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A new, four-dimensional potential energy surface for the interaction of NH; and ND; with Ar is
computed using the coupled-cluster method with single, double, and perturbative triple excitations
and large basis sets. The umbrella motion of the ammonia molecule is explicitly taken into account.
The bound states of both NH;—Ar and ND;—Ar are calculated on this potential for total angular
momentum values from J = 0 to 10, with the inclusion of Coriolis interactions. The energies and
splittings of the rovibrational levels are in excellent agreement with the extensive high-resolution
spectroscopic data accumulated over the years in the infrared and microwave regions for both com-
plexes, which demonstrates the quality of the potential energy surface. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903047]

. INTRODUCTION

The interaction of ammonia with noble gases (NG) has
been the subject of a large number of studies motivated mainly
by the understanding of weak interactions' as well as by the
importance of rotational energy transfer in NH;—NG colli-
sions in the modelling of various astrophysical and atmo-
spherical environments.? Moreover, the possibility of produc-
ing cold and ultracold NH; molecules either by buffer gas
cooling or by sympathetic cooling with noble gas atoms has
been examined.?

The NH;—Ar van der Waals (vdW) complex has been
the subject of extensive microwave and far infrared spec-
troscopic studies. The first measurements on the complex
were performed in the microwave region*> and resulted in
a complicated spectrum due to the nonrigidity of the com-
plex. Additional transitions were observed and assigned in the
microwave and infrared for ortho®® and parag‘lo NH;-Ar,
which showed that for some states ammonia behaves almost
as a free rotor in the complex. These spectroscopic investi-
gations have resulted in a precise knowledge of the bound
states of the complex that correlate to the j, = 0y, 1,, and
1, levels of free NH;, including states with vibrational excita-
tion in the van der Waals stretching coordinate. In addition
to the rotational constants, the dipole moment and the nu-
clear quadrupole splitting constants have also been reported
for some states. These studies have been complemented by
the observation of transitions in the v; + v, band region of
the complex'! as well as spectroscopic measurements on the
rotational states of ND,—Ar.!>"14

Several potential energy surfaces (PES) have been de-
veloped over the years in order to help the understand-
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ing of the spectrum of the complex. The first PES was
constructed using Mgller-Plesset perturbation theory up to
second order (MP2)."> An improved, semi-empirical surface
developed by Bulski et al. included the dependence of the
potential on the umbrella inversion angle.'® This PES was
used to compute the bound states of the complex'’~!” includ-
ing the effects of the inversion motion. While important dis-
crepancies with the experimental data were observed, it was
noted that these could be partly resolved by scaling a sin-
gle term in the expansion of the PES by a constant factor.
Integral and differential cross sections for rotational excita-
tion and inversion of NH; in collisions with Ar were also
computed with this potential,>** and reasonable agreement
with experimental data was found. A third PES developed at
the MP4 level by Tao and Klemperer®* confirmed the main
features of the previous intermolecular potential. The most
recent PES was obtained by Schmuttenmaer et al.>® by fit-
ting the spectroscopic data, which provided a detailed un-
derstanding of the spectrum of the complex. Finally, geom-
etry optimization calculations were performed recently by
Bistoni et al.?® using the coupled cluster method, in rela-
tion with molecular beam experiments probing the isotropic
part of the PES,' with good agreement between theory and
experiment.

Recently, the interaction of NH; and ND; with noble
gases has found a renewed interest due to the possibility
of measuring state-selective differential cross sections corre-
sponding to rotationally and inversion inelastic collisions in
a crossed beam setup with hexapole selected”’-?® or Stark-
decelerated ammonia,”® combined with velocity-map imag-
ing. A direct comparison between theory and these recent
experiments requires a more accurate PES that includes the
umbrella inversion motion explicitly, which is the subject of
the present work.

© 2014 AIP Publishing LLC
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In Sec. II, we describe a new four-dimensional (4D) PES
obtained using the coupled cluster method and a large basis
set. We discuss the features of the PES; we found that it is in
good agreement with the experimentally determined PES.?
In Sec. III, we describe the calculation of the spectrum of
the van der Waals complex using the new PES. We compute
the band origins, rotational constants, and inversion tunneling
splittings of the rovibrational states of NH;—Ar and ND;—Ar
and compare these with the spectroscopic data.

Il. POTENTIAL ENERGY SURFACE
A. Methods

We constructed a 4-dimensional PES, which depends on
the three spherical coordinates (R', ', ¢’) used to define the
Ar atom position with respect to NH;, as well as on the NH,
umbrella angle p’, which describes the inversion motion of
ammonia. The C;, symmetry of ammonia is retained, and p’
is the angle between the C; axis of NH; and the NH bonds.
The Ar position vector R’ is defined relative to the N atom, R’
is the length of R, 6’ (with 0 < 6’ < 7) is the angle between
the vector R" and the C; axis, and ¢’ (with 0 < ¢’ < 2m) is
the angle of rotation of this vector around the C; axis. When
0" =0 or , the complex has orientation Ar—-NH, or Ar-H;N,
respectively. An angle ¢’ = 0 corresponds to Ar in the same
plane as the C; axis and one of the NH bonds, while for ¢’
= m/3 Ar is located at equal distance between two hydrogen
atoms.

