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Spectroscopy of molecular hydrogen in motion
D. Charczun1, A. Cygan1, H. Jóźwiak1, M. Konefał1,2,3, G. Kowzan1,
A. Nishiyama1,4,M. Słowiński1, N. Stolarczyk1, S. Wójtewicz1, M. Zaborowski1,
P. Masłowski1, D. Lisak1, P. Wcisło1, F. Thibault5, R. Ciuryło1*
1

Instytut Fizyki, Uniwersytet Mikołaja Kopernika, ul. Grudziądzka 5/7, 87-100 Toruń, Poland
2
University of Grenoble Alpes, LIPhy, F-38000 Grenoble, France
3
CNRS, LIPhy, F-38000 Grenoble, France
4
Department of Engineering Science, Graduate School of Informatics, The University of
Electro-Communications (UEC), 1-5-1 Chofugaoka, Chofu, Tokyo 182-8585, Japan
5
Institut de Physique de Rennes, UMR CNRS 6251, Université de Rennes 1, Campus de
Beaulieu,
Bật. 11B, F-35042 Rennes, France
*
Corresponding author: rciurylo@fizyka.umk.pl

The simplicity of the hydrogen molecule makes it a perfect playground for tests of the theory
describing molecular systems including quantum electrodynamics. Confrontation of theoretical
predictions with accurate spectroscopic data can give an opportunity to look into physics
beyond Standard Model. However, Doppler limited spectra of molecular hydrogen are strongly
affected by velocity-changing collisions correlated with speed-dependent collisional
broadening and shifting. These effects are much more prominent in molecular hydrogen than in
other systems. Tests of ab initio spectral line shape calculations are thus particularly interesting
in this case. Finally, proper line shape analysis of experimental spectra is crucial for
minimizing systematic errors in the determination of basic spectroscopic data.
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Hydrogen bond interactions probed by conformation selective far-IR spectroscopy
Anouk M. Rijs
Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7c, 6525ED Nijmegen, The Netherlands
Structure and structural changes is what defines the biological function of peptides and
proteins. Fundamental insight into the structure-forming interactions such as hydrogen bonding
can be obtained by infrared studies of the species in a well-controlled molecular beam
environment. We show here that the low‐frequency vibrations in the far-IR range of the
spectrum – accessible with the FELIX free electron lasers- are extremely sensitive towards
understanding structural preferences in (bio)molecules [1-3].
Here, I will discuss far-IR signatures of both phenolic
molecules and their solvated clusters as well as peptides
and peptides aggregates, obtained using IR-UV ion dip
spectroscopy. The studied systems display both intra- and
intermolecular hydrogen bonding, enabling us to study the
merits of far-IR action spectroscopy for direct probing of
these weak interactions. With the support of both static
DFT and dynamical BOMD calculations, we are not only
able to locate these vibrational modes, but also allocate
them to a specific hydrogen bond deformation motions
either within the studied peptide aggregates or
microsolvated molecules. This will contribute to the
understanding of the intra- and intermolecular hydrogen
bonding and their role in protein folding interactions.

References:
[1] D.J. Bakker, A. Dey, D.P. Tabor, Q. Ong, J. Mahé, M.-P. Gaigeot, E.L. Sibert III and A.M.
Rijs, Phys. Chem. Chem. Phys. 19, 20343-20356 (2017)
[2] J. Mahe, D.J. Bakker, S. Jaeqx, A.M. Rijs, and M.P. Gaigeot, Phys. Chem. Chem. Phys. 19,
13778-13787 (2017).
[3] D.J. Bakker, A. Peters, V. Yatsyna, V. Zhaunerchyk, and A.M. Rijs, J. Phys. Chem. Lett. 7,
1238-1243 (2016).
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Vibrational quantum graphs and their application to the quantum dynamics of CH5+
C. Fábria, A. G. Császárb
Laboratory of Molecular Structure and Dynamics, Institute of Chemistry, Eötvös Loránd
University, Pázmány Péter sétány 1/A, H-1117 Budapest, Hungary,
E-mail: ficsaba@caesar.elte.hu
b
MTA-ELTE Research Group on Complex Chemical Systems, P.O. Box 32, H-1518 Budapest
112, Hungary, E-mail: csaszarag@caesar.elte.hu
a

The first application of the quantum-graph model to vibrational quantum dynamics of
molecules is reported [1]. The usefulness of the quantum-graph approach is demonstrated for
the astructural molecular ion CH5+, an enigmatic system of high-resolution molecular
spectroscopy and molecular physics, challenging our traditional understanding of chemical
structure and rovibrational quantum dynamics. The vertices of the quantum graph correspond to
different versions of the molecule (120 in total for CH5+), while the differently colored edges
represent different collective nuclear motions transforming the distinct versions into one or
another. These definitions allow the mapping of the complex low-energy vibrational quantum
dynamics of CH5+ onto the motion of a one-dimensional particle confined in a quantum graph.
The quantum-graph model provides a simple and intuitive qualitative understanding of the
intriguing low-energy vibrational dynamics of CH5+ and is able to reproduce, with just two
adjustable parameters related to the two different motions (flip and internal rotation, indicated
by the red and blue lines in the figure), the lowest vibrational energy levels of CH5+ (and CD5+)
[2,3] with remarkable accuracy.

[1] C. Fábri, A. G. Császár, to be submitted.
[2] X.-G. Wang, T. Carrington, J. Chem. Phys. 2008, 129, 234102.
[3] C. Fábri, M. Quack, A. G. Császár, J. Chem. Phys. 2017, 147, 134101.
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A fully polarizable embedding model for molecular spectroscopy
of aqueous solutions
Chiara Cappelli
Scuola Normale Superiore, Piazza dei Cavalieri, 7 I-56126 Pisa, Italy
E-mail: chiara.cappelli@sns.it
The computational modeling of molecular spectra of aqueous solutions is particulary
challenging. In fact, it requires at the same time an accurate modeling of the response of the
solute to the external radiation field and a reliable account of the effects of the surrounding
environment, which can hugely modify the solute’s spectral features as a result of
specific/directional interactions [1].
A recently developed Quantum-Mechanical (QM)/polarizable molecular mechanics
(MM)/polarizable continuum model (PCM) [2] embedding approach has shown extraordinary
capabilities, yielding calculated spectra in excellent agreement with experiments.
I will give an overview of the the theoretical fundamentals of this methods, which combines a
fluctuating charge (FQ) approach to the MM polarization with the PCM is given, and specific
issues related to the calculation of spectral responses [3] is given in the context of selected
applications [4].

[1] F. Egidi, C. Cappelli "Elsevier Reference Module in Chemistry, Molecular Sciences and Chemical
Engineering", DOI:10.1016/B978-0-12-409547-2.10881-9 (2015).
[2] C. Cappelli, Int, J. Quantum Chem., 116, 1532 (2016).
[3] (a) F. Lipparini, C. Cappelli. V. Barone, J. Chem. Theory Comput., 8, 4153 (2012); (b) F. Lipparini,
C. Cappelli, N. De Mitri, G. Scalmani, V. Barone, J. Chem. Theory Comput., 8, 4270 (2012); (c) F.
Lipparini, C. Cappelli, V. Barone, J. Chem. Phys., 138, 234108 (2013); (d) M. Caricato, F. Lipparini, G.
Scalmani, C. Cappelli, V. Barone J. Chem. Theory Comput. 9, 3035 (2013); (e) I. Carnimeo, C.
Cappelli, V. Barone, J. Comput. Chem., 36, 2271 (2015).
[4] (a) F. Lipparini, F. Egidi, C. Cappelli, V. Barone, J. Chem. Theory Comput., 9, 1880 (2013); (b) F.
Egidi, I. Carnimeo, C. Cappelli, Opt. Mater. Express, 5, 196 (2015); (c) F. Egidi, R. Russo, I. Carnimeo,
A. D’Urso, G. Mancini, C. Cappelli, J. Phys. Chem. A, 119, 5396 (2015); (d) T. Giovannini, M.
Olszowka, C. Cappelli, J. Chem. Theory Comput., 12, 5483 (2016); (e) T. Giovannini, M. Olszowka, F.
Egidi, J. R. Cheeseman, G. Scalmani, C. Cappelli, J. Chem. Theory Comput., 13, 4421 (2017); (f) T.
Giovannini, P. Lafiosca, C. Cappelli, J. Chem. Theory Comput., 13, 4854 (2017).
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Computing the pressure effects on reactions: The collisional stabilization of HO2 in
hydrogen combustion
J. Brandãoa, C. Mogoa, W. Wanga, C. M. A. Rioa and D. Coelhoa
a

Centro de Investigação em Química do Algarve, FCT, Universidade do Algarve, 8005-139
Faro, Portugal, E-mail: jbrandao@ualg.pt

The pressure dependence of the termolecular reaction H + O2 + M → HO2 + M is one of the main
sources of uncertainty when modelling hydrogen combustion chemistry[1]. This reaction is initiated by
a H + O2 collision giving a long lived excited HO2* radical that can react to products, O + OH, which is
endothermic, dissociate back to reactants, H + O2, or be stabilized by collision.
The long-lived nature of this radical is a result of its
electronic structure. At collinear and perpendicular
geometries this radical correlates with a hydrogen atom
in a 2p state. By this way, the dissociation back to
H+OH has energy barriers in these directions. In
Figure 1, we display the energy of a hydrogen atom
around an oxygen molecule at its equilibrium
geometry.

Figure 1. An H atom around an O2 molecule.

Being a termolecular reaction, it cannot be studied
using normal classical trajectory programs. We have
adapted the program MreaDy[2] to study this reaction
at the temperatures of 1500K, 2000K and 2500K at
pressures of 10, 20 30 and 50 atm. With this program
we can take into account the energy transfer by
collision. Following the HO2* radicals formed, we are
able to evaluate its stabilization.
In Figure 2 we display previus results for this
process.There we plot the number of stabilized HO2
radicals as a funtion of time at different pressures. The
slope of these lines represents the rate of stabilization
which shows a clear increase with pressure. Our results
also show that incresing the temperature reduces the
stabilization rate due to the higher energy of the formed
excited radical.
In this presentation we discuss the role of the different
processes that contribute to the overall stabilization os
the HO2 radical.

Figure 2. Number of HO2 radicals stabilized
by collision at 10, 20, and 50 atm.

[1] M. P. Burke, et al., Int. J. Chem. Kinet., 2012, 44, 444.
[2] C. Mogo, J. Brandão, J. Comput. Chem., 2014, 35, 1330.
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Modelling the intramolecular interactions that initiate the secretion
of an autotransporter protein
H. Mouhiba,b, T. Verzijdenb, S. Abelnb, P. van Ulsenc, M. Baclayond, M.H. Shabestarid,
W.H. Roosd, G.J. Wuited
University of Paris-Est Marne-La-Vallée, Boulevard Descartes 5, France,
E-mail: halima.mouhib@u-pem.fr
b
Computer Science & Bioinformatics, VU Amsterdam, The Netherlands
c
Molecular Microbiology, VU Amsterdam, The Netherlands
d
Physics of Living Systems & LaserLaB Amsterdam, VU Amsterdam, The Netherlands
a

The secretion mechanism of the autotransporter protein Hemoglobin Protease (Hbp) through
the bacterial outer membrane (OM) of E. coli is not well understood and still a topic of vivid
debate. At this point, the secretion of the protein is thought to be self-driven by its sequential
folding at the cell surface. The folding of the beta-helical backbone could be the crucial step
that provides sufficient free energy to pull the protein through the OM without further use of
ATP or other energy sources [1]. To describe the process, it is necessary to accurately describe
the intramolecular interactions of the protein upon folding. However, the process of protein
folding is difficult to study, both by direct experiments and computer simulations. Therefore, an
alternative approach is to tackle the process in reverse and study the mechanism of protein
unfolding. Here, results obtained from experimental techniques such as atomic force
microscopy (AFM) and optical tweezers give valuable insight into the unfolding pathways of
proteins.
In the case of Hbp and some selected truncates of the protein, a sequential folding at the OM is
supported by AFM experiments and biochemical assays. To assign structural information to the
unfolding based on AFM experiments, we developed a coarse-grained computational model to
predict force induced protein unfolding based the protein crystal structure. Our model provides
a systematic approach to reconstruct the unfolding-curves of the AFM experiment and identify
the unfolding segments at a molecular scale and is in agreement with results obtained from
steered molecular dynamics simulations. The joined results suggest that intramolecular
interactions between several aromatic residues may drive the folding of the beta-helical
backbone of the protein, thus initiating its translocation through the bacterial OM [2]. This is
further by confirmed by the analysis of selected mutants of the truncated version of the protein.
These were studied using the same approach and showed that the core structure of the protein is
destabilized when targeted aromatic amino acids are exchaged by smaller non-aromatic
residues.
[1] P. van Ulsen, S. Rahman, W.S. Jong, M.H. Daleke-Schermerhorn, J. Luirink, Biochim.
Biophys. Acta. 2014, 1843(8), 1592-611.
[2] M. Baclayon, P. van Ulsen, H. Mouhib, M. H. Shabestari, T. Verzijden, S. Abeln, W.H.
Roos, G.J. Wuite, ACS Nano 2016, 10(6), 5710-9.
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Explicitly correlated Gaussians and quantum few-body systems
A. Muoloa, E. Mátyusb, M. Reiherc
ETH, Lab. für Physikalische Chemie, Vladimir-Prelog-Weg 2, 8093 Zürich,
e-mail: andrea.muolo@phys.chem.ethz.ch
b
Eötvös Loránd University, Pázmány Páter sétány 1/A, 1117 Budapest, Hungary,
e-mail: matyus@chem.elte.hu
c
ETH, Lab. für Physikalische Chemie, Vladimir-Prelog-Weg 2, 8093 Zürich,
e-mail: markus.reiher@phys.chem.ethz.ch
a

