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h i g h l i g h t s

� Tunneling splittings of NH3 and OHþ3
can be computed by standard VCI
approaches.
� Double-well potential energy surfaces

can reliably be expanded in normal
coordinates.
� Double-well PES expansions can be

truncated after the 4-mode coupling
terms.
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a b s t r a c t

Multidimensional potential energy surfaces obtained from explicitly correlated coupled-cluster calcula-
tions and further corrections for high-order correlation contributions, scalar relativistic effects and core-
correlation energy contributions were generated in a fully automated fashion for the double-minimum
benchmark systems OHþ3 and NH3. The black-box generation of the potentials is based on normal coor-
dinates, which were used in the underlying multimode expansions of the potentials and the l-tensor
within the Watson operator. Normal coordinates are not the optimal choice for describing double-min-
imum potentials and the question remains if they can be used for accurate calculations at all. However,
their unique definition is an appealing feature, which removes remaining errors in truncated potential
expansions arising from different choices of curvilinear coordinate systems. Fully automated calculations
are presented, which demonstrate, that the proposed scheme allows for the determination of energy
levels and tunneling splittings as a routine application.

� 2013 Elsevier B.V. All rights reserved.

Introduction

The accurate ab initio calculation of vibrational spectra beyond
the harmonic approximation remains a challenging task for several
reasons: (1) the well-known curse of dimensionality requires the
introduction of approximations in order to limit the number of
ab initio single-point calculations for representing important frac-
tions of the multidimensional potential energy surface (PES). (2)
each individual ab initio single-point calculation needs to be

converged with respect to the orbital basis set and the electron cor-
relation space, which require computationally very demanding cal-
culations. However, for many applications even this scheme is not
accurate enough, but requires the account of relativistic effects,
corrections arising from spin-orbit couplings and other terms [1].
This renders the calculation of multidimensional potential energy
surfaces a non-trivial and computationally demanding task. On
the other hand, many modern quantum chemistry program pack-
ages offer the possibility to perform such complex single point cal-
culations in a single run controlled by a simple input file. Besides
these aspects related to electronic structure theory, the accurate
calculation of the vibrational wave function is likewise demanding.
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(3) Once based on the Watson Hamiltonian [2] vibrational struc-
ture calculations need to be converged with respect to the expan-
sion of the vibrational angular momentum terms and with respect
to vibration correlation contributions. The Watson Hamiltonian is
based on normal coordinates. These are given as
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where qk denotes the kth normal coordinate, mi is the mass associ-
ated with the ith atom at the instantaneous position ria(a 2 {x, y, z})
in the Eckart frame. r0

ia are the nuclear coordinates of the stationary
reference structure and liak specify the elements of the eigenvectors
of the mass-weighted Hessian, which essentially weight the indi-
vidual displacements of the atoms. Likewise, isolation of ria leads
to [2]
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and thus the elements of the displacement vectors associated with
each individual normal coordinate are given by liak=

ffiffiffiffiffiffi
mi
p

.
For semi-rigid systems with an isolated local minimum the use

of rectilinear normal coordinates within the automatic generation
of meaningful parts of the potential energy surface is without any
problems and usually leads to reliable results once the expansion
of the PES has not been truncated too early. Many examples in
the literature support this statement [3,4]. However, for rotational
degrees of freedom or double-minimum potentials curvilinear
coordinates are much more appropriate. The problems associated
with normal coordinates are on hand: low order terms of the mul-
timode expansion, which represent n-dimensional cuts of the PES,
– spanned by the normal coordinates – are able to describe the
important fractions of the PES in the region close to the equilib-
rium structure, but not so for the outer regions. Simply, the dis-
placement vectors may point into the wrong direction and thus
the low-order terms may describe unimportant regions of the po-
tential, typically being very high in energy. This is most obvious for
curved valleys on the PES. Hence, the question is not, if we can ex-
pand potential energy surfaces in terms of normal coordinates at
all, but if we can restrict the multimode or Taylor expansion of
the PES solely to low order terms for such systems. The most likely
answer to this will be, that we need additional high-order terms,
e.g. (n + 1) or (n + 2) rather than n-dimensional cuts only, in order
to obtain meaningful results. However, for practical reasons an-
other aspect enters into the discussion: once the displacement vec-
tors point into directions which lead to a steep increase of the
energy, the fitting of the PES may run into trouble. Of course, in
principle there is no need for fitting at all, but computationally effi-
cient implementations, which try to minimize the number of ab
initio single point calculations, typically rely on any type of fitting
procedure. As the range of energies rises the absolute fitting error
rises as well and thus many data points and many fit functions
need to be provided in order to keep the final error small. In the
worst case even the electronic structure calculations may cause
trouble due to low-lying electronically excited states. As a result
the underlying Hartree–Fock calculations may not converge and
the user has to switch to multi-reference calculations with all the
associated problems. For a recent discussion of this issue see for
example Ref. [5]. The question remains, why we should use normal
coordinates at all? Historically it was the complicated expression
of the kinetic energy operator in curvilinear coordinates [6], which
made normal coordinates rather popular and an attractive alterna-
tive. However, this argument is obsolete as very nice implementa-
tions for the kinetic operator in arbitrary coordinates have been
presented in the (recent) past [7,8]. In our opinion, the most impor-
tant argument in favor of normal coordinates is their unique