We can easily transform to a coordinate system (p, R, 6,
@) with the origin set at the center of mass of NH;, which
will be required for bound states and scattering calculations.
The umbrella angle p and the angle ¢ are left unchanged by
this transformation (o’ = p, ¢’ = @) while the internuclear
distance R and angle 6 are related to R’ and 6’ by

0 = arccot (cote/ - &) ,
R’ sin 6’
R’ sin 6’ M
~ sing
where
Zem = 3’;;1{ 7 COS p 2)

is the distance from the N nucleus to the center of mass of
NH;, and M = my, + 3my, is the mass of NH;. Similarly, we
can define a coordinate system with the origin set at the center
of mass of ND; by using Eq. (1) and replacing m;; by m,, in
Eq. (2). The coordinate system is illustrated in Fig. 1.

The N-H distance r was kept fixed to its vibrationally av-
eraged value r, in the ground vibrational state of NH,. Since
NH; keeps its C;, symmetry, the three NH bonds remain
equally long. The value of r, can be obtained from the ro-
tational constants B, and C, of NH;, for which accurate val-
ues are available experimentally.>® The relationship between
the rotational constants and r,, can be found using the princi-
pal moments of inertia of NH, I, = I, = 3myr*(1/2sin?p
+ my/Mcos?p) and I,, = 3myr*sin?p and the fact that B,
= #/2l,, and C, = #/2I .. Using the values of Ref. 30 for B,
and C, averaged over the inversion tunneling states, we get r,
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FIG. 1. Coordinate system for NH,—Ar with the origin at the center of mass
of NH,.

= 1.9204 a, and p, = 111.4°. These can be compared to the
equilibrium values, r, = 1.9099 a4 and p, = 112.1°.%!

The ground state PES of the NH;—Ar complex was com-
puted by means of the coupled-cluster method with sin-
gle, double, and perturbative triple excitations (CCSD(T))*?
with a Hartree-Fock reference wave function, as implemented
in the MOLPRO 2012.1 package.*® For states with mono-
configurational character, the CCSD(T) method provides the
best compromise between accuracy and computation time.
For each geometry, the energy was corrected for the ba-
sis set superposition error by means of the counterpoise
method.**

In order to select the basis set appropriate to NH;—Ar, we
performed a series of calculations using variants of the aug-
cc-pVnZ (or AVnZ) basis sets for various cardinal numbers
n at several geometries X;. The results are reported in Table I
for two geometries Xx,, close to the global minimum of the
PES, and x,, located in the long range. The second column of
Table I contains the BSSE-corrected interaction energies
computed using the AVnZ (n = 2 — 5) basis sets on all
atoms.>>3® The 25?2p> electrons of the N atom, the 1s elec-
trons of the H atoms, and the 3s23p6 electrons of the Ar atom,
i.e., 16 electrons in total, were correlated in the CCSD(T) cal-
culations. We also computed the Complete Basis Set (CBS)
limit of the interaction energy. The CBS energies were ob-
tained by extrapolating the Hartree-Fock energy and the cor-
relation energy separately using the standard approach.’’

TABLE 1. Energy of the complex (in cm™!) for the two geometries x; (p
=112°,R' = 6.8 a), 0’ =90°, 9 = 60°) and x, (p = 100°, R" = 12 q, 6’
= 150°, ¢ = 40°) and for various basis sets (see text). AVnZ is a shorthand
notation for aug-cc-pVnZ.

n AVnZ AVnZ-mb AVnZ-DK-mb  ACVnZ-mb
X, 2 —80.445 —152.06 —152.51 —151.62
3 —123.79 —147.19 — 147.62 —147.31
4 —138.83 —146.56 —146.99 —146.95
5 — 143.81 —146.91 —147.33 —147.27
CBS —148.81
X, 2 —6.1725 —7.3344 —7.3456 —17.3212
3 —6.9242 —7.4101 —7.4211 —7.3820
4 —7.1334 —7.3539 —7.3645 —7.3269
5 —7.2402 —7.3478 —7.3581 —7.3199
CBS —7.3612
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Specifically, a three-parameter exponential function was used
for the HF energy, while a two-parameter n~3 form was em-
ployed to extrapolate the correlation energy. The basis sets
with cardinal number n = 3 — 5 were used in this procedure.
Following the extrapolation, the energy was corrected for the
BSSE error.

It is well known that the description of weakly interacting
complexes can be improved by the inclusion of a set of diffuse
functions located midway between the two fragments. We
adopted a set of (3s3p2d2f1g) mid-bond functions®® which
has been shown to give accurate results for noble gases. The
results obtained with the AVnZ basis set supplemented with
mid-bond functions, denoted as AVnZ-mb, are given in the
third column of Table 1. We observe that for both geometries
the AVQZ-mb results are in good agreement with the CBS
limit and are better than the AV5Z results. The CBS extrap-
olation cannot be performed with the AVaZ-mb basis sets as
the addition of mid-bond functions breaks the hierarchy of the
basis sets, as can be seen from Table 1.

The interaction energy can be further improved
by including scalar relativistic effects. These corrections
were taken into account using the Douglas-Kroll-Hess
Hamiltonian®* and the adapted basis sets AVaZ-DK,* as well
as their mid-bond functions — augmented versions AVnZ-DK-
mb. We observe that such corrections increase the stability of
the complex and improve the interaction energy by 0.5% at
most, as can be seen from the fourth column of Table I. The
effect of relativistic corrections is found to be the same with-
out the mid-bond functions (not shown). Similar trends were
reported for acetylene-noble gas complexes.*!