We elaborate on the variational solution of the Schrödinger and Dirac equations of few-body,
i.e., small atomic and molecular systems, without relying on the Born-Oppenheimer
approximation [1]. The all-particle eigenvalue problem is solved in a numerical procedure that
relies on the variational principle [2], Cartesian coordinates and parametrized explicitly
correlated Gaussians functions. A stochastic optimization of the variational parameters allows
for the calculation of accurate wave functions for ground and excited states. Expectation values
such as the radial and angular distribution functions, angular momentum or the dipole moment
can be calculated.
We presented a strategy for the elimination of the center-of-mass kinetic energy that allow us to
generally adopt laboratory-fixed cartesian coordinates throughout the formalism, while the
parametrization of the basis functions are chosen such that global translation is neglected from
the expectation values [3]. This approach is generally valid for integral matrix element of any
quantum mechanical operator and leads to the concept of translationally invariant integrals.
Furthermore it has been tested for many different types of explicitly correlated Gaussian
functions.
Since the center-of-momentum frame is not evoked, this framework is applicable to both nonrelativistic and relativistic framework by leaving the expressions for the operators unchanged.
Together with the explicitly correlated kinetic-balance condition [2] to ensure variational
stability, we demonstrate that this formalism is valid for Dirac-Coulomb Hamiltonians by
calculating the fine-structure splitting for various two-particle systems [4].

[1] E. Mátyus, M. Reiher, J. Chem. Phys. 2012, 137, 024104.
[2] B. Simmen, E. Mátyus, M. Reiher, J. Phys. B. 2015, 48, 245004.
[3] A. Muolo, E. Mátyus, M. Reiher, J. Chem. Phys. 2018, 148, 084112.
[4] A. Muolo, E. Mátyus, M. Reiher, in preparation.
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Direct computation of the quantum partition function by
path-integral nested sampling
B. J. Szekeresa, L. B. Pártayb, E. Mátyusc
Institute of Chemistry, Eötvös Loránd University, Hungary, szbpagt@cs.elte.hu
Department of Chemistry, University of Reading, UK, l.bartokpartay@reading.ac.uk
c
Institute of Chemistry, Eötvös Loránd University, Hungary, matyus@chem.elte.hu
a

b

We propose a computational approach to calculate the absolute rovibrational quantum partition
function using the path-integral formalism [1] of quantum mechanics in combination with the
nested sampling technique [2]. Nested sampling has already been successfully used for a series
of classical systems [3,4,5] to compute absolute thermodynamic quantities. In the present work
we generalize this method to the quantum mechanical regime. The numerical applicability of
the developed path-integral nested sampling (PI-NS) method is demonstrated for small
molecular systems of spectroscopic interest. The PI-NS results are in excellent agreement with
benchmark-quality quantum partition function values available in the literature obtained with
the Boltzman summation technique of the variationally computed rovibrational energies [6,7].
Path-integral nested sampling can be used for molecular system of arbitrary size and
connectivity. The computational effort for evaluating a quantum partition function value is
determined by the cost of a potential energy surface (PES) call (the size of the system enters
through the cost of a PES call), and it is approximately inversely proportional with the
temperature. In short, for efficient PES implementations, we think that the PI-NS method will
be a viable alternative to the direct Boltzmann summation technique of variationally computed
rovibrational energies, especially for medium-sized molecules with large-amplitude motions
and at elevated temperatures.

[1] R. P. Feynman and A. R. Hibbs and D. F. Styer, Quantum Mechanics and Path Integrals,
Dover Publications 2010 (Mineola, New York).
[2] J. Skilling. AIP Conf. Proc., 2004, 395; J. Bayesian Anal., 2006 1, 833.
[3] R. J. N. Baldock, N. Bernstein, K. M. Salerno, L. B. Pártay, and G. Csányi, Phys. Rev. E
2017 96, 043311.
[4] R. J. N. Baldock, L. B. Pártay, A. P. Bartók, M. C. Payne, and G. Csányi, Phys. Rev. B 2016
93, 174108..
[5] L. B. Pártay, A. P. Bartók, and G. Csányi, J. Phys. Chem. B, 2010, 114:10502; Phys. Rev. E,
2014 89, 022302.
[6] C. Sousa-Silva, N. Hesketh, S.N. Yurchenko, C. Hill, and J. Tennyson, J. Quant. Spectr. &
Rad. Transfer 2014 142, 66.
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Efficient calculation of potential energy surfaces: The simultaneous consideration of
molecular and permutational symmetry
B. Ziegler, G. Rauhut
Institute for Theoretical Chemistry, Universität Stuttgart, Pfaffenwaldring 55, D-70569
Stuttgart, Germany, E-mail: ziegler@theochem.uni-stuttgart.de
Nearly every small molecule and many medium sized molecules show symmetry. For our
purpose, namely the calculation of anharmonic frequencies, an accurate representation of the
multi-dimensional potential energy surface (PES) is required. To speed up the PES generation
in a multimode representation, symmetry is a very useful and powerful tool. The concept of
symmetry for PES generation is subdivided into two parts. The first part is the symmetry within
an ab initio single point calculation, which will not be considered in detail. Molecular and
permutational symmetry for the individual terms of an expension of the PES are the second
part. We define molecular symmetry1 as the symmetry inside of a single term of the PES.
Permutational symmetry however is the symmetry between two or more different terms of the
PES expansion. For non Abelian point groups with degenerated modes permutational symmetry
with respect to the indivdual terms2 can be considered. Localising normal coordinates leads to
additional permutational symmetry with respect to the coordinates3. Within our new PES
generator it is possible to consider molecular and both kinds of permutational symmetry at the
same time without any restrictions to the molecular point group or combinations of the different
kind of symmtries. In comparison the calculations without symmetry, this program leads to
speed-ups by several orders of magnitude.

Acknowledgments: Financial support by Studienstiftung des deutschen Volkes is kindly
acknowleged.
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Coherent inhibition and enhancement of tunneling in ammonia isotopomers
C. Fábria, R. Marquardtb, A. G. Császárc, M. Quackd
Laboratory of Molecular Structure and Dynamics, Institute of Chemistry, Eötvös Loránd
University, Pázmány Péter sétány 1/A, H-1117 Budapest, Hungary,
E-mail: ficsaba@caesar.elte.hu
b
Laboratoire de Chimie Quantique, Institut de Chimie, Université de Strasbourg, 1 rue Blaise
Pascal, BP 296/R8 Strasbourg CEDEX, France, E-mail: roberto.marquardt@unistra.fr
c
MTA-ELTE Complex Chemical Systems Research Group, P.O. Box 32,
H-1518 Budapest 112, Hungary, E-mail: csaszarag@caesar.elte.hu
d
Physical Chemistry, ETH Zürich, CH-8093 Zürich, Switzerland, E-mail: martin@quack.ch
a

Ammonia has been a prototype molecule for molecular spectroscopy and quantum tunneling
dynamics for a long time (e.g., [1,2] and references cited therein). Recently, accurate fulldimensional potential energy and electric dipole moment hypersurfaces have become available
for ammonia ([2, 3] and references cited therein). We have further developed and applied the
general quantum-dynamical code GENIUSH [4,5] for the variational solution of the
rovibrational Schrödinger equation. The numerical construction of the general and exact kinetic
energy operator allows the application of arbitrarily chosen internal coordinates and body-fixed
frame embeddings, including the Eckart frame. Our up-to-date version of GENIUSH is able to
employ a contracted vibrational basis set consisting of products of reduced-dimensional
vibrational eigenfunctions, facilitating the computation of highly-excited rovibrational
eigenstates. Besides the computation of accurate rovibrational energy levels and wave functions
GENIUSH has been extended to include dynamics under coherent infrared multiphoton
excitation [6]. Our time-dependent quantum-dynamical computations treat all rotational and
vibrational degrees of freedom in a numerically exact way and assume neither the alignment
nor the orientation of the molecules under investigation. The power of the theoretical
framework developed is demonstrated by new time-dependent rovibrational results for the
coherent inhibition and enhancement of tunneling in ammonia isotopomers. The schemes
proposed in this study achieve control of the time evolution of a quantum state initially
localized in one of the potential wells by nonresonant laser fields and extend earlier vibrational
studies [7-9].
[1] M. Snels, V. Horká-Zelenková, H. Hollenstein, M. Quack, High Resolution FTIR and Diode Laser
Spectroscopy of Supersonic Jets in Handbook of High Resolution Spectroscopy, Eds.: F. Merkt, M.
Quack, John Wiley & Sons, Ltd., Chichester, New York, 2011, Vol. 2, pp. 1021−1067.
[2] R. Marquardt, M. Quack, Global Analytical Potential Energy Surfaces for High Resolution
Molecular Spectroscopy and Reaction Dynamics in Handbook of High Resolution Spectroscopy, Eds.:
F. Merkt, M. Quack, John Wiley & Sons, Ltd., Chichester, New York, 2011, Vol. 1, pp. 511−549.
[3] R. Marquardt, K. Sagui, J. Zheng, W. Thiel, D. Luckhaus, S. Yurchenko, F. Mariotti, M. Quack, J.
Phys. Chem. A 2013, 117, 7502.
[4] E. Mátyus, G. Czakó, A. G. Császár, J. Chem. Phys. 2009, 130, 134112.
[5] A. G. Császár, C. Fábri, T. Szidarovszky, E. Mátyus, T. Furtenbacher, G. Czakó, Phys. Chem. Chem.
Phys. 2012, 14, 1085.
[6] M. Quack, Multiphoton Excitation, in Encyclopedia of Computational Chemistry, P. v. R. Schleyer
et al, Eds. Wiley Chichester, 1998, Vol. 3, pp. 1775−1791.
[7] M. Sala, F. Gatti, S. Guérin, J. Chem. Phys. 2014, 141, 164326.
[8] M. Sala, S. Guérin, F. Gatti, R. Marquardt, H.-D. Meyer, J. Chem. Phys. 2012, 136, 194308.
[9] R. Marquardt, M. Sanrey, F. Gatti, F. Le Quéré, J. Chem. Phys. 2010, 133, 174302.
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Basis sets for one-electron approximation methods.
The curious case of lithium dimer potential
D. Kędziera
Faculty of Chemistry, Nicolaus Copernicus University in Torun
ul. Gagarina 7, 87-100 Torun, Poland, E-mail: teodar@chem.umk.pl
Sucessfull ab-initio electronic structure calculation are based on two pillars: method of solving
the Schrödinger equation and basis set used for algebraization of the problem. The former is
well described, and still a huge effort is made to develope more accurate or efficient methods.
The latter is rather underrated, and usually one settles for basis set of available on the EMSL
webpage.
One of the reasons of such behaviour is a lack of established strict procedures providing a
black-box tools for basis set construction. Some ideas for basis set formation may be found in
the review paper of Jensen [1], however even there one will not find a simple receipt. This issue
leads to different competing families of various quality basis sets which somtimes may behave
unpredictably.
As an illustrative example, the lowest singlet state of lithium dimer was chosen. It is the biggest
system for which the energy can be obtained with Explicitly Correlated Gaussians and
additionally almost exact energy for isolated atoms (from Hylleras basis set calculations [2]) is
available. Moreover - on the other hand - it is the smallest system where apart from the valence
correlation (which is absent for atoms) also the core electron correlation can be investigated.
The aim of the present project is giving a recipe for a construction of the new improved basis
sets for lithium. For this purpose, several well-known and popular gaussian type basis set
families are carefully analysed for its performance for lithium dimer lowest state potential. In
particular: cc-pcvXz and cc-pcwXz of Peterson [3], pc-X of Jensen [4] and finaly Segmented
Gaussian Basis Set of Quantum Chemistry Group from Sapporo [5] are compared and
discussed. On the basis of these findings different techniques for basis set enhancement and
various schemes of exponent optimizations are discussed.

