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Dear Friends and Colleagues, 

 

We are pleased to welcome you to the second General Meeting of the COST Action CM1405 

Molecules In Motion (MOLIM). The MOLIM action is formed by experimentalists and 

theoreticians working on molecules, clusters, polymers and biological systems in gas phase, 

condensed phases, nano-confinements or He-droplets. The systems are studied by energy- 

and time-resolved methods. 

 

The General Meeting is an opportunity to address cutting edge developments in experiment, 

theory, algorithms and codes that have occurred in recent years and that have helped unravel 

the complex dynamical behaviour of these systems. 

 

In particular, young researchers will have the opportunity to present results of their work 

during the Young Scientists Forum (YSF) – a special half-day dedicated to short 

communications.  

 

The Chairs of the 2nd MOLIM General Meeting:          Marko Cvitaš and Nađa Došlić 
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General Information 
 

 

Currency 

The local currency is kuna (kn or HRK). 1 EUR is approximately 7.50 HRK. Foreign 

currency is not accepted at most stores in Croatia. Major credit cards are accepted in most 

hotels, restaurants and shops, but small shops and restaurants may not accept credit cards. 

Major currencies (EUR, GBP or USD) can be exchanged at airport or banks. On arrival at 

the airport, it is advisable to exchange or withdraw cash from an ATM, as you will need it for 

local transport. 

 

Arriving by plane 

Dubrovnik is most easily accessible by plane. The International Airport Dubrovnik is 

situated 22 km from Hotel Lero. The Airport Shuttle Buses operate between the Airport and 

the city and cost 40 kn on the bus. You should exit at Old Town stop (which is not the last 

stop) and take the local bus number 4 to Hotel Lero (single ticket is 15 kn on the bus). 

Alternatively, there are plenty of taxis at Old Town stop, with taxi fare about 50-60 kn to 

Hotel Lero. 

 

Arriving by car 

Hotel Lero is located at 42.6497° N, 18.0890° E  

Alternatively use Google to generate your itinerary. 
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New Laser Methods to Access Symmetrical Vibrational States of 

Acetylene 

L. Halonen1* 

1Department of Chemistry, University of Helsinki, Helsinki, Finland 

*Corresponding author: lauri.halonen@helsinki.fi 

Symmetrical vibrational states in the ground electronic state cannot be accessed by one-

photon absorption from the ground vibrational state. Raman spectroscopy and one-photon 

absorption from an asymmetrical excited vibrational state are possible techniques but become 

unfeasible for highly excited symmetrical vibrations. I shall discuss laser-induced dispersed 

vibration-rotation fluorescence within the ground electronic state [1-3], continuous wave 

infrared stimulated emission pumping [4] and double resonance absorption with cavity ring-

down spectroscopy [5] to probe symmetrical vibrations of acetylene. The latest development in 

locking the double resonance laser/laser type beams to stabilized optical frequency combs is also 

described. 
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Figure 1: Laser induced dispersed fluorescence spectrum of acetylene 

References: 

[1] P. Jungner and L. Halonen, J. Chem. Phys. 1997, 107, 1680-1682. 

[2] M. Saarinen, D. Permogorov and L. Halonen, J. Chem. Phys. 1999, 110, 1424-1428. 

[3] M. Metsälä, S. Yang, O. Vaittinen and L. Halonen, J. Chem. Phys. 2002, 117, 8686-8693. 

[4] M. Siltanen, M. Metsälä, M. Vainio and L. Halonen, J. Chem. Phys. 2013, 139, 054201. 

[5] J. Karhu, J. Nauta, M. Vainio, M. Metsälä, S. Hoekstra and L. Halonen, J. Chem. Phys. 2016, 144, 244201. 
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High resolution spectroscopy of small organic molecules and 

astrophysical molecules  

I. Kleiner 

Laboratoire Interuniversitaire des Systèmes Atmosphériques (LISA), CNRS et Universités Paris Est-UPEC et Paris 

Diderot, France 

This talk will first give a short introduction to the spectroscopy molecules containing one or 

two methyl internal rotors. One of the goals of our work is to describe with our theoretical 

method and codes (using effective Hamiltonians describing the rotation-torsion-vibration 

interactions) the energy levels for this type of molecules. That way we can provide reliable 

predictions of line positions and intensities for astrophysical molecules containing one internal 

rotor CH3, such as the isotopic species of methyl formate HCOOCH3, methanol CH3OH, acetic 

acid CH3COOH, acetaldehyde CH3CHO or acetamide CH3CONH2. The major new facilities, 

the Atacama Large Millimeter Array (ALMA), in Chili, or the NOrthern Extended Millimeter 

Array (NOEMA) in France have now opened the sub-millimeter region up to a few THz for 

astronomical observations by making investigations with unprecedented high sensitivity and 

resolution. Molecules which undergo internal rotation of a methyl group present thousands of 

lines in this spectral range and therefore their spectra are particularly important to model. They 

are also important tools to help determining the conditions existing in the interstellar medium. I 

will show some of the recent results in the microwave, millimeter or infrared range for those 

molecules. In particular I will present recent results for the study of a two-top internal rotor, the 

methyl acetate molecule CH3-O-C(=O)-CH3, which has been very detected in the interstellar 

cloud Orion thanks our prediction and recent results on the sulfur-containing molecules such as 

dimethyl sulfide CH3SCH3 a potential astrophysical molecule  

Another goal is to get some knowledge of the structural properties of small organic 

molecules or biomimetic molecules. Fourier transform microwave spectroscopy in the gas phase 

coupled with high level quantum chemical calculations or ab initio calculations has recently led 

to the precise and detailed determination of molecular structures for the lowest energy 

conformers of a number of molecules. In this talk, we will show results from molecules which 

can be considered as prototypes of odorant molecules emitted by plants, such as linalool, an 

acyclic mono-terpene or methyl jasmonate, a phytohormone. 
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Photogeneration of Rare Molecules in Cryogenic Matrices 

R. Fausto 

CQC, Department of Chemistry, University of Coimbra, 3004-535 Coimbra, Portugal. 
Corresponding author: rfausto@ci.uc.pt 

The “molecular world” is plenty of elusive molecules not easy to observe and exhibiting less 

usual properties. Experimental approaches are required to efficiently generate and trap such 

uncommon molecules, making them accessible to investigation. Use of narrowband light 

sources to selectively produce these species, together with the matrix isolation method (to 

achieve their stabilization) and infrared spectroscopic probing, offers us, nowadays, the 

possibility to explore successfully the wonderful world of the rare, most of times high-energy, 

molecules.1 Computational chemistry appears also as a fundamental tool to help interpreting the 

experimental results and providing mechanistic insights for the observed chemical processes. 

 

 

 

In this talk, recent results obtained in our laboratory in search for elusive reaction 

intermediates and rare conformers will be presented. Both UV- and IR-induced processes, 

starting from a stable precursor molecule isolated in cryogenic matrices and giving rise to these 

species will be considered. 

Acknowledgement: Present and past members of the Laboratory for Molecular Cryospectroscopy and 

Biospectroscopy, Coimbra, who have contributed to the studies addressed in this talk, are acknowledged. These 

studies have been supported by the Portuguese Science Foundation (FCT) through the projects 

UID/QUI/00313/2013 and PTDC/QEQ-QFI/3284/2014 – POCI-01-0145-FEDER-016617. 

References: 

[1] R. Fausto L. Khriachtchev and P. Hamm, Conformational Changes in Cryogenic Matrices. in “Physics and 

Chemistry at Low Temperatures”, (Ed. L. Khriachtchev), World Scientific. Singapore, 2010. Chap. 3, pp. 51-84. 
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Anharmonic Theoretical Vibrational Spectroscopy with Localized 

Modes 

Pawel T. Panek1 and C. R. Jacob2,* 

1TU Braunschweig, Institute of Physical and Theoretical Chemistry,  

Hans-Sommer-Str. 10, 38106 Braunschweig, Germany 
*Corresponding author: c.jacob@tu-braunschweig.de 

Quantum-chemical calculations of the vibrational spectra for large molecules, such as 

polypeptides or clusters, are usually restricted to the harmonic approximation. However, 

anharmonic contributions can impact the vibrational spectra significantly and are essential for 

describing two-dimensional infrared (2D-IR) experiments. Unfortunately, computational 

methods for treating anharmonicities show a steep increase of the computational cost with 

system size, which limits their applicability to small molecules. 