Finally, we investigated the effect of opening the cores
of the atoms by using the aug-cc-pCVnZ (or ACVnZ) ba-
sis sets*>** augmented by mid-bond functions (ACVaZ-mb).
Core-valence interactions can indeed alter the interaction en-
ergy significantly for heavy noble gases.** Twenty-six elec-
trons were correlated in these calculations, which become
prohibitively expensive with large basis sets. As can be seen
from the last column of Table I, the effect is rather small (less
than 0.4%) and can be neglected. The order of magnitude of
the effect is the same without the mid-bond functions (not
shown).

The tests presented above were also performed at two
other geometries X, and X, in the short range and in the inter-
action region (not shown), which led to the same conclusions.
We therefore selected the AVQZ-DK-mb basis to compute the
full PES of the complex.

The PES was generated from 6820 geometries. A grid
of 31 points in R’ was used in the interval from 4 to 30q,.
A spacing of 0.5 a, for 4 < R' < 6a, and 0.3 g, for 6 < R
< 6.6a, was selected in the repulsive region. In the region
close to the minimum (between 6.6 and 7.8 a,), we used a
constant grid spacing of 0.2 a,, and the spacing gradually in-
creases for larger R'. The grid over 6" was chosen as a Gauss-
Legendre grid with 11 points from 0 to , while for ¢’ we
used a Gauss-Chebyshev grid of 4 points from 0 to 7/3. The
grid over p’ was constructed with five points, with a constant
spacing given by (2p, — m)/5. The potential for other geome-
tries can be obtained by symmetry. The complete set of ab
initio points is available as the supplementary material.*> The
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T1 diagnostic*® was less than 0.009 for all geometries, which
confirms the mono-reference character of the wave function
all over the PES and justifies the use of the CCSD(T) method
for the NH;—Ar complex.

In order to obtain an analytic representation of the poten-
tial, we first expanded it in tesseral harmonics

V(R,0,9,0) =) v,,(R, )S,, (6, p). 3)
I,m

The tesseral harmonics S, are real-valued combinations of
spherical harmonics Y;,,, the m > 0 functions being of co-
sine type. The sum over / runs from / = 0 to 10, which is
allowed since the 6-grid contains 11 points, while the sum
over m runs from 0 to /. Due to the threefold symmetry, only
terms for which m is a multiple of 3 appear in the expansion of
the potential. The expansion coefficients v;,, (R, p) in Eq. (3)
can be computed at all grid points R; and p; by numerically
integrating the product of the potential and the corresponding
expansion functions S,,,(6, ¢) over the angles 6 and ¢, which
is straightforward as the potential was calculated at Gauss-
Legendre and Gauss-Chebyshev quadrature points.

The representation of the functions v,,,(R, p) is different
in the interaction region (defined as R < 30 a;) and in the
asymptotic region (R > 30 a,). In the interaction region, the
functions v,,, (R, p) were fitted using two-dimensional cubic
splines. To estimate the quality of the fit, we calculated the rel-
ative root mean square (RMS) deviation as well as the relative
deviation of the fit on the complete grid of ab initio energies.
The former is defined as the RMS error divided by the mean
interaction energy, while the latter is the mean deviation of
the fit for all grid points. The RMS deviation was found to
be 0.42% while the relative deviation was 0.025%, which es-
tablishes the quality of the spherical expansion. In order to
test the fit in R and p, we computed the potential energy at
30 additional points. For the points located in the short-range
region of the potential, we found a relative error of about 3%
while in the intermediate and long-range regions the relative
error was less than 0.3%.

The functions v,,,(R, p) in the asymptotic region were
constructed by fitting the three outermost points in the R-grid
to an expansion in inverse powers of R and a polynomial ex-
pansion in p, similar to what was done for NH;~He*’

U (R 0) =D Clopny (p _ %)P R 4)
n,p

We kept only the first two terms in the inverse R-power
expansion, n = n; and n = n, + 2. The value of n; depends*’
on the value of I: n; = 6 for | =0 and 2, while n, =7 for | =1
and 3, and n; = [ + 4 for [ > 4. We included ten terms in the
polynomial expansion in p, with p taking values from O to 9.
However, the functions v,,,(R, p) are even or odd functions of
(p — m/2) according to the parity of / 4+ m, so that only terms
with p even or odd appear in the sum. Each function v;,,(R, p)
is thus represented by 10 coefficients c;,,,,. The analytic form
(4) for the asymptotic v;,, functions was used for the first 9
functions, corresponding to all couples (Im) with [ < 6.
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FIG. 2. Contour plot of the PES (in cm™') for ¢ = 60°, p = P,

B. Results

The features of the PES are illustrated in Figs. 2—4 by
two-dimensional cuts for the equilibrium value of the NH;
umbrella angle, p, = 112.1°. Figs. 2 and 3 show cuts in R
and 0 for ¢ = 60° and ¢ = 0°, respectively. As illustrated in
Fig. 2, we find that the global minimum of the surface is
located at R = 6.756 a,, 6 = 85.1°, and ¢ = 60° with a
corresponding well depth of D, = 147.64 cm™'. The equi-
librium geometry is shown in Fig. 1. The preferred orien-
tation of the complex has Ar between two hydrogen atoms
(¢ = 60°) and slightly above the nitrogen atom (6 = 85.1°).
These values are compared in Table II to those previously ob-
tained with the MP2'> and MP4?* methods, as well as with the
semi-empirical PES of Bulski ef al.'® and the PES of Schmut-
tenmaer et al. obtained by fitting the observed transitions.?
We observe that the well depth of our potential as well as the
equilibrium geometry are almost identical to those obtained
from the fit to experiment.