[1] F. Jensen, WIREs Comput Mol Sci, 2013, 3, 273-295.
[2] M. Puchalski, D. Kedziera, K. Pachucki, Phys. Rev. A, 2009, 80, 032521.
[3] B. Prascher, D. E. Woon, K. A. Peterson, T. H. Dunning, Jr., A. K. Wilson, Theor. Chem.
Acc., 2011, 128, 69.
[4] F. Jensen, J. Phys. Chem. A, 2007, 111,11198.
[5] T. Noro, M. Sekiya, T. Koga, Theoret. Chem. Acc., 2012, 131, 1124.
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Rovibrational computations for the methane-argon complex
D. Ferenc, E. Mátyus
Institute of Chemistry, Eötvös Loránd University, Hungary, matyus@chem.elte.hu
Rovibrational states corresponding to the intermolecular motion of the weakly bound methaneargon dimer have been computed using the GENIUSH code [1,2] and an ab initio potential
energy surface [3]. The dimer has two minimum-energy structures of C2v and C3v point-group
symmetries, which are both below the zero-point vibrational energy of the global minimum.
The rovibrational states of the complex are split up due to the facile internal rotation giving rise
to a rich splitting pattern. We have identified and analyzed these patterns within the Td(M)
molecular symmetry group of the complex. A detailed analysis of the computed intermolecular
states was carried out using the the coupled-rotor decomposition (CRD) scheme [4], in which
the entire system is decomposed based on two coupled rigidly rotating subsystems. The CRD
scheme allowed us to assign molecular symmetry group irrep labels in an automated fashion.
The computed rovibrational states were assigned to their vibrational parent states using the
rigid-rotor decomposition technique [5]. Quasi-bound states beyond the dissociation threshold
were also identified using the stabilization method [6].

[1] E. Mátyus, G. Czakó, and A. G. Császár, J. Chem. Phys. 2009 130, 134112.
[2] C. Fábri, E. Mátyus, and A. G. Császár, J. Chem. Phys. 2011 134, 074105.
[3] Y. N. Kalugina, S. E. Lokshtanov, V. N. Cherepanov, and A. A. Vigasin, J. Chem. Phys.
2016 144, 54304.
[4] J. Sarka, A. G. Császár, and E. Mátyus, Phys. Chem. Chem. Phys. 2017, 19, 15335.
[5] E. Mátyus, C. Fábri, T. Szidarovszky, G. Czakó, W. D. Allen, and A. G. Császár, J. Chem.
Phys. 2010 133, 34113.
[6] A. U. Hazi and H. S. Taylor, Phys. Rev. A 1 1970, 1109.
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Structural transformations of 3-fluoro and 3-fluoro-4-methoxy benzaldehydes
under cryogenic conditions
G. O. Ildiza,b and R. Faustoa
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g.ogruc@iku.edu.tr

Structural transformations of 3-fluorobenzaldehyde (C7H5FO; 3FBA) and 3-fluoro-4methoxybenzaldehyde (C8H7FO2; 3F4MBA), taking place in different solid phase
environments and at low temperature, were investigated by infrared spectroscopy,
complemented by quantum chemistry calculations undertaken at the DFT(B3LYP)/6311++G(d,p) level of approximation. The studied compounds were isolated from gas phase into
cryogenic inert matrices (Ar, Xe), allowing to characterize their equilibrium conformational
composition in gas-phase at room temperature. In both cases, two conformers differing by the
orientation of the aldehyde moiety (with the carbonyl aldehyde bond cis or trans in relation to
the aromatic ring fluorine substituent) were found to coexist, with the cis conformer being
slightly more populated than the trans form. In situ narrowband UV irradiation of the asdeposited matrices led either to preferential isomerization of the cis conformer into the trans
form or decarbonylation of both conformers, depending on the used excitation wavelength.
Deposition of the vapours of 3F4MBA only, onto the cold (15 K) substrate, produced an
amorphous solid containing also both the cis and trans conformers of the compound.
Subsequent heating of the amorphous phase up to 268 K led to crystallization of the compound,
which is accompanied by conformational selection, the cis form being the single species
present in the crystal.
The experimentally observed transformations of the studied compounds, together with the
structural and vibrational results obtained from the performed quantum chemical calculations,
allowed a detailed structural and vibrational characterization of the individual conformers.

Acknowledgements: Present and past members of the Laboratory for Molecular
Cryospectroscopy and Biospectroscopy, Coimbra, Portugal, and research partners from other
laboratories, who have contributed to the studies addressed in this talk, are acknowledged. I
thank also the Portuguese Science Foundation (FCT) for financial support (Project
PTDC/QEQ-QFI/3284/2014
–
POCI-01-0145-FEDER-016617,
also
funded
by
FEDER/COMPETE 2020-UE). The Coimbra Chemistry Centre (CQC) is supported by FCT,
through the project UI0313/QUI/2013, also co-funded by FEDER/COMPETE 2020-EU.
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Rovibrational structure and tunneling dynamics of the vinyl radical
Jan Šmydke, Csaba Fábri, János Sarka, and Attila G. Császár
MTA-ELTE Complex Chemical Systems Research Group, P.O. Box 32,
H-1518 Budapest 112, Hungary, E-mail: jan.smydke@gmail.com
In its ground electronic state the vinyl radical (VR), CH2=CH, exhibits a low-energy barrier for
the α-hydrogen rocking motion between two equivalent Cs minima through a C2v transition
state structure as is shown in the figure. The α-hydrogen thus tunnels between the two minima
and causes substantional splitting of the rovibrational states.
The vibrational fundamentals, the tunneling splitting of some of the rovibrational states, as well
as the tunneling barrier have been subjected to several theoretical and experimental studies,
even two basically different full-dimensional potential energy surfaces are available for the
vinyl radical.
In our study we computed variationally all the rovibrational states of VR up to the highest-lying
stretching fundamental. We compare two computational approaches and two potential energy
surfaces (PES) applied to the CH2=CH, CH2=CD, and CD2=CD isotopologues. The first
approach is a full 9-dimensional rovibrational wavefunction calculation on a DVR grid that
explicitly utilizes the C2v (M) molecular symmetry (MS) group. The other approach is a
contracted scheme, in which the 4-dimensional stretching-only and the 5-dimensional bendingonly subproblems are solved separately and then the 9-dimensional solution is constructed in
the basis of the reduced-dimensional eigenstates.
The tunneling splitting values, interesting patterns in the computed energy levels, and the
energy barrier computed within the focal-point analysis (FPA) approach are discussed and
compared to the results of earlier experimental and computational studies.
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Rovibrational quantum dynamics of the Ne4 tetramer
J. Sarka, C. Petty, B. Poirier
Department of Chemistry and Biochemistry, Texas Tech University, 1204 Boston Avenue,
Lubbock, Texas, 79409-1061, United States of America, E-mail: Janos.Sarka@ttu.edu
The dynamics of rare gas clusters manifest through long-range van der Waals forces that can be
challenging to model. Among other challenges (e.g. large masses), such systems are also
characterized by equilibrium geometries with large interatomic distances, large anharmonicity,
low dissociation threshold energies, and low-lying isomerization barriers leading to
fluxional/floppy dynamical behavior.
Among the rare gas clusters, neon clusters present a highly challenging “intermediate” case,
between the extremely quantum behavior of helium, and the much more classical behavior of
the heavier argon clusters. In particular, from earlier Ne3 studies [1], there is a clear delineation
between the (few) vibrational states that are localized in a single potential well, vs. the fully
delocalized states that lie in the “isomerization band.’’ This boundary constitutes a “phase
change” or prototypical phase transition, between the “solid” and “liquid” phases of the cluster,
which is of interest [2].
In this study, exact quantum dynamics (QD) calculations of the neon tetramer (Ne4) system
were carried out, to determine the bound vibrational and rovibrational states well up into the
isomerization band. All Coriolis coupling was treated exactly, in a Jacobi coordinate
representation. Calculations were performed using the ScalIT suite of parallel codes [3-5],
designed to enable exact QD calculations to be performed on massively parallel computers. The
ScalIT codes use a variety of methods (mostly sparse iterative techniques) to enable efficient
calculation of quantum states in any desired energy window. In particular, the phase-space
optimized discrete variable representation (PSO-DVR) [6] is especially well-suited to systems
for which long range interactions (e.g. van der Waals, ion-molecule, etc.) are important.
[1] B. Yang, W. Chen, B. Poirier, J. Chem. Phys. 2011, 135, 094306.
[2] P. A. Frantsuzov, D. Meluzzi, V. A. Mandelshtam, Phys. Rev. Lett. 2006, 96, 113401.
[3] C. Petty, B. Poirier, Appl. Math. 2010, 5, 2756-2763.
[4] W. Chen, B. Poirier, J. Parallel Dist. Comput. 2010, 70, 779-782.
[5] W. Chen, B. Poirier, J. Comput. Phys. 2006, 219, 198-209.
[6] B. Poirier, J. C. Light, J. Chem. Phys. 2001, 114, 6562-6571.
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Self-trapping relaxation decay investigated by
time-resolved photoelectron spectroscopy
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The present work[1] combines time-resolved photoelectron spectroscopy on isolated species
with high-level data processing to address an issue, which usually pertains to material science:
the electronic relaxation dynamics towards the formation of a Self-Trapped Exciton (STE).
Such excitons are common excited states in ionic crystals, silica and rare gas matrices. They are
associated with a strong local deformation of the matrix. Argon clusters were taken as a model.
They are excited initially to a Wannier exciton at 14 eV and their evolution towards the
formation of a STE has showed an unusual type of vibronic relaxation where the electronic
excitation of the cluster decreases linearly as a function of time with a 0.59 ±0.06 eV.ps-1 rate.
The decay was followed for 3.0 ps, and the STE formation occurred in 5.1±0.7 ps.

Figure1: Time resolved photoelectron spectrum as the function of the pump/probe delay after
the exictation of a Wannier exciton in argon cluster
[1] A. Lietard et al., Phys. Chem. Chem. Phys. 2018, accepted manuscript.
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Do we need molecular orbitals for protons in water?
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E-mail:margaret.mandziuk@nyu.edu
Recently an alternative explanation of the bifurcation splittings in the water trimer was offered
[1].
In this explanation, the small splittings were attributed to the tunneling of hydrogen-bonded
protons between their neighboring oxygen atoms. The barrier for this tunneling, fitted to the
experimental value of an O-H stretch vibration in a 1-D model, is around 9000 cm-1. The
splitting is measurable because of the large zero point energy of a stretching vibration involving
a proton.
If protons tunnel through a barrier of 9000 cm-1, then they should be able to surmount without
difficulty barriers such as those involved in hydrogen bond breaking, attributed in the past as
the source of splittings in small water clusters. Consequently, protons should be delocalized
over the entire framework of oxygen atoms.
Even oxygen atoms in water clusters may undergo large amplitude motion. In the latest
work, Saykally’s and Wales’s groups report the detection of a (D2O)6 band centered in the 510
cm-1 region [2]. This band has been attributed to an absorption by a prism isomer. The
rotational constants in the initial state are consistent with the values obtained in a rotational
spectroscopy experiment by Evangelisti et al. [3]. Intriguingly, the rotational constants of the
final state are significantly larger than those of the initial state. The authors reported large
perturbations to the excited state, which indicated a very floppy nature of the cluster [2].
We propose to revise the interpretation of the tunneling splittings in a prism, offered by
Richardson et al. [4]. The rotation of a dimer over a tetramer, combined with a concerted
tunneling in a tetramer, will produce the experimentally observed pattern of the splittings. It
also accounts for the patterns observed when oxygen atoms are isotopically substituted.
In this scenario, the more compact structure of the excited state, observed by Cole et al. [2],
may be due to the higher probability of accessing regions of the potential energy closer to the
transition state for the concerted proton transfer in a tetramer. In the transition state, the interoxygen distances are much shorter.
Whether or not molecular orbitals are needed for protons in a water trimer can be tested
experimentally. If the intensity of the band of (H2O)3 observed at 42.9 cm-1, attributed to a
transition from an excited state [5], is temperature independent, then the transition originates
from a higher energy occupied orbital, rather than from an excited state [6].
[1]
[2]
[3]
[4]
[5]
[6]

M. Mandziuk, Chem. Phys. Lett. 2016, 661, 263.
W. S. T. Cole, et al., J. Chem. Phys. 2018, 148, 094301.
L. Evangelisti, et al., in International Symposium on Molecular Spectroscopy, Urbana, Il, 2014.
J. O. Richardson, et al., Science 2016, 351, 1310.
M. G. Brown, et al., J. Chem. Phys. 1999, 111, 7789.
M. Mandziuk, J. Mol. Struct., submitted.
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Reactive collisions between electrons and molecular cations:
Application to H2+ and BeD+
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b
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Dominant elementary processes in numerous cold ionized gases are dissociative recombination (DR),
elastic collisions (EC), vibrational excitation (VE) (inelastic collisions), vibrational de-excitation(VdE)
(superelastic collisions), and dissociative excitation:
AB+(N+,v+)+e-→A+B, AB+(N+’,v+’)+e-, A+B++e-

(1)

where N+/ v+ stand for the rotational/vibrational quantum numbers of the cation.
The present work is aimed at performing the computation of cross sections and Maxwell rate
coefficients in the framework of the stepwise version of the Multichannel Quantum Defect Theory
(MQDT) [1,2].
Cross sections and rate coefficients suitable for the modelling of the kinetics of H2+and BeD+ in fusion
plasmas and in the stellar atmospheres are presented and discussed.
For H2+[3], the full rotational computations improved considerably, the accuracy of the resulting
dissociative recombination cross sections and Maxwell isotropic rate coefficients.
Figure 1 shows the Maxwell rate coefficients of excited (vi+= 12-17) BeD+[4], significantly depending
on the initial vibrational level of the molecular ion [4].

