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1. Introduction

The Born–Oppenheimer approximation defines two fields for quantum chemistry,

namely electronic structure and nuclear motion theories.

Nonrelativistic electronic structure theory almost always utilizes a universal Ha-

miltonian expressed in Cartesian coordinates. At the same time, it is useful to ex-

press the kinetic energy operator of the nuclear Schrödinger equation in terms of

coordinates adapted to the different kinds of molecular motions, namely translation,

rotation, and different kinds of vibrational motions. Most importantly, this
”
coor-

dinate problem” makes the development of black-box programs for nuclear motion

theory difficult.

For molecules with different number of nuclei and different bonding arrangements

the choice of different sets of coordinates might be required for the solution of the

nuclear Schrödinger equation. Traditionally, first the (ro)vibrational Hamiltonian

was derived corresponding to a given choice of coordinates, then a specific program

was developed. During the last two decades such tailor-made Hamiltonians and codes

utilizing them had successful applications for several triatomics, a few four-atomics

and even less five- or six-atomic molecules. Although these tailor-made methods

were efficient for a specific molecular system, independent computer programs had

to be developed and implemented for different systems.

Obviously, there have been initiatives to develop universal variational nuclear

motion codes. The traditional type of such codes is based on the Eckart–Watson

Hamiltonian(s). At present, only the approach presented here (the DEWE program)

based on the Eckart–Watson Hamiltonian(s) is able to produce numerically exact

energy levels and wave functions for molecules with more than four nuclei. Although

approaches based on the Eckart–Watson Hamiltonian can be very efficient for semi-

rigid molecules, they are ineffective for the description of large amplitude motions,

such as for instance the inversion motion of ammonia, due to usage of Eckart’s frame

and Watson’s rectilinear internal coordinates.

During the last few years, there have also been attempts to use arbitrarily chosen

body-fixed frames and internal coordinates. This class of approaches seems to be the

only one which offers the possibility of a true black-box-type algorithm and computer

code to compute (ro)vibrational spectra of floppy molecules. As the Hamiltonian

matrix is constructed in a fully numerical procedure, the practical realization of

a numerically stable and correct approach is far from being straightforward. The
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GENIUSH program presented here is able to compute numerically stable and correct

results within this universal context.

2. Methods

The main goal of my doctoral research was the development of universal algorithms

and computer codes for the computation of energy levels and wave functions of mo-

lecular systems with N nuclei. I have written computer programs using the Fortran

90 programming language. I have also used freely available linear algebra routines

(BLAS, LAPACK, ARPACK).

3. Results and conclusions

Methodological developments

1. A universally applicable computer program, called DEWE was developed for

the computation of vibrational energy levels and wave functions of N -atomic

semi-rigid molecules.1, 2, 7 The DEWE program is based on the Discrete va-

riable representation of the Eckart–Watson Hamiltonian corresponding to a

nonlinear reference structure with a numerically Exact inclusion of the poten-

tial energy surface. Vibrational energy levels and wave functions are compu-

ted using iterative Lanczos eigensolver techniques. Using the DEWE program

zero-point vibrational energies (ZPVEs) and vibrational band origins (VBOs)

were computed for several molecular systems, H2O,2 CH2, H2S, H2CO, D2CO,

HNCO,10 DNCO,10 t-HCOH,4 t-HCOD,4 NCCO (six isotopologues),8 NH3,
3

BH3, BD3 CH4,
2, 7 CH2D2,

7 ketene (H2CCO),11 and NH+
4 .3

2. The Eckart–Watson Hamiltonian corresponding to linear reference structures

was implemented in Lin-DEWE, which is a program very similar to the original

DEWE approach. ZPVEs and VBOs were computed for CO2,
1, 2 N2O, HCN,2

HNC,2 C2H2, C2DH, and C2D2 using Lin-DEWE.

3. A universal algorithm and a computer code, called GENIUSH was developed,

which is applicable for either semi-rigid or flexible molecular systems with

N nuclei. The name GENIUSH refers to the main characteristics of the pro-

gram: General (ro)vibrational code with Numerical, Internal-coordinate, User-

Specified Hamiltonians. GENIUSH is able to use practically any body-fixed
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frames and internal coordinates defined by the user, and the corresponding

elements of the Hamiltonian matrix are computed automatically by the pro-

gram. Similarly to DEWE, the inclusion of the PES is numerically exact, and

the vibrational energy levels and wave functions are computed with iterative

Lanczos eigensolver techniques. ZPVEs and VBOs for the molecules H2O,5

CO2, NH3,
5 and CH4

5 were computed with GENIUSH using full and reduced

dimensional vibrational models.

4. Sophisticated eigensolver techniques were compiled for the computation of a

large number of eigenvalues and eigenvectors for a typical matrix representa-

tion of the vibrational Hamiltonian constructed in DEWE, in GENIUSH, or

in any other similar program. For 3–5 atomic molecules a simple but efficient

strategy was suggested, which combines the thick-restart Lanczos algorithm,

periodic reorthogonalization and a shift-fold spectrum transformation techni-

que (SF-PerRO-TRLM).7

5. An assignment technique, called normal mode decomposition (NMD) was in-

troduced for the characterization of variational vibrational energy levels and

wave functions.9 Using the NMD technique, it was pointed out that certain

fundamental vibrations of several four-atomic molecules cannot be assigned

unambiguously in a strict mathematical sense.4, 8, 9, 10

6. I have shown that the GENIUSH program originally written for the compu-

tation of (ro)vibrational energy levels and wave functions can be straightfor-

wardly modified to compute cumulative reaction probabilities and thus rate

coefficients for bimolecular reactions. This observation exemplify in practice

that ab initio molecular spectroscopy and quantum reaction kinetics are rela-

ted fields of chemistry.

Numerical results

7. Accurate vibrational energy levels were computed for t-HCOH (and t-HCOD),4

as well as for six isotopologues of NCCO8 to help the experimental identifi-

cation of these newly prepared species.4, 8 In the computations the DEWE

program and ab initio quartic force fields were used. For the isotopologues of

NCCO first order dipole fields were also available, thus, besides vibrational

transitions, infrared intensities were also computed.
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8. The ZPVEs and VBOs up to 5500 cm−1 and 3500 cm−1 were computed for
12CH4 and 12CH2D2 using DEWE and the T8 PES of methane (Schwenke et

al., 2001).7 At present, these are the most accurate results obtained with the

T8 PES in these regions.

9. The ZPVE and VBOs of 14NH3 up to 6000 cm−1 were computed using

GENIUSH and the refined PES of ammonia (Yurchenko et al., 2005).5 These

results are the first numerically exact energy levels corresponding to this PES.

10. Inversion splittings of ammonia were computed using GENIUSH and full- and

reduced-dimensional vibrational models. The coupling of different vibrational

degrees of freedom was monitored through inversion splittings obtained with

different reduced-dimensional models.5

11. ZPVEs for 23 three to four atomic species were computed using DEWE as

well as vibrational perturbational theory carried out to second order (VPT2).

Deviations of VPT2 results from the presumably more accurate variational

ZPVEs were within ∼ 1 cm−1, which is better than what could be expected.

The excellent agreement between VPT2 and variational results was explained

by an advantageous cancelation of errors in VPT2 introduced by the truncation

of the perturbational treatment and the approximate inclusion of the potential.
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