When Ar is rotated around the C; axis to ¢ = 0, the mini-
mum is shifted to R = 7.20 a,, 6 = 74.2° and the correspond-
ing energy is —118.1 cm™!. When ¢ = 0, the Ar atom is in
the plane formed by the C; axis and one of the N-H bonds,

180 T

160 200

140 500

120

80

6 (degrees)

60

40 |

20

55 6 6.5 7 .
R (bohr)

FIG. 3. Contour plot of the PES (in cm™!) for ¢ = 0°, p = Po-

J. Chem. Phys. 141, 224303 (2014)

TABLE II. Comparison of the parameters of the global minimum of the
PES with previous works. The coordinates used in Ref. 15 have the origin on
the N atom and have been transformed using Eq. (1). The coordinates used
in Refs. 24 and 25 are related to our coordinates through the transformation
60 —m—06.

MP2!5  MP4*  Semi-empirical’®  Expt.>>  This work
D,(em™") 1150 1301 134.2 149.6 147.6
R, (ay) 7.110  6.857 6.780 6.746 6.756
0, (deg) 79.0 90.0 75.0 83.4 85.1
@, (deg) 60 60 60 60 60

and it cannot approach NHj as closely as for ¢ = 60° so that
the equilibrium distance is increased. The barrier preventing
internal rotation along the ¢ coordinate is 29.5 cm™ !, to be
compared with the value of 25.6 cm~! deduced from experi-
mental data.'®

It is interesting to note that the long-range behavior of the
PES is quite different for ¢ = 0 and for ¢ = 60°. For ¢ = 0,
we observe in Fig. 3 that for fixed R the minimum is along 6
= 112°. This particular angle corresponds to Ar approaching
along one of the N-H bonds, which maximizes the dispersion
interaction. However, this structure is the least favorable at
short range so that the minimum shifts progressively towards
lower values of 8 when R is decreased. For ¢ = 60° (Fig. 2),
the minimum is located along & = 0 in the long-range (Ar
above N), and another minimum can be seen for 6 = 135°.
When R is decreased the second orientation becomes more
favorable while 6 decreases to its equilibrium value 6,.

Figure 4 shows a cut of the PES in R and ¢ for 0 =6,
and p = p,. We observe again that the orientation with ¢
= 0 minimizes the interaction energy in the long range, while
¢ = 60° is preferred in the short range.

We can also compare the two symmetric top configura-
tions of the complex, i.e.,§ = 0and 6 = 180°. For 6§ = 0 (Ar—
NH; configuration), the minimum is located at R = 7.31 q,
with an energy of —103.6 cm™!, 44 cm™' above the global
minimum. For § = 180° (NH;—Ar configuration), the mini-
mum is located at R = 7.35 a, with an energy of —90.1 cm™!,
57.5 cm~! above the global minimum. The first structure

T T T T
100
50 |
140
-100
-12
0 80
1
6.5

120

100 |

60

!

¢ (degrees)

40 f

20

! ! !

5.5 6 7 7.5 8 8.5

R (bohr)

FIG. 4. Contour plot of the PES (in cm™") for § = 85.1°, p = Py
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is therefore more favorable, and the difference in energy of
13.5 cm™! between the two configurations shows that the dou-
ble well potential of free NH; is perturbed by Ar. This will af-
fect the inversion tunneling splitting in the rovibrational states
of the complex.

lil. BOUND STATES
A. Theory

The molecular symmetry group of NH;—Ar with inver-
sion motion is D5, (M). This group is isomorphic to D5, and
is the same as for free NH;. Therefore, the allowed rovibra-
tional states and their statistical weights are also identical. We
recall'”-*® that due to the symmetry of the total wavefunction,
which should be antisymmetric under an odd fermion permu-
tation, it can be shown that the irreducible representations A’
and A7 have statistical weight 12 (ortho states), the represen-
tations £ and E" have weight 6 (para states), and the A} and
A7 have weight 0. Levels corresponding to the A, representa-
tions thus are absent from the spectra. The rotational states of
NH; are labeled by the quantum numbers j and k, where j is
the angular momentum of ammonia and & is its projection on
the C; axis. States with kK = 0 (modulo 3) correspond to or-
tho states, while those with k = 1 (modulo 3) correspond to
para states. In addition, for K = 0 and odd j only states that are
symmetric with respect to inversion are present while for even
j only antisymmetric states are allowed.*® As the interaction
that mixes para and ortho states is negligibly small, they can
be considered independently in spectroscopic and collisional
studies.

The Hamiltonian of the system can be written as'®

N R b
A=n - % py (P42 -2.
« TR T oY T AD
+V(p, R, 0, ¢), )

where u is the reduced mass of the system,j is the space-fixed
angular momentum operator of NH;, and J is the body-fixed
total angular momentum operator. The Hamiltonian I:Ia of the
NH; molecule is given by

2
A Ji N
A, = Z O T(p) + V(p). (6)

where i = x, y, z, and the I;; are the corresponding principal
moments of inertia given in Sec. IT A. The operator T(p)is the
kinetic operator for the curvilinear umbrella motion,'® while
V(p) describes the double well potential of NH; in the p co-
ordinate. We used the analytical representation of V(p) given
in Ref. 29, which reproduces accurately the experimental tun-
neling frequencies (0.79 cm~! and 35.2 cm™!, respectively) in
the ground (v = 0) and first excited (v = 1) umbrella vibra-
tional states, as well as the v = 0 — 1 excitation frequency
of 949.9 cm™'. The umbrella potential V(p) for ND; was fit-
ted similarly. The corresponding tunneling splittings are much
smaller, 0.0530 cm~! and 3.50 cm™!, and the vibrational fre-
quency is also smaller, 747.3 cm™!, but the resulting double
well potential differs only slightly from that of NH;.