In this talk, we will present an efficient approach for the calculation of anharmonic 

vibrational spectra of large systems. We demonstrate that instead of the commonly used normal 

mode expansion of the potential energy surface, localized modes [1] should be used as starting 

point for the treatment of anharmonicities. In this space, we perform Local Vibrational Self- 

Consistent Field (L-VSCF) and Local Vibrational Configuration Interaction (L-VCI) 

calculations [2]. We show that in this case, many couplings between local modes can be 

neglected without significant loss of accuracy. This provides a route to the efficient and reliable 

calculation of anharmonic vibrational spectra of large (bio-)molecules. 

This allows for an efficient inclusion of anharmonic contributions in quantum-chemical 

calculation of vibrational spectra for small organic molecules [3] and for helical alanine 

polypeptides [4]. For the latter, anharmonic infrared, Raman, and Raman optical activity spectra 

are presented and the impact of anharmonicities on the vibrational spectra is discussed. 

Acknowledgments: We are grateful to the Deutsche Forschungsgemeinschaft (DFG) for funding via Grant JA 

2329-2/1 and acknowledge support from COST CMST-Action CM1405 Molecules in Motion (MOLIM). 

References: 

[1] Ch. R. Jacob, M. Reiher, J. Chem. Phys. 2009, 130, 084106. 

[2] P. T. Panek, Ch. R. Jacob, ChemPhysChem 2014, 15, 3365-3377. 

[3] P. T. Panek, Ch. R. Jacob, J. Chem. Phys. 2016, 144, 164111. 

[4] P. T. Panek, Ch. R. Jacob, J. Phys. Chem. Lett. 2016, 7, 3084-3090. 

C. R. Jacob 
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Generation of accurate potential energy surfaces of molecular 

systems of astrophysical and atmospheric interest 

M. Hochlaf 

Université Paris-Est, Laboratoire Modélisation et Simulation Multi Echelle, MSME UMR 8208 CNRS, 5 bd 

Descartes, 77454 Marne-la-Vallée, France. 

*Corresponding author: hochlaf@univ-mlv.fr 

We use different ab initio methods to compute multi-dimensional potential energy surfaces 

(PESs) of molecular systems of atmospheric and astrophysical interest. These PESs are 

incorporated later to solve the nuclear motion problem to deduce the spectroscopy of these 

species. After benchmarks that include the use of standard coupled cluster, complete active 

space self consistent field, internally contacted multi reference configuration interaction and the 

newly developed CCSD(T)-F12 methods, we show that the CCSD(T)-F12/aug-cc-pVTZ 

approach represents a compromise for good description of the PES and computation cost. This 

technique leads to results as accurate as those obtained using CCSD(T)/aug-cc-pV5Z whereas 

the CPU time and the disk used are reduced by ~30 [1,2]. This is valid for monoconfigurational 

etectronic states. For multi configurational systems and electronically excited states, we should 

use the costly configuration interaction methods (MCSCF, MRCI). Several examples will be 

treated including the rigid molecules, charge transfer systems and weakly bound van der Waals 

molecular systems. 
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Accurate Evaluation of Intermolecular Potentials and Properties 

B. Fernández1,* 

1Department of Physical Chemistry. University of Santiago de Compostela. E-15782 Santiago de Compostela. 

Spain 

*Corresponding author: berta.fernandez@usc.es 

Interaction potentials and properties play a main role in many physical and chemical 

phenomena and are the subject of a considerable number of experimental and theoretical studies. 

Weak intermolecular complexes are characterized by an interaction dominated by dispersion, 

interaction that is essential in processes like the solvation or adsorption of molecules. Taking 

into account the high accuracy of the experimental results available, the computational study of 

the dispersion interaction is challenging and difficult, as not only large basis sets, but also high-

level correlation methods are mandatory in order to compete with the experiments.  

We evaluate accurate potentials and properties in weak intermolecular complexes, using the 

coupled-cluster singles and doubles (CCSD) and the CCSD including connected triples 

(CCSD(T)) models and large basis sets extended with sets of midbond functions.1 We obtain 

ground and excited state intermolecular potential energy surfaces and calculate the bound states. 

We compare the results with those of previous theoretical studies and the experimental data 

available, improving considerably the former, getting a very good agreement with the latter, and 

in some cases being able to correct and complete the experimental assignments. Results for the 

ground state of the benzene-Ar, naphthalene-Ar,2 CO-Ar,3 HCCH-He,4 and the CO-N2
 

complexes will be presented. 

With the CCSD response theory we evaluate interaction induced (hyper)-polarizabilities and 

the corresponding virial coefficients. Results for the CO-Ar complex will be shown.5  

References: 

[1] See, for example: J. L. Cagide Fajín, S. Bouzón Capelo, B. Fernández and P. M. Felker, J. Phys. Chem. A 2007, 

111, 7876-7881 

[2] H. Cybulski , A. Baranowska-Laczkowska , C. Henriksen and B. Fernández, J. Phys. Chem. A 2014,118, 10288-

10297 

[3] J. L. Cacheiro, B. Fernández , T.B. Pedersen and H. Koch. J. Chem. Phys. 2003, 118, 9596-9607 

[4] N. Moazzen-Ahmadi, A.R.W. McKellar, B. Fernández and D. Farrelly, J. Chem. Phys. 2015, 142, 084312-9 

[5] J. L. Cacheiro, B. Fernández, A. Rizzo, B. Jansík and T. B. Pedersen, Mol. Phys. 2008, 106, 881-892 
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Tensor decomposition in potential energy surface representations 

G. Rauhut1,* 

1Institute for Theoretical Chemistry, University of Stuttgart, Pfaffenwaldring 55,  

70569 Stuttgart, Germany; rauhut@theochem.uni-stuttgart.de 

Sum-of-products representations of multidimensional potential energy surfaces (PES) allow 

for the fast evaluation of integrals within variational vibrational structure calculations, e.g. 

vibrational configuration interaction theory (VCI). A new approach for generating such 

representations using global (polynomal) and local (B-splines, distributed Gaussians) bases 

relying on a repeated use of Kronecker products will be presented [1]. 

Once an analytical representation of the potential energy surface is available, the expansion 

coefficients of high-order coupling terms within multimode expansions of the PES can be 

decomposed by an alternating least squares approach (CP-ALS). This allows for computational 

savings in vibration correlation calculations once the rank of the factor matrices can be kept 

small [2]. 

Benchmark calculations are provided for single-reference and multi-reference vibrational 

structure methods. 

Acknowledgments: Financial support by the Deutsche Forschungsgemeinschaft (Ra 656/20-1) is kindly 

acknowledged.  

References: 

[1] B. Ziegler and G. Rauhut, J. Chem. Phys. 2016, 144, 114114. 

[2] L. Ostrowski, B. Ziegler and G. Rauhut, J. Chem. Phys. 2016, in press. 
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Recent Results on the Time Dependent Quantum Dynamics of Mode 

Selective Intramolecular Energy Flow and Tunnelling in Polyatomic 

Molecules and Clusters 

M. Quack1,* 

1Physical Chemistry ,ETH Zurich, CH-8093 Zurich, Switzerland  

*Corresponding author: Martin@Quack.CH 

We shall introduce the two major experimental approaches towards intramolecular quantum 

dynamics and kinetics from spectra, (i) the study of time resolved spectra, which has a long 

history of many decades, and (ii) deriving time dependent quantum dynamics from highly 

frequency resolved molecular spectra developed largely in the Zurich group over the last three 

decades [1-5] making use also of developments in the theory of molecular quantum dynamics We 

shall then report about recent experimental and theoretical results from our group ranging from 

femtosecond intramolecular energy flow to picosecond and nanosecond tunnelling reactions [6-

8], nuclear spin symmetry violation [9-11], and finally time dependent evolution of parity on the 

time scale of seconds due to electroweak parity violation [3, 12-18] including some recent open 

problems in molecular quantum dynamics [15]. The role of successive symmetry breakings in 

defining different time scales of intramolecular primary processes of kinetics will be emphasized 

[3]. 
Acknowledgements: Our work is supported financially by ETH Zürich, Schweizerischer Nationalfonds SNF and the 

European Research Council by an ERC Advanced Grant as well as COST MOLIM 

References: 

[1] M. Quack, in COST MOLIM meeting, 10 - 12 October 2016, Dubrovnik, 2016. www.ir.ethz.ch  

[2] M. Quack, Molecular femtosecond quantum dynamics between less than yoctoseconds and more than days: 

Experiment and theory, in Femtosecond Chemistry, Proc. Berlin Conf. Femtosecond Chemistry, Berlin (March 1993) 

(Eds.: J. Manz, L. Woeste), Verlag Chemie, Weinheim, 1995, pp. 781-818.M.Quack and J. Stohner , J.Phys. 