Figure1. Elastic collision (EC, blue line), dissociative recombination (DR, thick line), vibrational
excitation (VE, colored thin lines) and vibrational de-excitation (VdE, colored thick lines with
symbols) Maxwell rate coefficients of excited (vi+= 12-17) BeD+ in its ground electronic state.
[1] Ch. Jungen, Handbook of High Resolution Spectroscopy, Wiley & Sons, New York, 2011, 471.
[2] O. Motapon N. Pop, F. Argoubi, J. Zs Mezei, M. D. Epee Epee, A. Faure, M. Telmini, J. Tennyson,
and I. F. Schneider, Phys. Rev. A 2014, 90, 012706.
[3] M. D. Epée Epée, J. Zs. Mezei,O. Motapon, N. Pop, I. F. Schneider, MNRAS 2015, 455, 276.
[4] S. Niyonzima, N. Pop, F. Iacob, A. Larson, A.E. Orel, J.Zs. Mezei, K. Chakrabarti, V. Laporta, K.
Hassouni, A. Bultel, J. Tennyson, D. Reiter, I.F. Schneider, Plasma Sources Science and Technology
2018, https://doi.org/10.1088/1361-6595/aaabef
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The formation of HCN and HNC molecules through radiative association: dynamical
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H(2S) + CN(2Σ+)
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The HCN and HNC molecules play an important role in the molecular evolution of
interstellar space, since they are the basic building block of nitrogen containing organic
molecules. There are plenty of available data on the spectroscopy of HCN and HNC molecules,
but only a few studies can be found on their interstellar formation. The radiative association
process – in which a photon is emitted during the collision of atomic and/or molecular
fragments – may have a big contribution to the HCN and HNC production in the low density
and dust-poor regions of interstellar space. In the last decade, the rate coefficient for radiative
association of several diatomic molecules has been calculated with a high-level quantum
dynamical method, but a reliable rate constants for bigger molecules are still required [1].
The purpose of this work is to calculate the semiclassical state resolved cross sections for the
formation of HCN and HNC molecules through radiation association. We have calculated the
full dimensional potential energy and the permanent dipole surfaces of the HCN system. For
the quantum chemical calculations of PES and the dipole surfaces, the MRCIF12/CAS[10el,10orb] method was employed with aug-cc-pVQZ-F12 basis set. The radiative
association process in the H(2S) + CN(2Σ+) collisions are described with the recently developed
classical theory for radiative association with no electronic transitions [2] that is a combination
of the Larmor formula for radiation from a time dependent dipole with the quasiclassical
trajectory method.

[1] G. Nyman, M. Gustafsson, S. Antipov, Int. Rev. Phys. Chem. 2015, 34, 385.
[2] M. Gustafsson, J. Chem. Phys. 2013, 138, 074308.
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Ab initio calculation of rovibrational IR intensities
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Measurement techniques have significantly evolved and are well able to resolve rotational
transitions, increasing the importance of simulation data for completion, interpretation and
prediciton of experimental results and applications. The computation of extensive rovibrational
spectra is a challenging task especially with respect to computational cost. As the density of
rotational states is very high a large amount of transitions has to be considered such that even
for moderate temperatures the number of possible transitions may easily reach the order of
millions to billions [1, 2]. For this reason thorough theoretical studies are usually limited to
small molecules. However developments in the recent past allow for highly accurate ab initio
calculations for medium sized systems making full use of symmetry [3].

For the calculation of intensities a number of quantities is required: accurate energies,
vibrational wavefuntions statistical weight factors obtained from group theory, as well as
partition functions. Quite some effort is neccessary to obtain these numbers within desired
accuracy. Vibrational state energies and wavefunctions can reliably be computed for systems up
to 20 atoms. Here we present a new implementation of rovibrational IR intensities in Molpro.
After the computation of partition functions and determining nuclear spin statistical weights we
are now able to calculate accurate rotation-vibration-intensities even for molecules with several
atoms and up to high values of the rotation quantum number J at the VSCF level.

[1] A. Owens, A. Yachmenev, W. Thiel, J. Tennyson and S. N. Yurchenko, MNRAS 2017, 471,
5025-5032.
[2] A. Yachmenev, I. Polyak, and W. Thiel, J. Chem. Phys. 2013, 139(20)
[3] D. Oschetzki, G. Rauhut, Phys. Chem. Chem. Phys. 2014, 16, 16426-16435.
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When molecules are exposed to laser fields, whose temporal duration is much longer than the
characteristic molecular timescales, the system can usually be described efficiently by so-called
light-dressed states, which are the eigenstates of the “molecule + light field” system.
In this work we investigate theoretically the rovibronic spectra of light-dressed molecules, i.e.
we consider light-dressed molecular states induced by a medium intensity continuous-wave
laser light and compute the transition amplitudes between these light-dressed states with respect
to an additional weak probe pulse. The homonuclear diatomic molecule Na2 is chosen as our
showcase example.
The field-dressed spectra feature absorption peaks resembling the field-free spectrum as well as
stimulated emission peaks corresponding to transitions not visible in the field-free case, see
Figure 1.

Figure 1: One-photon spectra of the field-dressed Na2 as a function of dressing-light intensity
(λ=658 nm). The spectra only show transition probabilities from the light-dressed state, which
correlates to the rovibronic ground state at zero dressing-field intensity. Positive and negative
transition probabilities stand for absorption and stimulated emission, respectively.
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We explore the nuclear dynamics of the metastable H2He+ complex. Using angular momentum
addition rules and symmetry considerations the possible dissociation channels are identified,
while accurate quantum chemical computations provide resonance positions and widths.
Selected long-lived metastable states are analyzed in detail on the basis of their probability
density plots (see Fig. 1) as well as overlaps between the full-dimensional wave functions and
reduced-dimensional model wave functions. Considerable physical insight is obtained on the
stabilization mechanisms and the different dissociation mechanisms of the metastable states.
The accurate numerical data should prove to be useful for the experimental observation and
assignation of the rovibrational spectrum of this fundamental molecule.

Figure 1. Vibrational probability densitiy of the metastable resonance state located at 2286.4
cm-1 above the zero-point vibrational energy (left panel), where R2 and θ are the Jacobicoordinates indicated in the right panel. Based on the probability density plot at different R2
values, j1 rotational quantum number values of the H2 moiety can be deduced, elucidating
different possible dissociation channels for the given resonance (right panel). The dissociation
branching ratios of 22% and 78% for j1=1 and j1=3, respectively, were obtained from overlaps
between the full-dimensional resonance wave fucntion and reduced-dimensional model
wavefunctions.
[1] D. Papp, A. G. Császár, K. Yamanouchi, and T. Szidarovszky, J. Chem. Theory Comput.
2018, 14, 1523-1533.
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Once the ground and excited state potential energy surfaces of a molecule are available, timedependent or time-independent methods can by used for calculating a photoelectron spectrum.
We pursue the time-independent techniques which are based on the sum-over-states (SOS)
approach and the inhomogeneous Schröodinger equation (ISE) within the Raman wavefunction
(RWF) formalism [1]. For a high density of states, the SOS methodology based on a statespecific approach is a non-trivial task and usually leads to error-prone calculations. To a large
extent, these problems can be circumvented by the application of the residual-based algorithm
for the calulation of eigenpairs (RACE) in conjunction with the formalism of contracted
invariant Krylov subspaces which was recently developed in our group [2]. By construction,
this method is particularly suited for the automatic determination of the eigenvectors
corresponding to the most significant Franck-Condon factors, and is appropriate for systems
with a high density of states. The calculation of optical bandshapes can be performed within the
time-independent eigenstate-free ansatz for the RWF which is directly related to the spectral
intensities. This approach, which is based on the ISE, is appropriate for calculating accurate
bandshapes, and in general it does not require precise determination of the underlying
eigenvectors. The performance of the RACE and time-independent RWF methods is illustrated
by the studies of the spectra corresponding to the X 2A2 X 1A1 transition in furan [3], and X
2
B1 X 1A1 transition in difluoromethane [4]. While in the former example anharmonic effects
are relatively small, in the latter case they are substantial due to a low lying fragmentation
channel, which results in a high density of states and drastic deviation of the observed spectrum
from a purely harmonic one. We demonstrate that such systems can be successfully treated by
the proposed theoretical methods.

[1] T. Petrenko, G. Rauhut, J. Chem. Phys., 2015, 143, 234106.
[2] T. Petrenko, G. Rauhut, J. Chem. Phys., 2017, 146, 124101.
[3] T. Petrenko, G. Rauhut, J. Chem. Phys., 2018, in press.
[4] T. Petrenko, G. Rauhut, J. Chem. Theory Comput., 2017, 13, 5515.
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Shining light on radical and nitrene intermediates:
A matrix isolation approach
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Radical and nitrene intermediates play fundamental roles in chemical reactivity.
However, their capture and characterization, as well as the precise description of their
reactivity, pose always enormous challenges to investigation.
Matrix isolation is a powerful tool to study short-living species, and is nowadays a mature
technique suitable to address complex problems of chemical reactivity involving reaction
intermediates. In fact, when used together with contemporary computational methods of
quantum chemistry and up-to-date narrowband tunable light sources, matrix isolation may be
used very successfully for investigation of elusive reaction intermediates, in a very elegant and
direct way.
In this tall, I will describe a series of possible strategies for research on the structures and
reactivity of radical and nitrene intermediates participating in photochemical processes, based
on the conjugated use of theoretical methods and matrix isolation coupled with spectroscopic
probing. Recent results on the photochemistry of phenols and thiophenols, in which radicals
play a prominent role, and of several types of nitrene precursors, like isoxazoles, azides and
tetrazoles, will be presented. In these studies, narrowband tunable light sources were used to
selectively excite the different species formed along the targeted reactions, allowing the
unequivocal identification of the transient radicals and nitrenes formed along these processes,
their structural characterization and the evaluation of their specific reactivity. On the way, the
first direct observation of a tunneling reaction involving a nitrene, and the production of several
rare high-energy species resulting from photochemical processes where radical and nitrene
intermediates play central mechanistic roles will be reported.
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Coherent control of overlapping resonances in the weak-field regime
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Resonance states govern a large variety of molecular processes. Thus, controlling the decay
process of a given resonance implies to control the molecular process mediated by that
resonance state. In general it is desirable to preserve the inherent dynamics of the system, which
implies to work in weak-field (one photon) conditions. In these conditions quantum interference
becomes a very useful tool in order to exert control, and overlapping resonances are ideal states
where interference takes place. The two essential observable properties associated with the
decay of a resonance state are its lifetime and the final product fragment state distribution.
Schemes to control the lifetime of a single resonance state have been developed for overlapping
resonances in the weak-field limit [1-3]. Control strategies to modify the product fragment state
distributions produced by the decay of a superposition of overlapping resonances have also
been proposed [4-6]. Such a control was achieved both on the transient [4] and on the longtime, asymptotic fragment state distribution [6]. The above control schemes will be discussed.