J. Chem. Phys. 141, 224303 (2014)

The Hamiltonian is diagonal in the quantum numbers J
(total angular momentum) and M (its projection on the space-
fixed z axis). The projection €2 of J (also called K) on the van
der Waals bond axis R would be an exact quantum number
if the terms 4 J , and j_J_ in the Coriolis coupling operator
j-Jin Eq. (5) were neglected. These terms mix states with
AQ = =1 but are usually small, so that the rotational states
of the complex may still be labeled with the value of €2 even
if they do not have a pure Q2 character. States with |Q2| =0, 1,
2 are called X, IT, and A states, respectively, to parallel the
diatomic molecule case. As ammonia has been shown®° to
behave as a nearly free rotor in the complex, all states of the
van der Waals complex can be correlated with rotational states
of NH; and the free rotor quantum numbers j and & can also be
used to label the states of the complex. Finally, the states are
also labeled by the number of quanta of excitation in the van
der Waals stretch v,. So, for example, the state X 15(v, = 1)
is a state with = 0O that correlates to the j, = 1, state of
free NH; with one quantum of excitation in the vdW stretch
coordinate.

In contrast with ortho NH;—Ar, where the levels of A,
symmetry in D;,(M) are Pauli forbidden and only one level
of each inversion tunneling doublet can actually be observed,
both components of the inversion tunneling doublets occur in
para NH;—Ar. They are labeled as s (symmetric) and a (anti-
symmetric) according to their behavior under NH, inversion.
In addition, all states with |2| > 0 have two components that
we denote (following the spectroscopic notation) as “upper”
(u) and “lower” (I) states.

The eigenstates of the Hamiltonian (5) were obtained by
a variational method with the basis of functions

Qj+DRJ + 1)

12
s } DY) (0.6, ¢)*

|j,k,],M,Q,n)=|:

R
x Diyi (e, B V)*%dﬁ(p), (7

where D denotes the Wigner functions and the angles («,
B, v) are the overall rotation angles of the complex. 8 and
a are the polar angles of the vector R with respect to the
space-fixed frame and y describes the rotation of the dimer
about R. The subscript v in @vi(p) denotes the umbrella vi-
brational quantum number and the superscript £ labels the
umbrella tunneling components, while x ,(R)/R is a complete
set of radial functions. The functions <I>Ui(,o) were obtained by
solving the one-dimensional Schrodinger equation with the
Hamiltonian I:Iu of Eq. (6) in a sinc function discrete vari-
able representation.*-° The functions x,(R) were obtained
similarly, from the radial kinetic energy operator [the second
term in Eq. (5)] and an effective radial potential V_;(R) of the
form®!

Vog(R) = a[Vo(R) + L R]. ®)

This potential consists of V,(R), a cut through the minimum
of the 4D PES for angles p = p,, 8 = 85°, and ¢ = 60°, sup-
plemented with a linear term with slope ¢ and a scaling factor
a. The parameters « and { were optimized by minimizing
the energy of the lowest rovibrational state of the NH;—Ar
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complex with five eigenfunctions x ,(R). The final values are
o =0.7and ¢ =4 x 10~ hartree/ay,.

The final calculation of the rovibrational bound states
was performed in a basis with j,, = 10, four umbrella func-
tions, and 20 functions x,(R) calculated on an equidistant
grid of 110 points from 4.5 to 204, Increasing j,, to 11
only changes the energy of the levels by about 107> cm™!,
while using 25 radial functions instead of 20 lowers the en-
ergy by about 107® cm~'. The masses are 1.007825 u for H,
2.014102 u for D, 14.003074 u for N, and 39.962383 u
for “°Ar. For each irreducible representation of the molec-
ular symmetry group D5, (M), we calculated the lowest 20
eigenvalues of the Hamiltonian with J ranging from O to 10
by means of the iterative algorithm of Davidson.>”

The energies of the levels were subsequently fitted to the
standard expression

E,=Ey+BJ(J+1)—DJ*J + 1)+ HJI*(J + 1),
9
in which E,, is the band origin and the parameters B, D, and H
are the rotational and distortion constants. Note that for states
with |2| > 0, the band origin is not the energy of the lowest
level but the energy extrapolated to J = 0.

B. Results and discussion
1. NH;,-Ar

Before describing the bound states of the complex, it is
instructive to inspect the anisotropy of the PES. It can be
illustrated through the expansion coefficients v,,,(R, p), see
Eq. (3), shown in Fig. 5 for the equilibrium angle p = p,. The
isotropic potential vy, has a minimum at R = 7.23 g, and a
depth of 109.8 cm~!. These values are in very good agreement
with those obtained from recent molecular beam experiments’
(7.24 a, and 109.7 cm™!, respectively). The depth of the
isotropic potential v, is thus substantially smaller than the
well depth of the full potential (147.6 cm™!). The dominant
anisotropic terms are v;,(R) and vs;(R), as was previously
noted.'®

100

50
'€
S
> 0
c
H
>
-50

-100

R (bohr)

FIG. 5. Coefficients v, (R, p) up to [ = 4 as a function of the internuclear
distance R for the equilibrium angle p = p,.
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FIG. 6. Calculated vibrational levels of ortho NH;—Ar. The states are distin-
guished by the value of v, the quantum number associated with vibration of
the vdW stretch. The energies in the leftmost column are obtained from the
isotropic potential v ,(R), which makes the correlation of vdW states to the
free rotor levels easier to see.