Chem.1993,97, 12574-12590 

[3] M. Quack, Fundamental Symmetries and Symmetry Violations from High Resolution Spectroscopy, in Handbook 

of High Resolution Spectroscopy, Vol. 1 (Eds.: M. Quack, F. Merkt), Wiley, Chichester, New York, 2011, pp. 659-

722. 

[4] M. Quack, Molecules in Motion Chimia 2001, 55, 753-758. 

[5] F. Merkt, M. Quack, Molecular Quantum Mechanics and Molecular Spectra, Molecular Symmetry, and 

Interaction of Matter with Radiation, in Handbook of High-Resolution Spectroscopy, Vol. 1 (Eds.: M. Quack, F. 

Merkt), Wiley, Chichester, New York, 2011, pp. 1-55, (see also preface to this Handbook). 

[6] B. Fehrensen, D. Luckhaus, M. Quack, Chem. Phys. 2007, 338, 90-105. 

[7] S. Albert, P. Lerch, R. Prentner, M. Quack, Angew. Chem. Int. Ed. 2013, 52, 346-349.S. Albert,Z.Chen,C.Fabri, 

P.Lerch, R.Prentner, M.Quack, Mol Phys. 2016, DOI:10.1080/00268976.2016.1226444,in press 

[8] R. Marquardt, M. Quack, Global Analytical Potential Energy Surfaces for High Resolution Molecular 

Spectroscopy and Reaction Dynamics, in Handbook of High-Resolution Spectroscopy, Vol. 1 (Eds.: M. Quack, F. 

Merkt), Wiley, Chichester, New York, 2011, pp. 511-549. C.Fabri, R. Marquardt, M.Quack, Chimia 2014,68 suppl. 
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[9] M. Quack, Mol. Phys. 1977, 34, 477-504. 

[10] C. Manca Tanner, M. Quack, D. Schmidiger, J. Phys. Chem. A 2013, 117,10105-10118 

[11] 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, Vol. 2 (Eds.: M. Quack, F. Merkt), Wiley, 

Chichester, New York, 2011, pp. 1021-1067. 

[12] M. Quack, Chem. Phys. Lett. 1986, 132, 147-153. 

[13] M. Quack, J. Stohner, M. Willeke, Annu. Rev. Phys. Chem. 2008, 59, 741-769. 

[14] R. Prentner, M. Quack, J. Stohner, M. Willeke, J.Phys.Chem A. 2015, 119, 12805-12822  

[15] M. Quack, Frontiers in Spectroscopy, in Faraday Discuss., Vol. 150, 2011, pp. 533-565. 

[16] P. Dietiker, E. Miloglyadov,M. Quack, A. Schneider, G. Seyfang, J.Chem Phys. 2012,143 , 244305-1-24430523. 
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Photodissociation of HNC and HNC isomers in the UV, 

 from 7 to 13 eV 

O. Roncero1,* 

1Instituto de Física Fundamental, CSIC, Serrano 123, 28006 Madrid, Spain 

*Corresponding author: octavio.roncero@csic.es 

In regions with high UV flux, photodissociation is a fundamental event destroying 

molecules. HCN and its isomer HNC are widely detected in space, and in photodissociation 

regions the HNC/HCN ratio presents anomalies. In order to understand their photostability the 

photodissociation cross section for both isomers in a wide range of excitation energies will be 

presented [1,2]. For this purpose, 21 electronic states have been calculated in a three-

dimensional grid, 12 1A' and 9 1A'', at icMRCI level. The individual spectra to each of the 

excited state are obtained with a wave packet method using the ab initio transition dipole 

moments. 

Acknowledgments: Finantial support from Spanish Ministerio de Economía y Competividad under Grant Nos. 

CSD2009-00038 and FIS2014-52172-C2, and from the European Council (ERC grant 610256) are acknowledged 

References: 

[1] A. Chenel, O. Roncero, A. Aguado, M. Agúndez and J. Cernicharo, J. Chem. Phys. (2016), 144, 144306. 

[2] A. Aguado et al. (in preparation) 
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Modelling of spectral properties and electron transfer in Re, Ir and 

Pt organometallic complexes 

S. Záliš1,*, M. Pižl1,2, J. Heyda1,2 and A. Vlček, Jr.1,3 

1 J. Heyrovský Institute of Physical Chemistry, v.v.i., Academy of Sciences of the Czech Republic, Dolejškova 3, 182 

23 Prague 8, Czech Republic, 
2 Department of Inorganic Chemistry, University of Chemistry and Technology, Prague 6, Technická, Czech 

Republic, 
3 School of Biological and Chemical Sciences, Queen Mary University of London, UK 

*Corresponding author: zalis@jh-inst.cas.cz 

Femtosecond IR, absorption and emission spectroscopy experiments on a series of Re, Ir and 

Pt complexes identified excited states which participate to the ultra-fast intersystem crossings 

(~ps time scale) and mainly contribute to the photophysical properties of these molecules [1]. In 

order to understand the character and dynamics of optically excited states quantum chemical 

calculations were performed on [Re(X)(CO)3(L)]n (X = Cl, Br, I, im, py, protein chain; L = bpy 

(2,2’-bipyridine) or phen (phenatroline) systems, tetrakis(pyrophosphito)diplatinate(II) 

complexes [Pt2(BF2POP)4]
n- and for [Ir2(1,8-diisocyanomenthane)4]

n (Ir(dimen)n.  

Optimized excited-state geometries were calculated for the lowest singlet and triplet states of 

each complex by TD-DFT. The lowest excited states were optimized also by the unrestricted 

Kohn-Sham approach (UKS). DFT calculations employed the hybrid functionals either B3LYP 

or Perdew, Burke, Ernzerhof exchange and correlation functional (PBE0). The solvent was 

described by the polarizable continuum model (PCM) (G09 program package) or conductor like 

screening model (COSMO) (ADF program package). Low-lying excitation energies and 

coupling elements between low-lying singlet and triplet states were calculated by several 

quantum chemical approaches which include spin orbit (SO): SO TD-DFT (ADF), SO-RASSI 

of MOLCAS 8.0 package based on CASSCF/MS-CASPT2.  

TD-DFT results on the series of complexes well interpret main spectral characteristic of 

complexes in different redox states. SO-TD-DFT calculated spectra interpreted experimental 

UV-vis spectra including the lowest lying singlet – triplet excitations. SO calculations shown the 

splitting the lowest triplet states and help to understand photophysical properties. Molecular 

dynamic (MD) simulations on ground and the lowest triplet states followed by time DFT and 

TDDFT calculations at instant times were used for interpretation of time-dependent 

experimental data.  

Acknowledgments: This work was supported by COST action CM1405 MOLIM and Ministry of Education of the 

Czech Republic (grant LD14129). 

References: 

[1] R. Baková, M. Chergui, C. Daniel, A. Vlček, S. Záliš, Coord. Chem. Rev., 2011, 255, 975-. 
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Solved and Unsolved Problems in Modelling Superfluid Helium 

Nanodroplet-Mediated Synthesis and Soft-Deposition of a New 

Generation of Metallic Nanoparticles 

M. P. de Lara-Castells1,*, C. Cabrillo1, R. Fernández-Perea1, Alexander O. Mitrushchenkov2, M. 

Pi3 , and E. Voloshina4 

1Consejo Superior de Investigaciones Científicas, C/Serrano 123 E-28006 Madrid, Spain  

2Université Paris-Est Marne-la-Vallée, 5 bd Descartes F-77454 Marne-la-Vallée, France 

3Universitat de Barcelona, Diagonal 645 E-80028 Barcelona, Spain 

4Humboldt-Universität zu Berlin, Unter den Linden 6 G-10099, Germany  

*Corresponding author: Pilar.deLara.Castells@csic.es 

The superfluid helium nanodroplet-mediated synthesis and soft-deposition of metallic 

nanoparticles [1-6] is attracting the strongest attention nowadays. This is party due to the new 

fundamental physics revealed, and partly due to their application in producing and depositing 

onto the target support (in soft-landing conditions), a new generation of stable metallic nano(-

photo)catalysts [6], bearing tunable size, shape and composition. We will present both solved 

and unsolved problems in the theory, modelling and simulation aimed to characterize these 

exciting molecular processes, including the interphase between the nanoparticle, the fluid 

helium droplet, and the solid surface. Our first focus will be on ab-initio-based schemes to 

describe the underlying van-der-Waals dominated interactions, as developed within the 

framework of the MOLIM COST Action [7-12], including new ab-initio force fields. Our 

second focus with be on the nuclear dynamics problem: starting with zero-temperature time-

dependent density functional theory descriptions of the helium atoms [3], passing through large-

scale molecular dynamics simulations of large metallic nanoparticles on corrugated surfaces at 

finite temperatures [12], and ending with strategies combining both limits. 
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Understanding the chemical evolution of interstellar clouds and star-forming regions is a 

central problem in astrophysics and astrochemistry. The starting point is the identification of the 

chemical species through their spectroscopic signatures: the frequency information in fact 

provides the unequivocal proof of the presence of a chemical species. Such identification 

requires the direct comparison of the frequencies retrieved from the astronomical observations 

with those obtained in the laboratory, with gas-phase species being mostly discovered via their 

rotational signatures (with frequencies going from the millimeter-wave region to far-infrared).  