[1] A. García-Vela, J. Chem. Phys. 2012, 136, 134304.
[2] A. García-Vela, J. Phys. Chem. Lett. 2012, 3, 1941.
[3] A. García-Vela, Phys. Chem. Chem. Phys. 2018, 20, 3882 (Communication).
[4] A. García-Vela, N. E. Henriksen, J. Phys. Chem. Lett. 2015, 6, 824.
[5] A. García-Vela, Chem. Sci. 2017, 8, 4804.
[6] A. García-Vela, in preparation.
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Spectroscopy of doped helium nanodroplets – solvation dynamics after electronic
excitation
Wolfgang E. Ernst
Institute of Experimental Physics, Graz University of Technology, Petersgasse 16, 8010 Graz,
Austria, tel. +43-316-8738140, E-mail: wolfgang.ernst@tugraz.at
Superfluid helium nanodroplets provide a cold environment for the formation and spectroscopy
of weakly bound molecules [1]. While the almost unhindered rotation and vibration of
molecules inside droplets (“dopants”) and the corresponding narrow linewidth in IR spectra
was interpreted as manifestation of superfluidity of the finite-size medium, electronic excitation
lines exhibit significant broadening compared to free molecules. If the electronic orbital size of
the excited state is larger than the ground state orbital, accommodation of the excited dopant
may not be energetically favorable which results in a positive solvation energy and expulsion of
the species.
In this talk, examples will be given for dopant atoms or molecules inside or at the surface of
helium droplets that show different solvation dynamics after electronic excitation:
1. Alkali atoms and molecules at the surface; the energetic crossover to an inside location
upon excitation into high Rydberg states [2].
2. Metal atoms like Cr, Cu, or In with stable locations inside or at the surface of helium
droplets depending on the electronic state [3].
3. Predissociation of diatomics into atoms with separate locations on one droplet, e.g. Cr2
[4].
4. Time resolved expulsion of excited In atoms after electronic excitation from fs pumpprobe laser experiments [5].
5. Examples for theoretical modeling by a helium DFT approach [2, 3].

[1] C. Callegari and W. E. Ernst, “Helium Droplets as Nanocryostats for Molecular
Spectroscopy—from the Vacuum Ultraviolet to the Microwave Regime” in: Handbook of High
Resolution Spectroscopy, Eds. F. Merkt and M. Quack, 1st Edition, Vol. 3, p. 1551-1594, ISBN:
978-0-470-06653-9 - John Wiley & Sons, Chichester, 2011,
http://onlinelibrary.wiley.com/doi/10.1002/9780470749593.hrs064/abstract.
[2] J. V. Pototschnig, F. Lackner, A. W. Hauser, and W. E. Ernst, PCCP 19, 14718-14728
(2017), http://dx.doi.org/10.1039/C7CP02332D .
[3] M. Ratschek, J. V. Pototschnig, A. W. Hauser, and W. E. Ernst, J. Phys. Chem. A 118 (33),
6622-6631 (2014), http://pubs.acs.org/doi/abs/10.1021/jp5034036 .
[4] A. Kautsch, M. Koch, and W. E. Ernst, PCCP 17, 12310-12316 (2015),
http://dx.doi.org/10.1039/c5cp01009h .
[5] M. Koch et al., to be published.
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Towards the identification of nuclear spin isomers of 1,1-Difluoroethylene including all
degrees of freedom
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The existence of nuclear-spin isomers was reported for the first time in 1927 by Heisenberg and
Hund to explain anomalous properties of molecular hydrogen [1-2]. However, the experimental
separation and/or conversion of nuclear spin isomers of polyatomic molecules is a very challenging
problem. In the last years, several theoretical models [3-8] have been proposed showing different
behavior
of the nuclear spin isomers after light excitation.
In contrast to systems such as hydrogen or water, where the exchange of the two hydrogens is
related to an overall rotation of the molecule, in these theoretical proposals the molecules possess
an internal torsional degree of freedom that exchanges the two hydrogen atoms, and thus relates the
different classes of nuclear spin isomers [9]. Using model systems of reduced dimensionality, these
previous works have shown that the differences on the excited state dynamics are due to the
quantum interferences of the initial nuclear wave function built up for each nuclear spin isomer.
Previously, we have worked on the excited state dynamics of the nuclear spin isomers of 1,1difluoroethylene (DFE) using exact quantum dynamics in the torsional degree of freedom [8]. We
were able to distinguish between the nuclear spin isomers of DFE through the interference on the
excited state.
In this work we investigate whether these quantum interferences are still observable switching on
all the degrees of freedom of the molecule. The method of choice is the multi-configurational timedependent Hartree (MCTDH), as it can treat systems up to about 1000 degrees of freedom
including quantum effects [10]. As a bottleneck, for MCTDH one normally needs to calculate abinitio potential energy surfaces and couplings for a chosen level of theory prior to the dynamics. To
avoid this costly implementation, we approximate the system using a linear vibronic coupling
model including all twelve degrees of freedom. This way we can observe in a much simplifier
manner whether the other degrees of freedom enhance or decrease the differences on the dynamics
of both nuclear spin isomers.
[1] W. Heisenberg, Z. Phys. 1927, 41, 239.
[2] F. Hund, Z. Phys. 1927, 42, 93.
[3] T. Grohmann, M. Leibscher, J. Chem. Phys. 2011, 134, 204316.
[4] J. Floß, T. Grohmann, M. Leibscher, T. Seideman, J. Chem. Phys. 2012, 136, 084309.
[5] R. Obaid, D. Kinzel, M. Oppel, L. González, J. Chem. Phys. 2014, 141, 164323.
[6] R. Obaid, D. Kinzel, M. Oppel, L. González, Theor. Chem. Acc. 2015, 134, 46.
[7] M. Waldl, M. Oppel, L. González, J. Phys. Chem. A 2016, 120, 4907.
[8] S. Gómez, M. Oppel, L. González, Chem. Phys. Lett. 2017, 683, 205
[9] S. Belz, O. Deeb, L. González, T. Grohman, D. Kinzel, M. Leibscher, J. Manz, R. Obaid, M. Oppel, G.
D. Xavier, S. Zilberg, Z. Phys. Chem. 2013, 227, 1021.
[10] M.H. Beck, A. Jäckle, G.A. Worth, H.-D. Meyer, Phys. Rep. 2000, 324, 1.
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Extrapolation in electronic structure and dynamics:
Approximating reality from matters of fact
A.J.C. Varandas
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E-mail: varandas@uc.pt
Given the high demand for accurate data and the accumulated power of theories, extrapolation
from affordable calculations attracts immediate attention. In Chemistry and Physics, the need
arises whenever finite basis sets are employed and the system size grows beyond affordability.
In this talk, we discuss two cases where such methods can be validated and proven to be
reliable alternatives to the purist way: electronic structure and reaction dynamics. Specifically,
it is well established that the complete basis set (CBS) limit is secluded in ab initio electronic
structure calculations, with CBS extrapolation becoming popular due to its simplicity and
reliability [1,2]. Aiming at massive electronic structure calculations, we have most recently
been prompted to investigate CBS extrapolation from basis sets of the lowest rungs of the
hierarchical staircase, namely subminimal (M) and minimal (sM), as opposed to extended (E)
basis sets that are commonly employed and known to approach fairly well by themselves the
CBS limit. Regarding wave packet quantum dynamics (WPQD), the popular Fast Fourier
Transform method is known to scale as cNlogN where N is the number of grid points, thus
demanding huge computational resources [3,4]. On the other hand, the correspondence principle
tells that quantum results should approach their classical counterparts at high energies where
the former are most expensive. Because quasiclassical trajectory (QCT) calculations are
affordable even for reasonably large systems, we have proposed [5] that they could help on
extrapolating to any value of the total angular momentum (J) the affordable WPQD calculations
for J=0. Two novel messages are then hopefully conveyed: (a) CBS extrapolation from sM and
M basis sets can dwell both in accuracy and cost-effectiveness with Kohn-Sham Density
Functional Theory; (b) extrapolated J=0 WPQD with QCT calculations compete in reliablility
with the popular J-shifting scheme while being validated for any system type. The talk ends
with some closing remarks and prospects for future work.

[1] A. J. C. Varandas, Annu. Rev. Phys. Chem. 2018, in press.
[2] A. J. C. Varandas, M.M. González, L.A. Montero-Cabrera and J.M.G. de la Vega, Chem.
Eur. J. 2017, 23, 9122.
[3] S. Adhikari and A. J. C. Varandas, Comput. Phys. Comm. 2013, 184, 270.
[4] S. Gosh, R. Sharma, S. Adhikari and A. J. C. Varandas, Phys. Chem. Chem. Phys. 2018, 20,
478.
[5] A. J. C. Varandas, Molec. Phys., 1995, 85, 1159; Idem, Chem. Phys. Lett., 1995, 235, 111.
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Excited state proton transfer in prototypical hydrogen bonded systems
N. Došlić
R. Bošković Institute, Bijenička 54, 10000 Zagreb, Croatia,
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Single and multiple hydrogen bonds and related proton or H atom transfer (PT) in the ground
and excited electronic states are of fundamental importance. Besides being of importance for
potential applications, hydrogen bonds pose some fundamental challenges due to the strongly
anharmonic and multidimensional quantum character of their dynamics.
Here we focus on coupled electron and nuclear dynamics that characterizes excited state PT
reactions and discuss the mechanisms and time scales of the reactions in prototypical hydrogen
bonded systems.[1-3]

[1] J. Novak, M. Malis, A. Prlj, I. Ljubić, O. Kuehn, N. Došlić, J. Phys. Chem. A 2012, 116,
11467.
[2] J. Novak, A. Prlj, N. Basarić, C. Corminboeuf, N. Došlić, Chem. Eur. J. 2017, 23, 8244.
[3] R. J. Squibb et al., Nat. Commun 2018 9, 63.
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Bimolecular complexes, thermodynamics and spectroscopy
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The interest in complex formation is multifold in atmospheric research with examples like
radiative transfer, reaction mechanisms and nucleation all affected by complex formation.
Central is the formation of a molecular complex which relies on the Gibbs free energy of
formation, ΔG.
We have detected a series of bimolecular complexes that all contain an X-H---Y hydrogen
bond, where X is O, N, or Cl and Y is O, S, N, P or Se. Using infrared spectroscopy, we have
measured the fundamental XH-stretching transition for these complexes. By combining the
measured room temperature gas phase intensity of this transition with calculated intensities of
the relevant vibrational transitions, we determine the abundance of the complex and thereby the
equilibrium constant (K) and ΔG for the complex formation.[1-3] To improve the accuracy of
the calculated intensities, we have developed a local mode perturbation theory (LMPT)
approach that includes the XH-stretching mode and perturbation from the intermolecular
modes.[4,5] LMPT calculated intensities are compared for measured HF complexes.[5]
We find that the frequency redshift and the determined ΔG of the hydrogen bond formation to
O, S, Se and P are surprisingly similar and significantly weaker than that to N.[6] We have
found that the observed frequency red shifts correlate strongly with the kinetic energy density
integrated within the reduced density gradient volume that describes a hydrogen bond.[7]
Recently, we have compared the strength of OH and OOH hydrogen donors (see figure)
important moieties in atmospheric complexes involved in nucleation.[8]

References:
[1] L. Du, K. Mackeprang, H.G. Kjaergaard, Phys. Chem. Chem. Phys. 2013, 15, 10194.
[2] A.S. Hansen, L. Du, H.G. Kjaergaard, Phys. Chem. Chem. Phys. 2014, 16, 22882.
[3] A.S. Hansen, L. Du, H.G. Kjaergaard, J. Phys. Chem. Lett. 2014, 5, 4225.
[4] K. Mackeprang et al. J. Chem. Phys. 2014, 140, 184309 and ibid. 2015, 142, 094304.
[5] K. Mackeprang, H.G. Kjaergaard, J. Mol. Spec. 2017, 334, 1.
[6] A.S. Hansen, et al. Phys. Chem. Chem. Phys. 2016, 18, 23831.
[7] J.R. Lane, A.S. Hansen, K. Mackeprang, H.G. Kjaergaard, J. Phys. Chem. A. 2017, 121, 3452.
[8] K.H. Møller, C.M.Tram, H.G. Kjaergaard, J. Phys. Chem. A. 2017, 121, 2951.
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Minimization of Coriolis interaction
V. Szalay
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The question of minimizing the Coriolis term in the rotational-vibrational Hamilton operator of a
molecule is revisited. In particular, it is considered how this question might be solved by shape
coordinate dependent rotation of an initial molecule fixed system of axes (MS).
The kinematic equations describing the rotation of the MS as the shape coordinates change are
established. It is shown that, in the case of more than one shape coordinates the kinematic
equations have physically meaningful solution only, if certain conditions are satisfied. This
conditions, called the conditions of path idependent integrability, form a system of partial
differential equations (ω-system). Its solutions, a set of angular velocity like vectors depending
on the shape coordinates, enter the kinematic equations. To minimize the Coriolis interaction the
solutions of the ω-system should be as close to the angular velocity like vectors generated by
displacements along the shape coordinates as much as possible. It is shown that these two sets of
vectors can never completely match, that is the Coriolis interaction cannot be eliminated. It is
also shown that, how by imposing the Eckart conditions one can obtain a solution of the ωsystem. As a consequence one can obtain displacements obeying the Eckart conditions by
rotation, irrespective of the amplitude, small or large, of the changes along the shape
coordinates. Then rotation to the Eckart frame can be obtained by integrating the kinematic
equations. As a by product, an extremely simple expression is given for displacements which
obey the Eckart conditions.
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Second- and third-order nonlinear optical responses of small molecules: Interplay
between theory and experiment
Benoît Champagne
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Notwithstanding continuous methodological developments, predicting and interpreting the
molecular second- and third-order nonlinear optical (NLO) properties remains a challenge for
quantum chemistry, owing to the many different aspects that need to be taken into account: i)
slow basis set convergence, ii) huge electron correlation effects, iii) strong frequency
dispersion, iv) large vibrational contributions, and v) impact of the surrounding. In this talk,
several of these issues will be illustrated by considering small molecules, used as internal or
external references in measurements. In particular, we will come back to recent investigations
on i) the hyper-Rayleigh (second-order) scattering response of gas phase and liquid phase CCl4
[1-2], on ii) the gas phase electric field-induced second harmonic generation (EFISHG)
response of dimethylether, methanol, and water [3], as well as on iii) second and third
harmonic scattering responses of chlorinated methane derivatives [4]. The talk will focus on
electron correlation, frequency dispersion, and solvent effects. Different approximate schemes
will be assessed and the reliability of the calculations will be challenged by recent experiment
data [5-7].