In order to interpret the spectrum, we first computed
the vibrational spectrum obtained from the isotropic potential
voo(R, p,) using a B-splines method. For each j, level of
NH;, we obtained the energy of the various stretching excita-
tions v,. For example, for j, = 0, the v, = 0 state has an en-
ergy of —91.7 cm™', while the first and second excited states
with v, = 1 and v, = 2 are at —58.9 cm~! and —34.1 cm™!,
respectively. The energies of states with other values of j and
k can be obtained in the same way. These results are shown in
the leftmost column of Figs. 6 and 7 for ortho and para states,
respectively.

Let us now discuss the results obtained from the full 4D
calculations with the anisotropic potential. The band origins
of the vibrational states of ortho NH;—Ar up to an energy of
—25 cm™! are shown in Fig. 6. As was noted previously, NH,
is nearly freely inverting in these states of the complex and
it is possible to correlate the states of the complex with those
of free NH;. The band origins E,, rotational constants B, and
distortion constants D obtained from the fit (9) are given in
Table III for all states and compared to the available ex-
perimental data. The energies E, are given with respect
to the ground rovibrational state 30, which is located at
—94.22 cm™!. It should be noted that states for which v,
is not listed correspond to the ground vdW stretch state
v, = 0. For the seven ortho states that have been reported
in the literature,*® we observe excellent agreement with our
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FIG. 7. Calculated vibrational levels of para NH;—Ar. The states are distin-
guished by the value of v, the quantum number associated with vibration of
the vdW stretch. The energies in the leftmost column are obtained from the
isotropic potential v ,(R), which makes the correlation of vdW states to the
free rotor levels easier to see. The a/s splitting due to tunneling is too small
to be seen for states with € # 0.

J. Chem. Phys. 141, 224303 (2014)

calculations. The energies E, are all reproduced to within 0.75
em™!, the largest difference occurring for the = 0y(v, = 1)
state. The rotational constants B deviate by at most 2% from
the experimental values. The agreement between the rota-
tional constants D is good for the ¥ and IT states, but large
discrepancies occur for the A states.

If Q were a good quantum number, the ortho states with
|€2] > 0 would come in pairs of degenerate states. However,
a small splitting occurs due to the Coriolis interaction, as was
noted in Ref. 18. While the band origins are identical for the
two components of these states, the rotational constants are
slightly different (see Table III).

The vibrational states of para NH;—Ar are shown in
Fig. 7 up to an energy of —35 cm™'. As for the ortho states,
we observe a clear correlation between the states of the com-
plex and the states of free NH;. The band origins E, and the
rotational and distortion constants B and D are reported in
Table IV for these states and compared to the available ex-
perimental data. The energies K, are given with respect to
the lowest rovibrational state of para NH;—Ar (X1,), which
is located at —81.77 cm™!. Since the lowest level of free para
NH;, the 17 level, has energy 16.24 cm™', this implies that
the dissociation energy D, = 98.01 cm™! of para NH;—Ar is
higher than the value of D, = 94.22 cm™! for ortho NH;—Ar.
A similar result was found for H,O-H, in Ref. 51. The two
pairs of states ¥ 1, and T1’ 1, are strongly mixed by the Cori-
olis interaction, and it was found better to fit the energies of
both states simultaneously.” In order to compare with the ex-
perimental data, the values reported in Table IV are thus the
average values (By, + Bp;)/2 and (Dy, + Dp)/2 of the rota-
tional constants.

As in the case of the ortho states, we find excellent
agreement with the experimental data for the energies E,,

TABLE III. Band origins E, (relative to the ground state energy of —94.22 em™~!) and rotational and distortion constants B and D obtained from the fit,
Eq. (9), for the states of ortho NH;—Ar shown in Fig. 6, and comparison with experimental data.

Symmetry Ey(cm™) B (MHz) D (kHz)
State Even/odd J Calc. Expt. Calc. Expt. Calc. Expt.
=0, ALIA) 0 0 2857.2 2876.8" 88.5 88.4
mni, ALIA, 16.45 16.42° 2786.9 2801.9° 89.0 90.5°
mi, ALIAY 16.45 16.42 2874.6 2890.7° 86.6 87.12
T 1, AlIA), 26.74 26.47° 2807.6 2752.1° 111 107°
2 0,(v, = 1) ALIA, 33.57 34.32° 2654.7 2660.4° 96.3 111°
My, =1) ALIA, 47.99 2661.4 104
My, =1) ALIAY 47.99 2575.7 106
2 0,(v, =2) ALIA, 54.74 2457.3 244
A2, ALIA, 55.14 54.84° 2813.2 2833.0° 138 112
A2, ALIAY 55.14 54.84° 2812.6 2836.1° 105 509¢
2 1y, = 1) ALIA, 59.77 2507.4 7.13
n2, ALIA, 66.19 1896.0 —4911
2, ALIAY 66.21 2835.3 96.0
2, ALIAL 68.50 3638.4 4610

4Values from Ref. 6.
"Values from Ref. 7.
“Values from Ref. 8.
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TABLE IV. Band origins E| (relative to the ground state energy of —81.77 em™~1) and rotational and distortion constants B and D obtained from the fit,
Egq. (9), for the states of para NH;—Ar shown in Fig. 7, and comparison with experimental data.