The systematic observation of a given astronomical source at all wavelengths leads to line 

surveys that in principle provide a complete census of the molecular content. The assignment of 

these line surveys allows for an unbiased picture of the chemical composition that in turn can 

also be used to infer information on physical conditions (such as temperature and density). The 

new powerful astronomical facilities (like ALMA, Herschel and SOFIA, just to mention a few 

examples) opened up to unprecedented resolution and sensitivity as well as frequency coverage, 

thus offering unique opportunities to extend the chemical inventory, in particular to organic 

species of increasing complexity (the so-called astronomical complex organic molecules). On 

the other hand, sensitivity and resolution increase the line confusion in spectral observations, 

thus requiring a large effort to be taken in laboratory measurements (from both an experimental 

and computational point of view) to help in unravelling it. 

Furthermore, to interpret and analyze the astronomical observations, an important piece of 

information is provided by the collisional excitation rates of the molecules with the predominant 

collision partners (like H2 and He); these rates can be calculated using quantum-chemical 

methods or measured in the laboratory. 

In this contribution, the role played by laboratory (experimental and computational) 

rotational spectroscopy in the field of astronomical observations and in the investigation of 

astronomical complex organic molecules will be illustrated through a number of examples and 

case studies. 
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In recent theoretical studies of the H2/Cu system using an embedding approach of a cluster 

model consisting of 22 Cu atoms, it has been shown that the chemisorption [1] and also the 

physisorption [2] of H2 can be satisfactorily reproduced. A good test of the accuracy of the 

potential energy function in the physisorption domain is the comparison with ro-vibrational 

spectroscopic data obtained with EELS experiments [3]. The large rotational constant of H2 

associated with the anharmonic and anisotropic van der Waals potentials, results in a coupling 

between the rotation of H2 and the stretching along the physisorption well. Such data exist for 

H2 on Cu(100) and on Ag(111). 

Ro-vibrational energy levels of H2 molecules physisorbed on a metallic surface (Ag (111) or 

Cu(100)) are calculated, using a 5D or 2D potential energy function determined at different 

levels of theory: periodic (DFT) or cluster representation of the system (highly correlated 

wavefunction description). Highly correlated electronic calculations on the cluster model have 

been performed with the code MOLPRO using the MRCI or the coupled cluster CCSD(T) 

methods. The embedding method has been applied within the ONIOM approach. The periodic 

calculations have been performed with DFT approach with the code VASP and vdW-DF2 

functional. 

Two different formalisms are used to study the motion of the H2 molecule considered as a 

rigid rotor: either a time-dependent dynamic approach or a variational approach using a time-

independent Hamiltonian. The relative intensities of the transition lines have been obtained from 

the calculated dipole moment matrix elements and some widths have been deduced from the 

corrugation of the surface.   

 
Figure 1: Calculated relative intensities of the ro-vibrational transitions 
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The behavior of small molecules, H2 and H2O in particular, inside the nanoscale cavities of 

diverse host materials has attracted a great deal of attention in recent years. In nanoscale 

confinement, the translational center-of mass motions of the caged molecules are quantized and 

strongly coupled to the quantized molecular rotations. I will first briefly review our rigorous 

quantum treatment of the translation-rotation (TR) dynamics of H2@C60 [1]. These quantum 5D 

calculations, assuming rigid monomers, have elucidated the TR level structure and revealed 

distinct spectroscopic signatures of the TR coupling that were later observed experimentally. 

Recent perturbation-theory treatment of the TR eigenstates of H2@C60 [2] has allowed 

connecting specific features of the level structure established in Ref. [1] with specific features of 

the intermolecular potential energy surface, and provided important new physical insights into 

the characteristic features of the former. 

In another recent study [3], we have reported fully coupled 6D quantum calculations of the 

TR eigenstates of para- and ortho-H2O in C60. They provide a comprehensive description of the 

dynamical behavior of an asymmetric top, H2O, inside the fullerene having icosahedral (Ih) 

symmetry. The calculated TR levels have permitted us to assign tentatively a number of 

transitions in the measured inelastic neutron scattering (INS) spectra of H2O@C60 [4] that have 

not been assigned previously. 

TR eigenstates of nanoconfined hydrogen-containing molecules can be probed directly by 

the INS spectroscopy. Several years ago we developed the methodology for accurate quantum 

simulations of the INS spectra of diatomic molecules in a nanocavity of an arbitrary shape [5]. 

An unexpected result of this line of work was the discovery and formal proof of the new and 

surprising selection rule for the INS spectroscopy of H2 in a near-spherical nanocavity such as 

that of C60 [6], the first ever to be established in the INS of discrete molecular compounds. This 

INS selection rule was later confirmed experimentally for H2@C60 [7], and subsequently 

generalized [8]. 
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High accuracy, non-relativistic, calculations are used to study the electronic and nuclear 

motion in the ground state of three-particle atomic and molecular systems using a series solution 

method with a triple orthogonal Laguerre-based wavefunction [1]. This method is adapted to 

calculate, in a single variational calculation, the critical mass of a third particle required for 

stable binding to a two-particle system [2] and the critical nuclear charge for binding of two-

electrons [3] and, in part, to calculate high-precision Hartree-Fock energies and expectation 

values. 

Accurate determination of fully correlated electron densities is very relevant to those 

involved in developing correlation functionals for density functional theory. The correlated 

motion of electrons, including at low nuclear charge Z, is quantified using radial and angular 

densities and the Löwdin definition of electron correlation [4]. Results confirm the presence of a 

secondary Coulomb hole for helium, and results for the anionic systems H- and the critical 

nuclear charge system, indicate that only a primary Coulomb hole exists. 

In mainstream quantum chemistry, it is usual to treat molecules within the Born-

Oppenheimer approximation, a molecular structure is assumed and the equilibrium structure 

corresponds to a local minimum structure on a potential energy surface. In the present work no 

such assumptions are made and atoms and molecules are treated on an equal footing as few-

particle quantum systems. Results will be presented demonstrating that the nuclear motion in 

diatomic ions is strongly correlated; by evaluating the particle density at the centre of mass, it is 

shown that the spatial distribution/localisation of the like-charged particles depends on the 

relative masses of the nuclei rather than just their absolute mass, and that molecular structure 

arises naturally from the analysis of the all-particle wavefunction. 

 
Figure 1: Centre of mass particle density plot for DT+.  
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Progress in our understanding of ultrafast motion in molecules is best achieved through a 

close combination of experimental and theoretical approaches. Direct comparison is possible if 

theory is able to calculate experimental observables. 

Ultrafast molecular motions are observed experimentally using pump-probe techniques 

where the processes of interest is initiated and monitored with ultrashort (femtosecond) flashes 

of electromagnetic radiation. This talk will first review some of our advances on the theory of 

femtosecond time-resolved x-ray scattering and prescriptions for calculating experimental 

observables [1,2]. 

Then, I will present combined experimental investigations and computer simulations of 

fundamental chemical processes of molecules in solution [3-8]. These involve bond formation 

[3-5], charge transfer [6-7] as well as intra- and intermolecular energy transfer and solvation 

dynamics. The experiments were carried out at the x-ray free-electron lasers LCLS (USA) and 

SACLA (Japan), and the computer simulations are multi-scale QM/MM molecular dynamics 

(MD) simulations. 
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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 paradigm 

[1]. The all-particle equations of motion are solved in a numerical procedure that relies on the 

variational principle, Cartesian coordinates, parameterized explicitly correlated Gaussian 

functions with polynomial prefactors, and the global vector representation. A stochastic 

variational optimization of the basis function parameters facilitates the calculation of accurate 

energies and wave functions for ground and excited states. 

We developed a simple strategy for the elimination of the translational kinetic energy 

contamination of the total energy in such pre-Born–Oppenheimer calculations carried out in 

laboratory-fixed Cartesian coordinates [2]. The simple expressions for the coordinates and the 

operators are then preserved throughout the calculations, while the mathematical form and the 

parametrization of the basis functions are chosen such that translational and rotational 

invariance are respected. 

