS™*-4 and
3.6 cm™! for CBS™-5).

Given the many caveats concerning accuracy, the prag-
matic strategy of slightly adjusting a high-level ab initio sur-
face to reproduce spectroscopic data seems attractive also in
the case of NH;. The refined surface obtained from a re-
strained fit to experimental and theoretical data indeed al-
lows us to reproduce the observed vibrational term values
below 6100 cm™! almost exactly and leads to tolerable errors
for the higher transitions up to 10 300 cm™~!. The chosen re-
finement is not unique, of course, but it provides a surface
which can be an alternative, in spectroscopic work, to the
purely ab initio surfaces developed presently.

The CBS™"-5 surface has the advantage that it affords a
complete coverage of the energy range up to 20 000 cm™!
above equilibrium. While not perfect, it is highly accurate
and available in analytical form. It should thus be useful in
many applications, and it may serve as a component in glo-
bal analytical potential-energy surfaces that extend into the
dissociative regions.lo’11
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