Symmetry E,(em™h) B (MHz) D (kHz)
State Even/odd J Calc. Expt. Calc. Expt. Calc. Expt.
=1 EIE’ 0 0 2859.6 2881.0° 89.9 95.8°
1, E'IE" 22126 1.5103°
=, 1, E'IE 0.7697 0.7569° 2847.8 2872.7° 80.9 100.5%
1, E'IE 22142 1.5103°
nm1, E'E" 7.8754 8.3858° 2847.3 2854.8° 69.1 72.4°
nme 1, E'IE 7.8754 8.3858" 2869.9 2872.3 58.2 63.8°
.2, EIE’ 26.30 2147.1 —3492
2,2, E'IE 27.06 1955.0 — 6672
n.2, E/E’ 27.47 3127.0 3308
2, E'IE 27.51 3259.1 5580
n:2, EIE" 31.161 31.266° 2650.0 2661.5¢ 184 189°
n42, E'IE 31.161 31.266° 2668.3 2681.3¢ 296 201°
Al2, E'IE" 33.49 2975.1 640
AL2, E'IE 33.49 2974.5 629
= L, =1 E'IE’ 35712 35.807° 2855.2 2852.1° — 346 — 169
L, =1 E'IE 36.372 36.412° 2832.8 2822.8° —360 —1098¢
i1, =1 EIE" 37516 37.507¢ 2664.5 2735.8¢ -50.7 165°
n, 1,(v, = 1) E'IE 37515 37.507° 2630.7 2706.8° —155 106°
Al2, EIE’ 38.018 37.181° 2851.6 2827.0° 332 300¢
AL2, E'IE 38.019 37.181¢ 2849.8 2827.4¢ 404 284¢
e 1,(v, = 1) E'IE’ 38.995 39.413¢ 2669.7 2686.0° -197 25¢
M1, (v, = 1) E'IE 38.995 39.413° 2725.1 2727.9¢ 76.5 90°
AY2, EIE" 43.19 28163 95.8
AL2, E'IE 43.19 2816.1 778
A2, EIE" 44.577 44.938° 2713.8 2728.8¢ 257 264¢
AL2, E'IE 44.577 44.938¢ 2713.7 2729.2¢ 211 263¢
2, EE’ 46.606 46.3974 2526.9 2925.94 —73.4 — 1214
2, E'IE 46.606 46.397¢ 2651.1 2907.2¢ 317 — 1894

“Values from Ref. 9. The £ 1, and n’ 1, states are strongly coupled through the Coriolis interaction and the reported rotational constants are actually the average of the constants of

the X and IT states.
YValues from Ref. 9.
¢Values from Ref. 8.
dValues from Ref. 10.

the largest deviation being 0.84 cm~!. The rotational con-
stants are all reproduced to within 4%, except for the two
12, states. However, it should be noted that the experimen-
tal determination of the rotational constants for these states'?
was obtained from a combined fit over several levels strongly
coupled by Coriolis interaction, which makes a direct com-
parison difficult. The comparison of the rotational constants D
shows some large differences, particularly for the higher lying
states.

As was discussed above, the para states of NH;—Ar are
split into doublets by the inversion tunneling of NH;. How-
ever, the tunneling in the complex is quite different than for
free NH; as the Ar atom perturbs the double well potential
of NH;. Inversion of NH; in the complex corresponds to the
transformation § — 7 — 6, and it was found in Sec. II B that
there is a 13.5 cm™~! difference between the minima of the
configurations 6 = 0 and & = 180° for p = p,. This difference
is much larger than the 0.79 cm™! splitting corresponding to
tunneling in free NH;. Tunneling is therefore quenched al-
most completely in the para states of the complex, except for
Q = 0 (%) states for which the wave function is symmetric
with respect to 6 = m/2. It is thus expected that the tunnel-

ing splitting in X states will be similar to that of free NH;,
while for the |Q| > O states it almost vanishes.” !> From
Table IV we see that the splittings in the band origin (J = 0)
of the X states are 0.77 cm™!, 0.66 cm™!, and 0.76 cm™! for
the £ 1,, ¥ 1,(v, = 1), and X 2, states, respectively. For the
IT and A states, the tunneling splitting in the band origin is
indeed negligibly small, but there is a small splitting between
the rotational levels due to the Coriolis interaction, as was al-
ready shown by van Bladel e al.'® This splitting increases
with J.

In earlier calculations of the low-lying rovibrational
states of the NH;-Ar complex'” with the potential of
Ref. 16 discrepancies with the experimental data were
observed. For instance, in ortho NH;—Ar the splitting
between the two states correlating to the 1, state of free
ammonia was much too small, while in para NH;—Ar the
ground state was predicted to be a state with |Q2|] = 1, in
contradiction to the experimental data. It was shown'®!? that
the agreement with the experimental data could be improved
by scaling the v;(R) term in the expansion of the potential
by a single parameter. We observe that with our new po-
tential energy surface, without any scaling, the energies
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TABLE V. Band origins E, (relative to the ground state energy of —98.23 cm~!) and rotational and distortion constants B and D obtained from the fit, Eq. (9),
for the lowest lying states of ortho and para ND;—Ar and comparison with experimental data.