For semi-classical (first-quantized) relativistic calculations we devised a kinetic-balance 

condition for explicitly correlated basis functions [3]. We demonstrate that the kinetic-balance 

condition can be obtained from the row reduction process commonly applied to solve systems of 

linear equations. The resulting form of kinetic balance establishes a relation between all 

components of the spinor of an N-fermion system to the non-relativistic limit, which is in 

accordance with exact-decoupling methods in relativistic orbital-based many-electron theory.  

The talk will discuss these developments in the light of spectroscopic results and qualitative 

concepts such as molecular structure. 
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Search for accurate spectroscopic techniques led us to one-dimensional cavity mode 

dispersion spectroscopy (1D-CMDS) [1], a spectroscopy technique purely based on frequency 

measurement. Because the spectrum obtained with this method comes from accurate cavity 

mode frequency measurement, 1D-CMDS has great potential for minimization of systematic 

errors in the line shape studies of very week transitions [2]. Nowadays, the ab initio approaches 

as well as analytical models, allowing to take into account basic effects forming the shape of 

molecular transitions, make possible the correct interpretation of high accuracy data and testing 

interatomic potentials [3,4]. All these opens new possibilities for Doppler limited spectroscopy. 

Especially, molecular hydrogen and its isotopologues are an attractive playground for testing 

quantum electrodynamics in molecules [5] and search for new physics [6]. The accuracy of 

measurements can be improved by use of optical atomic clocks [7] as the most stable frequency 

reference. Going farther, spectroscopy of ultra cold molecules having narrow photoassociation 

resonances near intercombination transition provides valuable information and new level of 

control. Narrow optical Feshbach resonances [8] allow efficient control of properties of ultra 

cold matter [9]. On the other hand analysis of two-colour mass-scaled photoassociation 

spectroscopy for set of isotopologues of Yb2 can set bounds for non-Newtonian gravity in the 

nanometer range [10]. Finally use of optical atomic clocks can help in laboratory search for dark 

matter [11,12,13,14] and understanding physics beyond Standard Model. 
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The usage of multi-way formalism in the analysis of ab initio molecular dynamics 

simulations will be formulated and some preliminaries results presented. Multi-way analysis is 

well established in some parts of the chemical data analysis (e.g. spectroscopy), whereas not so 

much in quantum chemistry. In particular, the aspect of conformational analysis, which includes 

collection of structural data from the molecular dynamics trajectories as a sampling method, and 

tensor decomposition of corresponding multidimensional array of data will be discussed. 

 

 
Figure 1: Molecular dynamics trajectory in a reduced space of three principal components. 

 

Results obtained from tensor decomposition allow investigation of molecular dynamics 

trajectories in significantly reduced space (Fig. 1) and their statistical analysis presents a wealth 

of information, including full conformational space of the investigated system regardless of its 

structure. 
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Coupled Cluster (CC) theory is among the most accurate methods for modelling molecular 

properties. Recently, we have implemented the core-valence separation (CVS) approximation 

[1]. In particular, we have combined this with a new implementation of CC3[2], resulting in 

unrivalled accuracy of core excitations. 

Coupled Cluster theory has a high computational cost and steep scaling with system size. In 

order to overcome this problem, we have developed multilevel CC (MLCC) theory [3] where a 

smaller part of the molecule is treated with a high accuracy method and the rest more 

approximately. Local properties such as core excitations are ideally suited for such an approach 

[4]. Recently we demonstrated two orders of magnitude reduction in computational cost using 

the MLCC framework. 

Recently, the first transient NEXAFS excited state measurements were performed at the 

Stanford Linear Accelerator Center (SLAC) by The Thymine Collaboration [5]. In the 

experiment, a new feature appeared after less than 100 fs time delay. In order to characterize this 

feature, the ground state geometry was optimized at the CCSD(T) level and the excited state 

geometries at the CCSD level. Excited state UV and X-ray spectra were simulated at the CCSD 

and CC3 level and show a remarkable agreement with experiment. The source of the new 

feature is determined to arise from population in the nπ* state. Coupled Cluster dynamic 

calculations further corroborate this conclusion. 
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Progress in the title area has been dramatic over the past ten or so years, as a result of the 

efforts of many groups. I will review recent work in our group on the two aspects of accurate 

vibrational calculations, namely accurate potential energy (and dipole moment) surfaces and 

their use in a variety of VSCF/VCI calculations of vibrational energies and IR spectra. Several 

recent examples will be presented that illustrate the approaches we have developed in the past 

ten or so years. They are: potential energy surfaces for the formic acid dimer and nitromethane 

and ‘MULTIMODE’ calculations of vibrational energies using them, and many-body, non-

covalent interaction potentials for neat water, methane hydrate clathrate, hydrated NaCl and 

NaF, and ‘local monomer’ calculations using them. Comparisons with experiment will be made 

in all the examples presented. 
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I shall explain the gateway Hamiltonian method [1-3] and demonstrate its applicability by 

calculation of vibrational energy levels. 

In particular, it shall be explained and numerically demonstrated that: 

 Even when expressed in terms of curvilinear internal coordinates, the gateway kinetic 

energy operator (KEO) is of an expression nearly identical with the Eckart-Watson 

operator [4]. 

 It obviates the need for differentiation of the matrix rotating into the Eckart frame. 

 It allows construction of an Eckart ro-vibrational KEO without rotation. 

 It leads to defining optimal Eckart displacements. 
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Large molecular clusters can be considered as intermediate states between gas and 

condensed phases, and information about them can help us understand condensed phases. In this 

work, ab initio quantum mechanical methods have been used to examine clusters formed of 

methanol, ammonium and water molecules. The main goal was to obtain information about the 

intermolecular interactions and the structure of the clusters at the molecular level. The results of 

the calculations were compared to the available experimental information regarding the liquid 

methanol/water and ammonium/water mixtures and to the molecular dynamics and Monte Carlo 

simulations. The structures, energetics, and vibrational spectra of the first few (n ≤6) water, 

methanol and ammonia clusters obtained from electronic structure calculations will be 

presented. 
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Cooling the rotational motion of molecules beyond the milikelvin regime is a task that is 

under extensive research during the last decade. This is usually achieved by controlled processes 

which involve the use of external electric fields. However, these coherent fields can induce only 

coherent, purity-conserved transformations, and cannot alter the system's temperature directly. 

The complementary component to induce cooling is spontaneous emission. This part of the 

process can create a change in the purity but is uncontrollable. To merge to two components into 

a single cooling device we employ a field optimized unitary transformation that will stir the 

system to a situation that will lead to spontaneous cooling. The optimization process is 

composed by two ingredients: (I) The ergodic theorem is combined with a classical optimization 

to find a unitary transformation that will lead that system into a pure stead-state after multiple 

excitation-emission cycles. (II) A quantum-optimal-control theory based algorithm is carried to 

find the correct field that will produce the desired unitary transformation defined by the former 

algorithm. The obtained optimal transformation is shown to be capable to cool the AlH+ ions to 

sub mili-kelvins, several orders of magnitude below the current experimental state-of-art work 

[1]. 
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When molecules are electronically excited they can undergo photochemical reactions, 

exploring different regions of the excited potential energy surfaces. The description of excited 

state processes is considerably more complicated than ground state chemical reactions because 

molecules electronically excited can show a high density of states and because potential energy 

surfaces of same or different multiplicity can cross, breaking the Born-Oppenheimer 

approximation. Understanding photochemistry also requires a time-dependent analysis of the 

molecular pathways that a system can follow. In this presentation I will show several examples 

of photochemical pathways followed after light irradiation revealed with ab initio surface-

hopping molecular dynamics. To that aim the locally developed ab initio molecular dynamics 

code (SHARC) [1], which allows treating on the same footing non-adiabatic and spin-orbit 

couplings, is employed.  
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The study of gas-phase water clusters provides a direct experimental probe of the 

intermolecular forces which also exist in the liquid phase. Hydrogen-bond network 

rearrangements occurring via quantum tunnelling manifest themselves in the splitting patterns 

observed by spectroscopy. At low temperature, these tunnelling rearrangements follow pathways 

which can differ considerably from the minimum-energy pathway. The tunnelling pathways can 

however be computed using quantum dynamical approaches such as is provided by the ring-

polymer instanton method [1]. 

A recent joint experimental and theoretical study of the water hexamer prism [2] has 

discovered unexpectedly complex tunnelling pathways showing cooperative behaviour of the 

water molecules. One of these leads to the simultaneous breaking of two hydrogen bonds 

(Figure 1). Similar pathways may also exist in the rearrangement of water clusters adsorbed on 

surfaces, or water in confined or interfacial environments such as at the surface of ice. 