[1]
[2]
[3]
[4]
[5]
[6]

M. de Wergifosse, F. Castet, and B. Champagne, J. Chem. Phys. 142, 194102 (2015).
M. Hidalgo Cardenuto, F. Castet, and B. Champagne, RSC Adv. 6, 99558-99563 (2016).
P. Beaujean and B. Champagne, J. Chem. Phys. 145, 044311 (2016).
P. Beaujean and B. Champagne, Theor. Chem. Acc., in press.
V. W. Couling and D. P. Shelton, J. Chem. Phys. 143, 224307 (2015).
N. Van Steerteghem, K. Clays, Th. Verbiest, and S. Van Cleuvenbergen, Anal. Chem. 89,
2964–2971 (2017).
[7] V. Rodriguez, J. Phys. Chem. C 121, 8510-8514 (2017).
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Non-adiabatic coupling in the ozone molecule
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The question whether a Berry phase should be included in the calculation of rovibronic states of
the ozone molecule in its electronic ground state is addressed. Since several conical
intersections connect the three lowest singlet states, a phase of π generated by a symmetrydemanded conical intersection between states 2 and 3 might be present, or it might be
compensated by further conical intersections. Hyperspherical coordinates were employed here
as they provide a natural choice for the cyclic coordinate that is needed to investigate the
presence or absence of such a topological phase. On a hyperspherical grid, we have computed
the electronic energies of the three lowest singlet states using a multi-reference configuration
interaction (MRCI) procedure. Non-adiabatic coupling terms along the cyclic variable were
evaluated numerically. Investigation of the behaviour of the adiabatic-to-diabatic
transformation angles, using the quantization criterion of the non-adiabatic coupling terms [1],
shows that a geometrical phase is retained. This phase has no practical effect on the wellestablished energy values of the rovibrational states located deeply in the three equivalent C 2v
potential wells, but will come into action as highly excited states reach the dissociation region
[2].

[1] M. Baer , A. Alijah, Chem. Phys. Lett. 2000, 319, 489.
[2] A. Alijah, D. Lapierre, V. Tyuterev, Mol. Phys., submitted.
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Tensor decomposition and coupled cluster theory
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Wave functions in quantum chemistry employs a particular format and an associated number
of parameters. Often these parameters can be seen as sets of multiway arrays, tensors. In this
talk I will discuss tensor decomposition of wave function parameters. The primary example
will be vibrational coupled cluster (VCC) theory. Vibrational coupled cluster theory is
concerned with calculation of anharmonic vibrational wave functions for molecules. Here the
construction of a cost-e_cient wave-function parameterization is important for accuracy and
wide applicability. I will discuss challenges and new work aimed at developing e_cient
implementations for systems with many atoms integrating tensor decomposition. Both the
nonlinear ground state coupled cluster equations and the eigenvalue equations of coupled
cluster response theory can be solved using iterative methods giving directly result vectors in
stacked tensorial form. [1, 2, 3, 4] The canonical tensor decomposition (CP,
Candecomp/Parafac) provides compression of data and a computational convenient
representation, but also comes with some potential problematic features. Numerical results
show that there is significant perspective in applying tensor decomposition in the context of
anharmonic vibrational wave functions. It will be demonstrated that tensor decomposition
opens for adjusting the computational e_ort spent on a particular coupling between modes
according to the significance of that particular coupling. The calculations illustrate how the
multiplicative separability of the coupled cluster ansatz with respect to non-interacting degrees
of freedom goes well together with a tensor decomposition approach and that is an advantage
relative to other decomposition formats.
[1] I. H. Godtliebsen, B. Thomsen, and O. Christiansen, J. Phys. Chem. A 117, 7267 (2013).
[2] I. H. Godtliebsen, M. Bøttger Hansen, and O. Christiansen, J. Chem. Phys. 142, 024105
(2015).
[3] N. K. Madsen, I. H. Godtliebsen, and O. Christiansen, J. Chem. Phys. 146, 134110 (2017).
J. Chem. Phys. 142, 024105 (2015).
[4] N. K. Madsen, I. H. Godtliebsen, Sergio A. Losilla, and O. Christiansen J. Chem. Phys.
148, 024103 (2018).
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Reactive collisions between electrons and molecular cations:
Application to H2+ and BeD+
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b
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Dominant elementary processes in numerous cold ionized gases are dissociative
recombination (DR), elastic collisions (EC), vibrational excitation (VE) (inelastic collisions),
vibrational de-excitation(VdE) (superelastic collisions), and dissociative excitation:
AB+(N+,v+)+e-→A+B, AB+(N+’,v+’)+e-, A+B++e+

(1)

+

where N / v stand for the rotational/vibrational quantum numbers of the cation.
The present work is aimed at performing the computation of cross sections and Maxwell rate
coefficients in the framework of the stepwise version of the Multichannel Quantum Defect
Theory (MQDT) [1,2].
Cross sections and rate coefficients suitable for the modelling of the kinetics of H2+and BeD+
in fusion plasmas and in the stellar atmospheres are presented and discussed.
For H2+[3], the full rotational computations improved considerably, the accuracy of the
resulting dissociative recombination cross sections and Maxwell isotropic rate coefficients.
Figure 1 shows the Maxwell rate coefficients of excited (vi+= 12-17) BeD+ [4], significantly
depending on the initial vibrational level of the molecular ion [4].

Figure1. Elastic collision (EC, blue line), dissociative recombination (DR, thick line), vibrational
excitation (VE, colored thin lines) and vibrational de-excitation (VdE, colored thick lines with
symbols) Maxwell rate coefficients of excited (vi+= 12-17) BeD+ in its ground electronic state.
[1] Ch. Jungen, Handbook of High Resolution Spectroscopy, Wiley & Sons, New York, 2011, 471.
[2] O. Motapon N. Pop, F. Argoubi, J. Zs Mezei, M. D. Epee Epee, A. Faure, M. Telmini, J. Tennyson,
and I. F. Schneider, Phys. Rev. A 2014, 90, 012706.
[3] M. D. Epée Epée, J. Zs Mezei,O. Motapon, N. Pop, I. F. Schneider, MNRAS 2015, 455, 276.
[4] S. Niyonzima, N. Pop, F. Iacob, A. Larson, A.E. Orel, J.Zs. Mezei, K. Chakrabarti, V. Laporta, K.
Hassouni, A. Bultel, J. Tennyson, D. Reiter, I.F. Schneider, Plasma Sources Science and Technology
2018, https://doi.org/10.1088/1361-6595/aaabef
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New results on the spectroscopy and quantum dynamics of
tunneling and parity violation in chiral and achiral molecules
M. Quack
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Fax:0041-44-6321021, E-mail: Martin@Quack.CH
Symmetry and asymmetry are concepts, which are used in a wide range of contexts, from the
fundamental sciences, mathematics, physics, chemistry and biology to the arts, music and
architecture [1]. We shall start with an introductory outline of how symmetries can be applied
to the understanding of the time scales in fundamental kinetic primary processes. We then
briefly discuss our approach to derive molecular quantum dynamics from high resolution
spectroscopy with some selected examples from our recent research including results on
molecular tunneling and tunneling switching phenomena as well as a report on current progress
towards the observation of the theoretically predicted, new process of parity change with time
in isolated chiral molecules, which connects the principles of high energy physics with
molecular chemical kinetics and potentially the evolution of biomolecular homochirality. We
shall present our most recent analyses of high resolution infrared, THz and GHz spectra of
relevant chiral molecules as available at the time of the meeting. For background reading and
some recent results see [1-10].
[1] M. Quack, J. Hacker (Eds.), Symmetrie und Asymmetrie in Wissenschaft und Kunst, Nova
Acta Leopoldina NF Band 127, Nr. 412, Wissenschaftliche Verlagsgesellschaft, Stuttgart, 2016
(book, 275 pages with contributions in German and English)
[2] M. Quack, Adv. Chem. Phys. 2015, 157, 249-290.
[3] M. Quack, Fundamental Symmetries and Symmetry Violations from High Resolution
Spectroscopy, in Handbook of High Resolution Spectroscopy, Vol. 1, Chap. 18. (Eds.: M.
Quack, F. Merkt), Wiley, Chichester, New York, 2011, pp. 659-722.
[4] P. Dietiker, E. Miloglyadov, M. Quack, A. Schneider, G. Seyfang, J. Chem. Phys. 2015,
143, 244305.
[5] R. Prentner, M. Quack, J. Stohner, M. Willeke, J. Phys. Chem. A 2015, 119, 12805–12822.
[6] C. Fábri, Ľ. Horný, M. Quack, ChemPhysChem 2015, 16, 3584–3589.
[7] S. Albert, I. Bolotova, Z. Chen, C. Fábri, M. Quack, G. Seyfang, D. Zindel, Phys. Chem.
Chem. Phys. 2017, 19, 11738-11743.
[8] S. Albert, I. Bolotova, Z. Chen, C. Fábri, L. Horný, M. Quack, G. Seyfang, D. Zindel, Phys.
Chem. Chem. Phys. 2016, 18, 21976-21993.
[9] S. Albert, F. Arn, I. Bolotova, Z. Chen, C. Fábri, G. Grassi, P. Lerch, M. Quack, G.
Seyfang, A. Wokaun, D. Zindel, J. Phys. Chem. Lett. 2016, 7, 3847-3853.
[10] S. Albert, Z. Chen, C. Fábri, P. Lerch, R. Prentner and M. Quack, Mol.Phys. 2016, 114,
2751-2768 and C. Fábri, S. Albert, Z.Chen, R. Prentner and M. Quack, Phys.Chem.Chem.
Phys. 2018, 20, 7387 – 7394.
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Prototropic tautomerism [1] is one of the most important phenomena in organic chemistry
despite the relatively small proportion of molecules in which it can occur. Tautomers are the
chameleons of chemistry, capable of changing by a simple change of environment from an
apparently established structure to another not perhaps till then suspected, then back again
when the original conditions are restored, and of doing this in an instant: intriguing,
disconcerting, perhaps at times exasperating. It therefore becomes vital to know and/or to
predict which tautomer is the major one, since not only structure but chemical properties are
bound up with this.
Two challenges for the theory and the experiment are available when a tautomeric system is
investigated: estimation of the proportion of the tautomers in the mixture and their optical
spectra. The problems are coming from the fact that a real equilibrium, in the eyes of classical
spectrophotometric analysis, means Gibb’s free energy in the range roughly from -2 to +2
kcal/mol. The exact estimation of the G values, at the same time, requires isolated tautomeric
forms as standards, a condition that is experimentally impossible in most of the systems.
The development of chemometric methods [2] to obtain the absorption spectra of the individual
tautomers and to estimate the tautomeric constants as function of number of external
parameters (temperature, irradiation, solvents, pH, and concentration), has given the
opportunity to check the quantum-chemical reliability in predicting tautomeric equilibria as
function of the environment. There is development in the theoretical prediction of the
absorption spectra.
A viewpoint of an experimentalist will be presented considering experimental results and
theoretical description of several difficult tautomeric cases: tautomerism and controlled
switching of azonaphthols [3], proton transfer in piroxicam [4], and the tautomerism and
solubility of curcumin in water [5].
[1] P. G. Taylor, G. van der Zwan, L. Antonov, “Tautomerism: Introduction, History, and
Recent Developments in Experimental and Theoretical Methods” in Tautomerism: Methods
and Theories, edited by L. Antonov (Wiley-VCH, Weinheim, 2015) 1-24.
[2] D. Nedeltcheva, L. Antonov, A. Lycka, B. Damyanova, S. Popov, Current Organic
Chemistry 2009, 13, 217.
[3] D. Nedeltcheva, L. Antonov, “Controlled Tautomerism: Is It Possible?” in Tautomerism:
Concepts and Applications in Science and Technology, edited by L. Antonov (Wiley-VCH,
Weinheim, 2016) 273-294.
[4] D. Ivanova, V. Deneva, D. Nedeltcheva, F. S. Kamounah, G. Gergov, P. E. Hansen, S.
Kawauchi, L. Antonov, RSC Advances 2015, 5, 31852.
[5] Y. Manolova, V. Deneva, L. Antonov, E. Drakalska, D. Momekova, N. Lambov,
Spectrochimica Acta 2015, 132A, 815.
Acknowledgements: The financial support from Bulgarian Science Fund under project DCOST
01/05 is gratefully acknowledged.
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The origin of this algebraic spectral analysis approach comes from the vibron model, which was
devised to describe phenomenologically the nuclear motion of diatomic and polyatomic
molecules [1-3]. The vibron model consists in proposing a unitary group as a dynamical group
to model the vibrational (or rovibrational) Hamiltonian as an expansion in terms of its
generators taking into account anharmonicities from the outset. A major problem of the model
was that a link between Hamiltonian parameters and force constants did not exist and the
resolution was far from the experimental accuracy. Since then, the algebraic approaches have
evolved and nowadays a clear connection between the spectroscopic parameters and the force
constants has been established (see e.g. [4]), providing predictions with spectroscopic accuracy
(see e.g. [5-7]). This progress has permitted, e.g., to simulate the CO2 Raman spectrum [8],
which has allowed us to identify new experimental vibrational bands [9], and to analyze the
rovibrational structure of hydrogen selenide (H2Se) and hydrogen sulfide (H2S) [10,11].