definition. For larger systems, i.e. more than 6 or 7 atoms, the
expansion of the potential has to be truncated prior to full conver-
gence of the vibrational state energies. This at least will be true in
standard applications and is common practice in electronic struc-
ture calculations with respect to the correlation space. Using inter-
nal coordinates will thus lead to truncation errors in the final
results, which depend on the definition of the coordinate system.
Moreover, for larger systems the definition of a good coordinate
system in terms of internal coordinates is not trivial and requires
certain experience. In some cases, e.g. molecular or atomic clusters,
the definition may not be clear at all or even allows for several
solutions. As a result, the setup of the coordinate system is error
prone, far from being of black box nature and thus remains the
realm of experts. However, it is the ease of use which makes a
method attractive to the broad community – for sure this is at least
one reason why many users prefer single-reference coupled-clus-
ter approaches so much over multi-reference methods, which re-
quire to fiddle around with the active space. In that respect
normal coordinates must be considered superior to internal coordi-
nates. We explicitly like to point out here that we do not intend to
advocate normal coordinates for all kinds of calculations, but simply
want to explore their useful range of applicability in the context of
accurate vibrational structure calculations. Most likely, the best solu-
tion with respect to the dilemma of the choice of a good coordinate
system would be a linear combination of internal coordinates,
which needs to fulfill some mathematical condition in order to al-
low for a unique definition. Attempts in that direction have been
undertaken by several authors but experience with those in the
field of accurate vibrational structure calculations is still very lim-
ited [9].

We have chosen NH3 and OHþ3 as benchmark systems for sev-
eral reasons: (a) the vibrational spectra of both molecules have
been carefully investigated in the past and thus for both systems
extremely accurate experimental [10–13] and theoretical data
[14–17] are available. (b) Both molecules are small enough in order
to allow for highly accurate electronic structure calculations,
which minimize the errors in this part of the calculations. (c) The
vibrational spectra, which are strongly affected by tunneling split-
ting, are very sensitive with respect to the shape of the surface.
Concerning the tunneling splittings, OHþ3 is the more interesting
system as the splittings are significantly larger than for NH3. In
contrast to that, the generation of the PES is more challenging as
the inversion barrier of NH3 is almost three times as high as for
OHþ3 . As the literature about the vibrational spectra of these two
systems is vast, we cannot summarize the entire history of these
systems here, but rather want to focus on a limited number of arti-
cles being relevant for our work. Between 1999 and 2003 Handy,
Carter and co-workers published a series of papers about NH3

and OHþ3 and the associated isotopologues [18–23]. In this series
they focussed primarily on the development of an accurate kinetic
energy operator in internal coordinates. The potential energy sur-
faces used by these authors has been determined at the density
functional theory (DFT) level or the coupled-cluster level with a
perturbational treatment of the triple-excitations. Since the
authors realized that the uncorrected potential energy surfaces
are not accurate enough in order to get excellent agreement with
experimental data, they refined their surfaces with respect to
experimental data. Using this scheme they obtained excellent
results for both, the vibrational transitions and the inversion bar-
rier. About the same time Bowman, Carter and co-workers studied
the PES and vibrational spectrum of the OHþ3 cation [24,25]. Be-
sides studies in internal coordinates these authors also used nor-
mal coordinates, but the accuracy of their potential energy
surface did not allow for final conclusions, if the remaining errors
are due to the use of normal coordinates or deficiencies in the elec-
tronic structure calculations. The most accurate studies in this

M. Neff, G. Rauhut / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 119 (2014) 100–106 101



Download	English	Version:

https://daneshyari.com/en/article/1233091

Download	Persian	Version:

https://daneshyari.com/article/1233091

Daneshyari.com

https://daneshyari.com/en/article/1233091
https://daneshyari.com/article/1233091
https://daneshyari.com/