 

 
Figure 1: The two feasible tunnelling pathways in the water hexamer prism involving cooperative motion of the 

water molecules. The first rearrangement breaks only one hydrogen bond whereas the second is able to break two 

simultaneously. 
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The accurate study of molecular dynamics after photo-excitation requires a full quantum 

dynamical treatment of the nuclei to correctly describe the flow of energy between vibrational 

and electronic states. This is particularly true when curve crossing processes, such as internal 

conversion (IC) through a conical intersection, or inter-system crossing (ISC) are involved. In 

these cases the coherence of the electronic wavepacket in the different states is key to the time-

evolution of the system. 

Quantum dynamics simulations are computationally hard problems. Traditional methods use 

a full direct-product grid basis set and the resources required scale exponentially with the 

number of degrees of freedom (DOF). The multi-configurational time-dependent Hartree 

(MCTDH) algorithm is the most efficient grid-based solution to the time-dependent Schrödinger 

equation (TDSE) [1], and is now able to treat wavepackets with 10s of DOF. Now, however, the 

bottleneck is obtaining realistic potential energy surfaces (PES) for polyatomic systems as the 

effort involved in calculating global surfaces also scales exponentially with system size.  

To mitigate for the problem in calculating the potentials, an obvious approach is to use direct 

dynamics. Here, the potentials are calculated on-the-fly only when required using quantum 

chemistry calculations [2]. As only information about the PES local to a point in configuration 

space is obtained from these calculations, most direct dynamics methods rely on classical 

trajectories to describe the nuclear wavepacket. 

We have developed the direct dynamics variational multiconfigurational Gaussian (DD-

vMCG) method. Based on the MCTDH algorithm, but using a basis set of time-dependent 

Gaussian basis functions (GBFs) it is related to the class of methods based on Gaussian 

Wavepackets (GWPs), such as the multiple spawning of Martinez or coherent states of 

Shalashilin. Unlike GWP methods, however the vMCG basis functions follow coupled 

variational trajectories rather than classical trajectories. This makes them better at describing 

quantum processes as well as providing faster convergence, important in direct dynamics [3]. 

Combined with an on-the-fy diabatisation procedure [4], this provides an almost black-box 

approach to quantum dynamics. 
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Recent advances in attosecond spectroscopy open the door to understanding the correlated 

motion of valence and core electrons on their intrinsic timescales. For valence excitations, 

processes related to the electron spin are usually driven by nuclear motion. When going, 

however, to the core-excited states where the core hole has a nonzero angular momentum, a 

strong spin-orbit coupling starts to play a role [1-3]. In this work, we present a theoretical 

simulation of an ultrafast spin-flip dynamics driven solely by spin-orbit coupling and electron 

correlation in the L-edge (2p→3d) excited states of a prototypical Fe(II) complex, which occurs 

faster than the core hole lifetime (about 4 fs) [4]. The non-equilibrium electron dynamics is 

studied by means of time-dependent restricted active space configuration interaction recast in 

the form of reduced density matrix propagation. The spin-orbit coupling between electronic 

states of different multiplicity is considered within the LS-coupling limit employing atomic 

mean-field integral approximation. Dissipative effects of electronic and vibrational origin are 

considered as well. A detailed analysis of such phenomena will help to gain a fundamental 

understanding of spin-crossover processes and build up the basis for their control by light. 

 

 
Figure 1: Time-evolution of spin-density and spin-state population for a prototypical Fe(II) complex. 
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The present work concerns the photoionization of prototypical biomolecular chromophores 

such as furan, pyrrole and tiophene both from the ground state and from the first lowest-lying 

excited states. The photochemical and photoionization properties of these molecules are of great 

interest due to an extensive collection of available experimental and theoretical results [1,2].  

This work belongs to a wider project focused on a high level theoretical description of Time-

resolved photoelectron spectroscopy (TRPES) observables obtained from pump-probe 

experiments. More specifically, we combined photoionization observables calculation, using 

Dyson orbitals, with trajectory-based nonadiabatic dynamics calculation of prototype 

chromophores. We aim at an accurate and computationally efficient simulation of TRPES 

experiments. 

The recently implemented Dyson orbitals [3] are used to describe ionization from excited 

states at the single channel level, and correlation within the initial and final ionic bound states. 

The Dyson orbitals were computed with different electronic structure methods, i.e. TDDFT, 

ADC(2) and CASSCF, typically used in the dynamics simulations. 

The high quality calculations of the photoionization dynamical observables are performed 

through an accurate solution of the continuum one particle wavefunctions in a multicenter B-

spline basis, at the DFT and TDDFT levels, which provides an adequate description of the 

electronic continuum [4]. The approach can be conveniently used to provide results for a series 

of snapshots along the trajectories generated.  
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The combination of electronic structure calculations by quantum chemistry techniques with 

wave packet propagation methods provides a powerful way to study reactive processes at a fully 

quantal level. This approach has been used with success to study charge transfer, 

photodissociation, or radiative association processes [1-3]. One of its advantages is the 

possibility to include an electromagnetic field into the dynamics, allowing the control of the 

outcome of reactions, for example using optimal or local control algorithms. Here we illustrate 

these methods on the photodissociation of the carbon monoxide dication CO2+ into a specific 

channel. In particular, we show the efficiency of the local control algorithm to find a simple 

pulse despite the complex nonadiabatic dynamics [4]. This molecular ion also provides an 

interesting example as it can be produced experimentally in a single vibrational state. 
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The Phase Integration Method (PIM)[1,2] is a novel approximate quantum dynamical 

technique developed for computing system’s time dependent observables when exact methods 

become limited due to their exponential scaling on the number of system’s degrees of freedom 

and to simulation times of the order of picoseconds. This method belongs to a class of so-called 

linearization techniques and it exploits the presence of two propagators in the correlation 

function to introduce an approximation accurate to second order in an ħ expansion of the 

potential. PIM employs an algorithm in which the exact sampling of the quantum thermal 

density is combined with a linearized approximation of the quantum time propagators 

represented in the path integral formalism that reduces the evolution to classical dynamics. The 

quantities of interest can then be computed by combining classical molecular dynamics 

algorithms with an original generalized Monte Carlo scheme to sample initial conditions. We 

have applied the PIM for computation of the CH5
+ cation infrared spectrum in gas phase, which 

is a well now system for its highly anharmonic potential due to the correlated scrambling of its 

hydrogen atoms around the central carbon atom,[3] in order to further improve the method and 

its current implementation. Here I represent some of the recent results of our progress. 
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The high overtone induced processes are initiated by promoting a molecule or a complex to 

chemically relevant energies in high vibrational excited states through the thermal excitation or 

direct absorption of visible (VIS) or near-infrared (NIR) radiation. Unlike the thermally induced 

processes, the reactions initiated by vibrational overtone-pumping of ground electronic state 

molecule through direct absorption of photon can be treated without the need to consider the 

collisional activation processes. In general, it is required that the energy is deposited into the 

initially excited vibrational state and subsequently transferred by intramolecular vibrational 

redistribution (IVR) to other modes of the molecule including the reaction coordinate. For 

example, it has been demonstrated that high overtone excitation of OH groups in carboxylic 

acids isolated in low temperature matrices leads to two different unimolecular processes: 

isomerization and/or decomposition of the molecules [1-4]. Moreover, overtone pumping was 

used, for example, in the case of formic acid dimers to produce high-energy conformers within 

the hydrogen-bonded complexes [5-7]. 

Studying formic acid-water complex via computational methods hints, that overtone 

vibrations in formic acid OH-bond induce hydrogen exchange with water molecule. We discuss 

details of computations and how bonds form and break during the reaction. 
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Amyloid fibrils are a result of protein misfolding, associated with the occurrence of 

neurodegenerative diseases. These aggregates are rich in beta-sheet domains and interconnected 

by a network of hydrogen bonds [1]. In some Amyloid fibrils, peculiar optical properties, 

including absorption of low-energy photons (3.5 eV) and fluorescence in the visible range in the 

absence of aromatic amino acids has been recently measured [2]. At the same time, the hierarchy 

in the structure when going from single chain, to protofilament and to fibrils, makes the system 

challenging under the computational point of view – covering different time and space scales 

and then requiring several levels of theory. With the aim to provide a multi-scale picture of 

structural, electronic and optical properties we have: 

(a) Performed enhanced sampling classical molecular dynamics of a segment of the amyloid 

protein Aβ1-42 in explicit solvent. The conformational landscape of this oligopeptide resembles 

an intrinsically disordered protein driven by the interplay of polar and hydrophobic interactions 

and demonstrating the specific role of strong salt-bridges between the N and C termini [3].  