[1] F. Iachello, Chem. Phys. Lett. 1981, 78, 581-585.
[2] A. Frank, P. van Isacker, Algebraic Methods in Molecular and Nuclear Structure Physics, 1994,
John Wiley and Sons, New York.
[3] F. Iachello, R.D. Levine, Algebraic Theory of Molecules, 1995, Oxford University Press, Oxford,
U.K.
[4] M. Carvajal, R. Lemus, A. Frank, C. Jung, E. Ziemniak, Chem. Phys., 2000, 260, 105-123.
[5] M. Sánchez-Castellanos, R. Lemus, M. Carvajal, F. Pérez-Bernal, J. Mol. Spectrosc., 2009, 253, 115.
[6] M. Sánchez-Castellanos, R. Lemus, M. Carvajal, F. Pérez-Bernal, Int. J. Quantum Chem. 2012, 112,
3498-3507.
[7] M. Bermúdez-Montaña, R. Lemus, F. Pérez-Bernal, M. Carvajal, Eur. Phys. J. D, 2017, 71, 147.
[8] M. Sánchez-Castellanos, R. Lemus, M. Carvajal, F. Pérez-Bernal, J.M. Fernández, Chem. Phys.
Lett., 2012, 554, 208-213.
[9] R. Lemus, M. Sánchez-Castellanos, F. Pérez-Bernal, J.M. Fernández, M. Carvajal, J. Chem. Phys.
2014, 141, 054306.
[10] O. Álvarez-Bajo, M. Carvajal, F. Pérez-Bernal, Chem. Phys., 2012, 392, 63-70.
[11] M. Carvajal, R. Lemus, J. Phys. Chem. A, 2015, 119, 12823.
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Collision-induced absorption of O2-O2 and O2-N2 pairs is observed in remote sensing of the
Earth's atmosphere, and absorption by O2-O2 pairs has been put forward as a biomarker to be
observed in exoplanetary transit spectra. The relevant electronic transitions are electric-dipole
forbidden by both spin and spatial selection rules, such that collision-induced absorption
represents an important contribution to the absorption.
We present an ab initio study of collision-induced absorption for these electronic transitions
using quantum-mechanical scattering calculations. We unambiguously identify the underlying
absorp-tion mechanism, which is shown to depend explicitly on the collision partner - contrary
to text-book knowledge. This explains experimentally observed qualitative differences between
O2-O2 and O2-N2 collisions in the overall intensity, line shape, and vibrational dependence of
the absorption spectrum.
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Hydrogen dimers in giant-planet infrared spectra
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Despite being one of the weakest dimers in nature, low-spectral-resolution Voyager/IRIS
observations revealed the presence of (H2)2 dimers on Jupiter and Saturn in the 1980s.
However, the collision-induced H2-H2 opacity databases widely used in planetary science
[1,2,3] have thus far only included free-to-free transitions and have neglected the contributions
of dimers. Dimer spectra have both fine-scale structure near the S(0) and S(1) quadrupole lines
(354 and 587 cm−1, respectively), and broad continuum absorption contributions up to ±50 cm−1
from the line centres. We compute new absorption coefficients for the free-to-bound, bound-tofree and bound-to-bound transitions of the hydrogen dimer for a range of temperatures (40-400
K) and para-hydrogen fractions (0.25-1.0). The data are validated against low-temperature
laboratory experiments, and used to simulate the spectra of the giant planets. The new collisioninduced opacity database permits high-resolution (0.5-1.0 cm−1) spectral modelling of dimer
spectra near S(0) and S(1) in both Cassini Composite Infrared Spectrometer (CIRS)
observations of Jupiter and Saturn, and in Spitzer Infrared Spectrometer (IRS) observations of
Uranus and Neptune for the first time. Furthermore, the model reproduces the dimer signatures
observed in Voyager/IRIS data near S(0) on Jupiter and Saturn [4], and generally lowers the
amount of para-H2 (and the extent of disequilibrium) required to reproduce IRIS observations.

[1] Borysow et al., Astrophys. J. 1985, 296, 644.
[2] Orton et al., Icarus 2007, 189, 544.
[3] Richard et al., J. Quant. Spectrosc. Rad. Transfer 2012, 113, 1276.
[4] McKellar, Can. J. Phys. 1984, 62, 760.
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This talk is dedicated to present our ab-initio modelling of molecular motion under confinement
in two different scenarios. The fundamental question addressed in the first part of my talk is if
the superfluid phase existing in helium droplets is a possible liquid medium for probing a longrange electron transfer or harpoon-type reaction between heliophilic and heliophobic molecules
since two antagonistic effects play an important role: On one hand, the molecular motion
through the superfluid is expected to be below the critical Landau velocity, with its low value
(57 m/s) favoring an electron hopping process. On the other hand, the extrusion of helium upon
the entrance of the heliophobic species into the droplet is expected to add an energetic barrier to
the reaction. To model it, we combine ab initio modelling in gas-phase with a concept of
solvation-modified reaction pathway. The result is the presentation of clear evidences of the
occurence of the harpoon-type electron transfer [1], confirming recent experimental
measurements [2].
The second scenario is the inside of carbon nanotubes [3,4]. The role of quantum nuclear
effects in molecular motion under confinement in carbon nanotubes is of fundamental interest,
specially when dealing with light species at low temperatures. To model the system, our
methodological protocol combines DFT-based symmetry-adapted perturbation theory, which
we use to derive parameters for a new pairwise potential model describing the gas adsorption to
the carbon material, with an adsorbate wave function-based approach characterizing accurately
the quantum nuclear motion [3]. As applications, we will show how the dimensionality of
molecular confinement is modified by the nanotube diameter, why a recent experiment
indicates that more N2 molecules than helium atoms are adsorbed in narrow nanotubes [5], and
what ab-initio evidences are obtained for hexagonal close packing of molecular deuterium
clusters (see figure, from [3]), confirming low-temperature neutron-diffraction-based
experimental measurements.

[1] María Pilar de Lara-Castells, Andreas W. Hauser, and Alexander O.Mitrushchenkov, J. Phys. Chem.
Lett. 2017, 8, 4284 (also see: Andreas W. Hauser & María Pilar de Lara-Castells, Phys. Chem. Chem.
Phys. 2017, 19, 342).
[2] Michael Renzler et al., J. Chem. Phys. 2016, 145, 181101.
[3] Andreas W. Hauser, Alexander O. Mitrushchenkov, and María Pilar de Lara-Castells, J. Phys. Chem.
C 2017, 121, 3807 (also see: Andreas W. Hauser & María Pilar de Lara-Castells, J. Phys. Chem. Lett.
2016, 7, 4929).
[4] María Pilar de Lara-Castells, Andreas W. Hauser, Alexander O. Mitrushchenkov, and R. FernándezPerea, Phys. Chem. Chem. Phys. 2017, 19, 28621.
[5] Tomonori Ohba. Sci. Rep. 2016, 6, 28992.
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The talk deals with time independent (static) vibrational computations beyond the harmonic
approximation as implemented in the development version of CRYSTAL code [1]. The
Vibrational Configuration Interaction procedures from Harmonic Oscillators (VCI-HO) [2] or
Vibrational Size Consistent Field (VCI-VSCF) basis sets are detailed. The Anharmonic
treatment of Infrared (IR) and RAMAN activities which provides information about intensities
of overtones and combination bands is also presented. These implementations are illustrated by
several examples namely the characterization of the VNxHy defects in diamond [3,4] .
The construction of the anharmonic force field and its improvement from the concept of
Adaptative Generation of Potential Energy Surfaces (AGAPES) [5] is discussed. On that point,
the performance of AGAPES is discussed along with the possibility of achieving near linear
scaling of sample points with the molecule. This approach seems particularly well suited for a
better description of soft modes and double well problems as illustrated through the example of
the Formamide [6] and the formic acid double minimum case [7].

[1] R. Dovesi, R. Orlando, A. Erba, C. M. Zicovich-Wilson, B. Civalleri, S. Casassa, L. Maschio, M.
Ferrabone, M. De La Pierre, P. D’Arco, Y. Noel, M. Causa, M. Rerat, B. Kirtman. Int. J. Quantum
Chem. 2014, 114, 1287.
[2] P. Carbonniere, A. Dargelos, C. Pouchan. Theor. Chem. Acc. 2010, 125, 543.
[3] F.S. Gentile, S. Salustro, M. Causa, A. Erba, P. Carbonnière, R. Dovesi, Phys. Chem. Chem. Phys.
2017, 19, 22221.
[4] S. Salustro, F.S. Gentile, A. Erba, P. Carbonnière, K. E. El-Kelany, R. Dovesi, Carbon 2018, in
press.
[5] F. Richter, P. Carbonniere, A. Dargelos, C. Pouchan, J. Chem. Phys. 2012, 136, 224105.
[6] F. Richter, F. Thaunay, D. Lauvergnat, P. Carbonniere, J. Phys. Chem. A 2015, 119, 11719.
[7] F. Richter, P. Carbonniere, J. Chem. Phys. 2018, 148, 064303.
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Nonlinear optical (NLO) properties of molecules can be significantly affected by solute-solvent
interactions. To account for the solvent effects, either implicit or explicit models can be used;
each of them having its pros and cons. Whereas in the former the solvent is described as a
homogeneous medium, in the latter the molecules composing the liquid are treated explicitly. In
the rigorous local field (RLF) approach [1] belonging to the second group of methods, the
liquid structure obtained by molecular dynamics (MD) simulations is used to determine the
permanent local field influencing the solute molecule(s). The solvent-induced NLO properties
are then computed by appropriate QM methods. In our work, we perform critical assessment of
the RLF approach taking p-nitroaniline as a model push-pull system exhibiting large NLO
responses. Firstly, we test the sensitivity of calculated local fields and induced properties of pnitroaniline on the usage of different MD approaches including (non)polarizable molecular
mechanics force fields and DFTB QM/MM models. Various calculation routes can be taken
after the local field calculation from MD trajectories. We show that interpolation schemes can
be efficiently used in this step. The possibilities of inclusion of vibrational (nuclear relaxation
and ZPVA) contributions within the RLF approach will also be discussed as these are known to
have a significant impact on total NLO properties.

[1] Janssen, R. H. C., Bomont, J.-M., Theodorou, D. N., Raptis, S., & Papadopoulos, M. G., J.
Chem. Phys. 1999, 110, 6463–6474.
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Density functional methods (DFT) were used for interpretation of IR, time-resolved IR,
absorption and emission spectroscopy experiments. Calculated IR and time-resolved IR spectra
were calculated by vibrational analysis at optimized ground- and excited-state geometries using
harmonic or anharmonic approaches. Experimental UV-vis spectra including the lowest lying
singlet – triplet excitations were interpreted by TD-DFT calculations including spin-orbit (SO)
effects. SO calculations show the splitting the lowest triplet states and help to understand
photophysical properties. In some cases molecular dynamic (MD) simulations on ground and
the lowest triplet states followed by DFT and TD-DFT calculations at instant times were used
for interpretation of time-dependent experimental data.
The computational procedures describing ground, excited and different redox states are
illustrated on Re carbonyl diimine complexes [Re(X)(CO)3(L)]n (X = Cl, Br, I, im, py, protein
chain; L = bpy (2,2’-bipyridine) or phen (phenatroline) and dinuclear Pt and Ir systems
[Pt2(BF2POP)4]n- and [Ir2(1,8-diisocyanomenthane)4]n+.[1] MD DFT calculations were
performed on several simplified models containing Re(CO)3(phen) bonded to different part of
protein chain. The solvent was described by the polarizable conductor calculation model (PCM)
or conductor like screening model (COSMO), solvent molecules within the first solvent sphere
were included explicitly.