Symmetry E,(em™h) B (MHz) D (kHz)

State Even/odd J Calc. Expt. Calc. Expt. Calc. Expt.
=0, A/AY 0 2583.9 2601.0° 69.9 69.3
z,0, ALIA) 0.0485 0.0479° 2583.9 2601.0° 69.9 69.3¢
1, AJIA), 7.6904 7.8113° 2543.5 2618.4° 74.8 73.9°
n1, ALIAY 7.6904 7.8113° 2602.0 2618.4° 66.8 66.1°
1, AjIA} 7.7407 7.8593° 25434 2618.4° 74.8 73.9°
4 1, AYIA] 7.7407 7.8593° 2602.0 2618.4° 66.8 66.1°
= 1, ALIA, 20.718 20.104° 2540.8 65.6

=, 1 ALA] 20.762 20.141¢ 2540.9 65.7

=1 EIE’ 5.1527 5.2008° 2446.7 2449.0° — 1487 —163.7
=, 1, E'IE 5.2033 5.2506° 24457 2447.42 —155.0 —171.6*
ni 1, E'IE 7.3566 2699.5 299.5

1, EIE’ 7.3566 2699.7 293.0

1, EIE’ 10.721 2590.8 69.1

1, E'IE 10.721 2592.1 68.9

“Values from Ref. 12.
Values from Ref. 14.

Values computed from the PES of Schmuttenmaer ez al.? fitted from spectroscopic data.

of the levels are
experiment.

in complete agreement with the

2. ND,-Ar

The spectrum of ND;—Ar has been the subject of three
studies.'?>"!* The main difference compared to NH;—Ar is that
the total wave function must now be symmetric with respect to
the permutation of the D nuclei that have a spin / = 1, which
results in the fact that the rovibrational states have nonzero
nuclear spin statistical weights for all irreducible representa-
tions of the D, (M) group.*®

We have computed the first 20 eigenvalues of the Hamil-
tonian for each irreducible representation with J ranging from
0 to 10 using the method outlined above. Convergence was
obtained with j .. = 11 and a grid of 120 points ranging from
4.5 a, to 20 ay, all other parameters of the calculations being
identical to the NH;—Ar case. The band origins E;;, and the ro-
tational and distortion constants B and D are presented in Ta-
ble V for the states of all the nuclear spin species of ND;—Ar
correlating to the j, = 0y, 1, and 1, levels of NDj, together
with the available experimental data. The energies are given
with respect to the ground rovibrational state X0, located
at —98.23 cm~!. The inversion splitting in the ¥ 0, state
is 0.0485 cm™!, close to that of free ND;, 0.0530 cm™!.
The splitting is 0.0503 cm™! in the 11, states while it is
0.0441 cm~! in the © 1, states and 0.0506 cm~!in the ¥ 1,
states. On the other hand, for the IT states of £ symmetry,
the splitting is almost completely quenched, as was found for
NH,;-Ar.

We find excellent agreement with the experimental data
for the energies E, as well as for the rotational constants. It
should be noted that the experimental values for the energies
of the X, 0, and all the IT 1, states were obtained by assuming
that the inversion splitting is the same in the ¥ and IT states,'*
which is a reasonable assumption, as confirmed by our calcu-

lations. In the case of the IT 1, states, we obtain two sets of
states with the same band origin, but different rotational con-
stants B and D due to the effect of Coriolis couplings. On
the other hand, the values of B and D are identical for the
symmetric (s) and antisymmetric (a) tunneling component of
each state. Melnik et al.'* obtained a single value of B for
all IT1, states, while we find a small difference of 59 MHz
between the two components of the IT states. For the X 1,
states, we find again excellent agreement with the experimen-
tal data. The band origins were obtained by Schmuttenmaer
et al® from their experimentally determined PES. The % 1,
states are strongly perturbed by Coriolis interactions as in the
case of NH;—Ar, which is reflected by the negative values of
the D constants.

IV. CONCLUSIONS

We have constructed a new 4D PES for the interaction
of NH; with Ar using the CCSD(T) method and the aug-cc-
pVQZ basis set supplemented with midbond functions. The
PES depends on the umbrella coordinate of NH; and de-
scribes its inversion motion. The PES was accurately fitted to
an analytical form including a correct description of its long
range behavior and its properties were investigated. We found
that the global minimum of the PES has a depth of 147.64
cm™! and that the equilibrium geometry agrees very well with
a prediction based on spectroscopic data.

We investigated the rovibrational spectrum of the NH;—
Ar complex including the effects of the umbrella motion as
well as the Coriolis interaction. Using a variational method
combined with a discrete variable representation, we com-
puted the rovibrational and inversion tunneling states of the
complex for values of the total angular momentum J = 0
— 10. The dissociation energy D,, equals 94.22 cm~! for or-
tho NH;-Ar and 98.01 cm™! for para NH;-Ar. The exper-
imental band origins of all the rovibrational states of ortho
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NH;—Ar are reproduced to within 0.75 cm~! and the rota-
tional constants B differ by at most 2% from the experimen-
tal values. For para NH;—Ar, the maximum deviation is 0.84
cm~! for the band origins and 4% for the constants B. We
confirmed the observation that the tunneling splitting is only
slightly smaller than that of free NH; for the states of or-
tho NH;—Ar and for the ¥ states of para NH;—Ar, while it
is nearly quenched for para NH,—Ar states with || > 0.

We also computed the lowest rotational states of ND;—
Ar and again obtained excellent agreement with the spectro-
scopic data. The dissociation energies D, 98.23 cm™! for
the A, and A, symmetry species and 101.32 cm™! for the E
species, are slightly larger than those of NH;—Ar. The inver-
sion tunneling splittings show qualitatively the same behavior
as for NH;—Ar, although they are substantially smaller (as in
free ND; in comparison with free NH;).

We conclude that the agreement shown with experi-
mental data demonstrates the accuracy of the present poten-
tial energy surface, which will also be used for scattering
calculations.
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