(b) Used state-of-the-art ab-initio molecular dynamics simulations of large model systems, to 

find that in the fibril environment protons can hop along the strong salt-bridges between the N 

and C termini. The proton transfer events appear to be coupled to subtle changes in the optical 

properties as gauged by TD-DFT calculations used to characterize the excited states. In addition, 

we found nuclear quantum effects are likely to play an important role at room temperature [2,4]. 
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Pyrrole is a prototype example of a molecule displaying πσ* mediated internal conversion. 

Recent experiments have shown that the time scale of this process is dependent on the 

wavelength of the initial excitation [1]. To better understand this effect, we have performed 

nonadiabatic surface-hopping dynamics simulations of the relaxation of pyrrole following 

excitation in three different energy regions [2]. 

The primary state populated in the ≈200 nm wavelength region is the lowest B2 state. 

Historically, this state has been described both as a pure Rydberg 3px state and as a pure ππ* 

state. We have shown in our simulations that the results of the dynamics simulations are highly 

dependent on the description of this state in the chosen electronic structure method. Specifically, 

agreement with experiment is only achieved when no Rydberg-valence mixing is present in the 

description of the state. We also show preliminary simulations suggesting photoelectron 

spectroscopy as another experimental observable sensitive to the electronic structure of this 

state. 
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In order to understand photo-excited processes it has been proven to be important to describe 

significant quantum effects such as tunnelling and conical intersections. A method of direct 

quantum dynamics for the study of such photo-excited processes has recently been implemented 

in the Quantics software package. The DD-vMCG (direct dynamics by the variational multi-

configurational Gaussian) method promises to be fast, efficient, and with better convergence 

properties than previous methods based on classical trajectories [1]. As it is in the development 

phase, testing is required. 

The underlying physical processes by which mutagenesis occurs in DNA/RNA, whether by 

UV radiation or spontaneous occurrence, has been the subject of extensive chemical and 

biological research. Prototypically the inter- and intra-molecular proton-transfers in excited 

states of 2-pyridone/2-hydroxypyridine and Formamide/Formamidic acid have been used as 

analogues to the description of mutagenesis. They present an interesting system to study with 

the DD-vMCG method as they may demonstrate competition between proton-transfer and non-

adiabatic curve crossing [2,3]. 

Another photo-excited process of interest is the competition between charge-transfer and 

charge-migration. A new direct dynamics method, based on the Ehrenfest approach, has been 

used previously to study charge-migration in the Toluene cation [4]. A model Hamiltonian for 

the Allene (C3H4) radical cation has been used as a test in previous Quantics studies on charge-

transfer [5], and presents an ideal system to test the Ehrenfest approach. 
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Amino acids Cysteine (Cys) and Methionine (Met) are frequent in proteins and responsible 

for their stability (e.g. cysteine disulphide bridges) and activity. They play major roles in 

catalytic sites of the enzymes, and form SH-π (or S-π) interactions with aromatic amino acid 

residues in protein which also highly contribute to the stability of structure. Although SH-π and 

S-π interactions were widely described [1-3], there is still much unknown about the nature of 

their interactions if substituents are present on aromatic ring. This research of the nature of S-π 

interactions in case of substituted aromatic systems has been stimulated by the recent 

experiments with fluorine substitution in phenylalanine and tryptophan of D2 receptor [4]. 

Analogously to the research of CH-π interactions [5], DFT calculations were used to study 

substituted benzenes in complex with H2S, CH3SH, and CH3SCH3, as models for Cys and Met. 

The results of calculations showed that SH-π interactions had lower energy than S-π 

interactions. Opposite trends in changes of interaction energies between SH-π and S-π cases 

were observed with increasing electronegativity of the substituent on benzene ring. We also 

investigated the model system of Cys···Trp interaction in D2 receptor, as well as adjacent cluster 

of aromatic amino acids in its active site by constructing the ideal model system of adjacent 

benzene rings. The results showed that fluorination of benzenes in aromatic cluster transmits 

electrostatics influence through space and enhances the Cys···Trp interaction. This effect is 

enhanced when transmission occurs through the rest of benzene rings, which suggests possible 

explanation in mechanism of D2 receptor activation. [6] In order to interpret difference in nature 

of S-π and Se-π interactions, we also report extensive DFT calculations of dispersive and 

electrostatic contributions in Se-π interactions and comparison with S-π calculations. The results 

show larger contribution of dispersive interactions in case of Se-π systems rather than S-π, 

which mainly originate from the interaction of Se and substituent groups. 
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Homonuclear triatomic (X3-type) molecules have enjoyed a great theoretical interest for 

many decades, and still provide a challenging target for electronic structure calculations. At 

high-symmetry configurations, such elemental clusters assume equilateral triangular geometries 

with some of the electronic states transforming according to the E'(E'') irreps of the D3h point 

group. Not surprisingly, therefore, symmetry-required conical intersections (CIs) between the 

associated potential energy surfaces (PESs) are often realized for such molecules [1]. 

Apart from the well-studied linear E ⊗ e Jahn-Teller (JT) systems, the locus of CI can be of 

remarkable intricacy. Referred to as small linear parameter (SLP) JT molecule [1,2], besides the 

usual D3h seam, the title species shows three additional symmetry-allowed CIs along the line of 

C2v symmetry which lie close to the D3h one [3,4]. 

In previous work [3], we have reported a single-sheeted DMBE PES for ground-state 

C3(1
1A′). We first outlined there the presence of the 4 CIs and because a third electronic state of 

1A′1 symmetry comes close in energy to the 1E' pair, such unusual topological attributes have 

been ascribed to a combined JT plus pseudo-JT (PJT) case. Most recently, the (E' + A′1) ⊗ e' 

problem in C3 has been further exploited [4] and the results so obtained clarified. Accordingly, 

the three additional C2v seams are not static objects with respect to the D3h CI but instead 

fluctuates as a function of the perimeter of the molecule. 

Ongoing work to devise a form capable of accurately modeling the three C2v disjoint seams, 

in addition to the D3h one, will also be briefly addressed. It also includes, a simplified version of 

the multiple energy switching scheme (ES) [5] to improve the PES in the vicinity of its linear 

global minima such as to attain near spectroscopic accuracy. The global form so obtained will 

then be commended for both spectroscopic and reaction dynamics. 
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We are developing pump-probe schemes for assessing the evolution of a system with non-

equilibrium electron distribution as it moves in space and time. In such a system, the electronic 

wavefunction will be distributed over several electronic states. We are investigating the 

evolution following excitation by an ultrafast XUV pulse. In the Nitrogen molecule for example 

this excitation leads to a non-equilibrium distribution of electrons over two Rydberg states and a 

valence state. These states are diabatic in character and are electronically coupled[1]. The 

couplings between the diabatic states can have a significant influence in the excitation process 

as well as the time propagation[2]. We find that for quite a number of vibrations the nuclear 

motion does not dephase the electronic disequilibrium. One probe of this is how the nuclear 

motion modulates the dipole of the homonuclear molecule, a dipole that should vanish at 

electronic equilibrium. This arises from the nuclear wave packets on different electronic states 

moving in and out of the Franck−Condon region. We also examine the quadruple moment as it 

evolves in time. The motion of the electrons further out of the center of charge in the Rydberg 

states and the contraction of the charge cloud in the valence excited state is reflected in 

oscillations that also do not dephase for an appreciable time. 

 
Figure 1: Variation of the normalized quadrupole for  excited states of the homonuclear Nitrogen molecule as a 

function of time in fs during and following excitation by two ultrafast VUV pulses with different widths. 
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We performed accurate ab initio investigations of the geometric parameters and the 

vibrational structure of neutral HNS/HSN triatomics and their singly charged anions and cations. 

We used standard and explicitly correlated coupled cluster approaches in connection with large 

basis sets. At the highest levels of description, we show that results nicely approach those 

obtained at the complete basis set limit. Moreover, we generated the three-dimensional potential 

energy surfaces (3D PESs) for these molecular entities at the coupled cluster level with singles 

and doubles and a perturbative treatment of triple excitations, along with a basis set of 

augmented quintuple-zeta quality (aug-cc-pV5Z). A full set of spectroscopic constants are 

deduced from these potentials by applying perturbation theory. In addition, these 3D PESs are 

incorporated into variational treatment of the nuclear motions. The pattern of the lowest 

vibrational levels and corresponding wavefunctions, up to around 4000 cm−1 above the 

corresponding potential energy minimum, is presented for the first time. 
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Ionic liquids (ILs) are organic salts, characterized by a remarkably low melting temperature 

(<100°), and by many useful properties (e.g. electrical conductivity, high thermal stability, high 

solvating capability, etc.) which can be tuned by modifying the anion or cation. The need of 

designing ILs with desired properties had stimulated a large amount of investigations. Among 

the experimental techniques used to this purpose, we are interested in the nuclear magnetic 

resonance (NMR) signal of the quadrupolar nuclei, particularly of the halides which are 

common anions in ILs.  