Acknowledgements This work was supported by the Ministry of Education of the Czech
Republic (grant LTC17052), by the Czech Science Foundation (grant 17-01137S) and the
COST Action CM1405.
[1] H. B. Gray, S. Záliš, A. Vlček, Coord. Chem. Rev. 2017, 56, 297.
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The vibrational contributions to nonlinear optical (NLO) properties due to large amplitude
motions are difficult to compute using standard perturbation treatments, because they may be
slowly convergent or not converge at all. For most LAMs, such as the umbrella motion in
pyramidal AX3 molecules, only one or two coordinates are necessary to describe the mode
accurately. We presented a method for the motion in an asymmetric double-well potential,
which takes the contributions of this mode to the NLO properties accurately into account, while
at the same time treating the other vibrational degrees of freedom in a more approximate
manner. A consistent treatment of NLO effects for a general value of the ratio R between the
field-induced energy and the zero-field splitting energy of the two lowest vibronic states leads
to novel expressions for the field expansion coefficients, which can be expressed in terms of the
usual dipole and (hyper)polarizabilities. In specific limiting cases of the ratio R, the usual
power series expressions in the field is obtained. The method was applied to compute the
vibrational contributions of the umbrella motion to the NLO properties of three tetrahedral
molecules with quite different values for the ratio R, namely NH3, OH3+ and CH3-. The
performance of different DFT functionals for the prediction of the NLO properties NH3 was
assessed by comparison with high-level standard ab-initio results. Large deviations were found
for some long-range corrected functionals and were traced back to an unreliable prediction of
the height of the potential barrier by these functionals. The effect of electrostatic confinement
on the characteristics of the umbrella motion potential and the total NLO properties was
computed using externally applied dipole and/or quadrupole fields, thus simulating e.g. the
properties of a NH3 molecule encapsulated in a fullerene cage or a nanotube. Confinement
leads to a strong decrease of the potential barrier between the two wells.

61

Ab initio prediction of adsorption isotherms and thermodynamic functions for small
molecules in metal−organic frameworks (MOFs): the importance of quantum effects
Kaido Sillar
University of Tartu, Institute of Chemistry, Ravila 14a, 50411, Tartu, Estonia,
kaido.sillar@ut.ee
Metal−organic frameworks are a new class of porous materials that have high potential for gas
storage, e.g., of energy carrying molecules H2, CH4 and separations, e.g., CO2 capture from gas
mixtures for natural gas upgrade or CCS. The key descriptor for the design of new materials
with improved properties is the adsorption isotherm, n = fT(P), which determines the gas
amount n adsorbed at a given temperature T as a function of the gas pressure P. Its prediction
requires the calculation of Gibbs free energies of adsorption with only the structure as input.
The gas adsorption isotherms are typically calculated using grand-canonical Monte Carlo
(GCMC) simulations but they neglect quantum effects on nuclear motion (zero-point
vibrational energy) and require millions of energy calculations to sample the configuration
space. This is only feasible if parametrized potentials (force fields) are used.
The basis of our method [1-4] is calculation of adsorption energies with chemical accuracy
using a combination of density functional theory for periodic structures and wave functionbased electron correlation methods (MP2 and CCSD(T)) for finite-size models of adsorption
sites. The thermodynamic functions and equilibrium constants for adsorption are then
calculated from the partition functions. The partition functions of adsorbed molecules are
calculated from the populated (discrete) vibrational energy levels that takes into account that
the adsorbed molecules are characterized as bound systems, and thus, their energy states on the
surface are quantized. The adsorption isotherms are calculated from the equilibrium constants
for individual sites and lateral interaction energies using a Langmuir model, augmented with
the mean-field (MF) approximation for lateral interactions. Obtained ab initio isotherms are in
close agreement with experiments if the experimentally determined availability of sites is taken
into account.
We show that in some cases it is better to assume that the molecules are freely rotating on the
surface (H2 and CH4) or that free rotation is preserved at least for one degrees of freedom (CO2)
than to describe such modes as harmonic vibrations. This has significant effect on calculated
zero-point vibrational energies and thermal nuclear motion contributions. For H2 adsorption in
MOF5 these effects have been examined also by an exact five-dimensional quantum treatment
[5].

[1] K. Sillar, A. Hofmann, J. Sauer, J. Am. Chem. Soc. 2009, 131, 4143.
[2] K. Sillar, J. Sauer, J. Am. Chem. Soc. 2012, 134, 18354.
[3] K. Sillar, A. Kundu, J. Sauer, J. Phys. Chem. C 2017, 121, 12789.
[4] A. Kundu, G. Piccini, K. Sillar, J. Sauer, J. Am. Chem. Soc. 2016, 138, 14047.
[5] I. Matanović, J.L. Belof, B. Space, K. Sillar, J. Sauer, J. Eckert, Z. Bačić, J. Chem. Phys.
2012, 137, 014701.
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This talk is concerned with the results of application of state of art computational tools for
microscopic studies of quantum fluids in confined geometries. Following the experimental
setup, we have simulated the adsorption of an Ar fluid on a chemically simpler aluminum
substrate, structured with a regular arrangement of nanopores, as well as in nanoscopic linear
channels [1,2]. We have used standard DFT "ab initio" methods modified to include VdW
interactions, to study the interaction of Ar and Al planar surface[1,2].
Starting from an accurate physisorption potential for the planar Al surface we have applied the
elementary source method to obtain a full three-dimensional potential energy surface for these
nanostructured substrates. Argon adsorption isotherms on such substrates, at different
temperatures have been computed by means of Grand Canonical Monte Carlo (GCMC)
simulations.
In the second part of talk I will present some results of recent investigation of CO2 capture
inside triazole based metal-organic frameworks (MOF) [5]. In order to predict correctly the
adsorption isotherms of CO2 in MOFs we used Grand Canonical Monte Carlo simulations
based on generic classical force fields. We predicted that the additional nitrogen, comparing to
imadazolate based system, will increase the CO2 capture.

[1] F. Ancilotto , M. Da Re,S. Grubisic, A. Hernando, P.L. Silvestrelli, F. Toigo, Mol. Phys.
2011, 109, 2787.
[2] M. Da Re, S. Grubisic, F. Ancilotto, Phys. Rev. B 2010, 81, 205427.
[3] P.L. Silvestrelli, K. Benyahia, S.Grubisic, F. Ancilotto, F. Toigo, J. Chem. Phys. 2009, 130,
074702.
[4] P.L. Silvestrelli, A. Ambrosetti, S. Grubisic, F. Ancilotto, Phys. Rev. B 2012, 85, 165405.
[5] R. Dahmani, M. Hochlaf, S. Grubisic, 2018, paper in preparation.
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Aqueous acidity is one of the important microscopic properties of drug molecules because a drug
molecule might have quite different pharmacological activities in different protonation states. The
protonation state of a drug is also known to have a profound influence on its ADME properties. In drug
discovery, it is thus highly necessary to have theoretical tools capable of predicting aqueous acidities of
candidate compounds as precisely as possible, preferably with the accuracy of at least 0,5 pKa units. In
this presentation I will discuss our recent efforts in addressing the accuracy of different quantum
chemistry based computational schemes for the prediction of aqueous acidity as well as tautomeric
equilibrium for some drug-like medium-sized molecules. We mainly consider two schemes from the
family of the thermodynamic cycle methods, the so-called direct and proton exchange methods. We rely
on the density functional theory to calculate free energies and the SMD implicit solvent model to
account for solvation. To predict very accurate gas-phase free energies, we have in some cases carried
out high-level CBS-QB3 calculations. We have performed extensive conformational analysis of all
compounds in all relevant protonation states as well as in both gas and aqueous solution phases.
In the first part of the talk, the modeling of aqueous acidities of some primary benzenesulfonamides [1]
will be discussed. Compounds bearing a sulfonamide moiety are highly relevant from a pharmacological
perspective as they generally exhibit antiviral and antibacterial activity. In particular, sulfonamides have
been actively investigated as promising inhibitors of carbonic anhydrases. These metalloenzymes were
found to exist in 15 different isoforms in the human body, and their enhanced activity has been linked to
various diseases, including cancer. The inhibitory activity of sulfonamides against carbonic anhydrases
is precisely due to the anionic sulfonamides displacing solvent molecules in the active site of the
enzyme, where the nitrogen atom of the sulfonamide moiety binds directly to the Zn(II) ion.
The absolute magnitudes of pKa values predicted using the direct thermodynamic cycle are found to
significantly deviate from the experimental data [1]. The relative pKa values predicted using the proton
exchange method compare to the experimental data very well, as the deviations are mostly well below 1
pKa unit. To achieve such accuracy, we find it mandatory to perform geometry optimization of the
neutral species in the gas and solution phases separately, because different conformations are stabilized
in these two cases. We have investigated the effect of the conformer-averaged free energies on the
accuracy of pKa predictions, and although some improvement was evident, this procedure does not pay
off in general.
In the second part of the talk, our very recent attempts to model acidities and tautomer stabilities of
phenacylpyridines in aqueous solution will be presented. Phenacylpyridines are polyfunctional
molecules with two acidity constants and the conjugated species also present tautomerism. The
tautomeric equilibrium constants, and the acidity constants of the tautomers, were estimated in a
systematic manner using electronic structure methods, together with the SMD continuous solvent
model. In addition, we compare the performance of two different approaches, based on the direct as well
as proton exchange thermodynamic cycles, to estimate the acidity constants in solution.
[1] K. Aidas, K. Lanevskij, R. Kubilius, L. Juška, D. Petkevičius, P. Japertas, J. Comp. Chem. 2015, 36,
2158.
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The main difficulty when working with hot line lists for polyatomic molecules is their
extremely large sizes. Thus, for example, there are several line lists generated as part of the
ExoMol project [1] containing in excess of 10 billion transitions [2]. Simply ignoring the
billions of often very weak lines does not give reliable results [3]. As a response to these new
challenges there have being a number of general developments in the field of big data
including machine learning algorithms, utilisation of GPUs [4] etc and specifically in the the
field of the production, storage and usage of big molecular line lists including continuum cross
sections [5,6], super-lines [6,7], vibrational intensities [8] etc. These and other big data
approaches will be illustrated using examples from our recent works on the line lists of methane
(32 billion lines) [6,9], ethylene (50 billion lines) [8] and silane (62 billion lines) [10].

[1] J. Tennyson and S.N. Yurchenko, Mon. Not. R. Astron. Soc. 2012, 425, 21.
[2] J. Tennyson and S.N. Yurchenko, Atom. 2018, submitted.
[3] S.N. Yurchenko, J. Tennyson, J. Bailey, M.D.J. Hollis, G. Tinetti, Proc. Nat. Acad. Sci.
2014, 111, 9379.
[4] A.F. Al-Refaie, J. Tennyson, S.N. Yurchenko, Comput. Phys. Commun. 2017, 214, 216.
[5] R.J. Hargreaves, P.F. Bernath, J. Bailey and M. Dulick, Astrophys. J. 2015, 813, 12.
[6] S.N. Yurchenko, D.S. Amundsen, J. Tennyson, I.P. Waldmann, Astron. Astrophys. 2017,
605, A95.
[7] A.V. Nikitin, M. Rey and V.G. Tyuterev, J. Quant. Spectrosc. Radiat. Transf. 2017, 200,
99.
[8] B.P. Mant, A. Yachmenev, J. Tennyson, S.N. Yurchenko, Mon. Not. R. Astron. Soc. 2018,
submitted.
[9] S.N. Yurchenko and J. Tennyson, Mon. Not. R. Astron. Soc. 2014, 440, 1649.
[10] A. Owens, S.N. Yurchenko, A. Yachmenev, W. Thiel, J. Tennyson, Mon. Not. R. Astron.
Soc. 2017, 471, 5025.
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We will present the electron-nucleus effective field configuration interaction method [1], which
encompasses as particular cases the best electron-nucleus direct product wave function and the
exact full CI electron-nucleus wave function for a given finite basis set. Then, electron-nucleus
and electronic correlation energies will be compared quantitatively on dihydrogen
isotopologues. It will come out that in the molecular ground state, the electron-electron
correlation energy is more important than the electron-nucleus one [2].

[1] P. Cassam-Chenaı̈ , B. Suo, W. Liu, Phys. Rev. A. 2015, 92, 012502.
[2] P. Cassam-Chenaı̈, B. Suo, W. Liu, Theor. Chem. Acc. 2017, 136, 52.
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