We use classical MD, coupled with QM and QM/MM calculations, to understand how the 

structure and dynamics of ILs at the atomistic and sub-atomistic level affects the NMR signal of 

quadrupolar nuclei [1] and what information can be extracted from the experimental signals. 

The work presented in this symposium concerns stages 1-3 of the scheme in Fig.1, and is 

focused on the improvement of the currently used force field parameters in order to improve the 

description of the interactions between anions and cation of 1-decyl-3-methyl-imidazolium 

chloride (DMimCl). To this aim we improved the partial and total charges by performing QM 

calculations and varying the van der Waals parameters. The atomic charges were calculated 

using Gaussian 09 program, with the restrained electrostatic potential (RESP) approach by 

fitting the electrostatic potential grid computed at the B3LYP DFT level on the optimized 

geometries. The new set of AMBER parameters has been validated by comparing the structural 

and dynamical behavior of investigated systems by means of MD simulations with QM data and 

experimental evidence. A very good agreement with reference data (ab initio [2] and 

experimental) has been obtained for all of the investigated structural and dynamical properties. 

Figure 1: Proposed scheme for calculation of NMR parameters of some ionic liquid 
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The great development of the experimental methods of modern molecular physics 

particularly in the field of ultra-cold gas physics, results in possibilities of obtaining of the 

previously unprecedented precision in the experimental measurements of the properties 

describing small molecular systems such as length scattering in the inter atomic collisions, bond 

energies, polarizabilities, time of life in the resonant states and many others. As a consequence, 

the theoretical investigations get the unique chance of testing new theories and methodologies, 

that more and more accurately describe systems of interest of chemistry and physics of cold 

molecules. Among many possible molecules, the ytterbium dimer was chosen for the current 

study. What makes Yb2 molecule so interesting, is its usefulness for investigations of limitations 

of the non-Newtonian gravity.  

Calculations of the most accurate ytterbium dimer ground-state curve require taking into 

account the following contributions: electronic correlation, relativistic effects, finite nucleus size 

and DBOC corrections. Moreover, apart from quite demanding approaches, one faces also the 

problem of relatively small number of basis set representatives for Yb element. Their different 

behavior is investigated, and further on some attempts of creating a new, superior basis set are 

presented. 
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Due to the problem of global warming caused from mass emissions of greenhouse gas and 

pollutants, such as CO2, NH3, SO2, CO and N2O new gas capture and gas sequestration materials 

need to be designed. The aim of this work is the study of the Van-der-Walls complexes of these 

gases with imidazole, considering the imidazolate rings simplest models for the study of the 

nature of host-guest interactions in Zeolitic Imidazolate Frameworks ( ZIF’s) [1-2] . With this 

objective, we try to study the interaction between imidazole and the different gases, such as 

NH3, SO2, CO and N2O using accurate ab initio methods. The electronic structure calculations 

were performed using second order Möller- Plesset theory (MP2) in combination with large 

augmented bases set. Results are compared with those of the CO2 [2], the most abundant 

greenhouse effect gas. Selectivity for gas capture and gas separation is discussed. 

We present all the possible structures of the imidazole-NH3, imidazole-SO2, imidazole-N2O, 

and imidazole-CO complexes, as well as, the binding energies and the interaction potential 

energy surfaces. Harmonic frequencies are provided to demonstrate the minimum energy 

character of the structures. Further work on studying the three-body systems type NH3-

imidazole-CO2, SO2-imidazole-CO2, N2O-imidazole-CO2 and CO-imidazole-CO2 confirms the 

probability of simultaneous attachments. 
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DFT(B3LYP)/6-311++G(d,p) calculations on 2-fluorobenzoic acid show that the molecule 

has four conformers (see Figure 1): two low energy conformers (forms 1 and 2) with the 

carboxylic acid group assuming the cis configuration (O=C–O–H dihedral equal to 0º) and two 

higher-energy conformers (3, 4) with a trans carboxylic group configuration. Isolation of 2FBA 

monomers in argon or nitrogen matrices allows for the efficient trapping of both low-energy 

conformers initially present in the gas phase room temperature equilibrium.  

Narrowband selective near-infrared (NIR) excitation of 2OH mode of 1 in both argon and 

N2 matrices allows its efficient conversion into conformer 3, which is stabilized by an 

intramolecular  

O–H…F interaction. On the other hand, upon identical selective vibrational excitation of 2 no 

changes could be noticed in the argon matrix spectra at the time-scale of the preformed 

experiments, while experiments carried out on N2 matrices showed conversion of 2 into 3. 

In conformer 4 (the expected direct product resulting from NIR pumping of 2), the 

stabilizing O–H…F interaction existent in 3 is replaced by a O–H…H repulsive interaction, which 

leads to a barrier separating this form from 2 that is about half that separating 3 from 1. Under 

these circumstances, once formed by vibrational excitation of 2, conformer 4 can easily convert 

to the reactant species by fast tunneling, justifying the apparent inefficiency of the 2 → 4 

conversion upon vibrational excitation of 2 in an argon matrix. On the other hand, the 

stabilization of the initially formed conformer 4 by the N2 matrix (due to OH…N2 interactions) 

allows this species to survive long enough to allow the 4 → 3 over-the barrier conversion to be 

competitive with the 4 → 2 tunneling, justifying the observed net conversion of the NIR excited 

conformer 2 into form 3 in N2 matrix.  

These results demonstrate in a very clear way the relevance of the size of the torsional 

barrier about the C–O bond in determining the trans → cis tunneling rate in carboxylic acid 

compounds, and show also as the intramolecular local topology may decisively influence the 

intrinsic kinetic stability of different conformers of the same molecule. They are also a clear 

additional evidence of the stabilization of higher-energy conformers of carboxylic acids by the 

N2 matrix medium, that has been found for other molecules of the same family. 

              1             2                                         3                                            4 
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Vibrational configuration (VCI) theory and its multireference variants are common methods 

for calculating vibrational levels and associated IR and Raman spectra of small and medium-

sized molecules. When combined with appropriate configuration selection procedures, the 

method allows the treatment of VCI problems with up to 109 configurations. In general, this 

approach pursues the construction of the eigenspaces involving eigenstates with significant 

contributions of physically relevant configurations. The corresponding eigenfunctions are 

evaluated in the subspace of selected configurations. However, it can easily reach the dimension 

which is not feasible for conventional eigenvalue solvers. Although Davidson and Lanczos 

methods are the methods of choice for calculating exterior eigenvalues, they usually fall into 

stagnation when applied to interior states. The latter are commonly treated by the Jacobi-

Davidson method. This approach in conjunction with the matrix factorization for solving the 

correction equation (CE) is prohibitive for larger problems, and it has limited efficiency if the 

solution of the CE is based on the Krylov's subspace methods. 

We propose the iterative subspace method that is based on the optimality condition for the 

residual norm. The subspace extraction and expansion are modified according to this principle 

which allows very efficient calculation of interior vibrational eigenspaces with a strong 

multireference character for different vibrational structure problems.  

The convergence behavior of the method and its performance in comparison with 

aforementioned algorithms is investigated in a set of benchmark calculations. 
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Distributions of different species within neutral target beams can present a major challenge 

in analyzing radiation-induced processes and drawing rigorous comparisons with theory. A 

series of experiments by Küpper, Meijer, and their respective co-workers have demonstrated that 

the Stark effect can be exploited to select specific tautomers [1] and clusters [2] from 

rotationally-cold beams produced in pulsed supersonic expansions. Pulsed molecular beams are 

suitable for action spectroscopy experiments but are much less applicable to studies of collision-

induced processes with relatively low cross sections. Therefore we are developing an 

experiment at the Open University that uses a Stark deflector built by Küpper and co-workers to 

manipulate CW beams. Figure 1 shows that high-field seeking deflections of 2 mm of 

nitromethane (CH3NO2) can be achieved in a helium beam without any loss of molecules and 

negligible low-field seeking deflection. Initial comparisons with Stark curves (calculated using 

the CMIStark [3] package) indicate that the majority of the molecules were in J states ≤3. While 

further optimization is in progress, this level of rotational cooling bodes well for the deflection 

of more complex species. Our ultimate aim is to carry out electron attachment experiments on 

selected tautomers of biological building blocks (e.g. nucleobases) and their clusters. 

Dissociative electron attachment is known to contribute to radiation damage in DNA [4] but the 

effects of intermolecular bonding on the fundamental mechanisms are still quite poorly 

understood. 

 
Figure 1: (Left) Electron impact ionization profiles of undeflected and deflected (25-30 kVcm-1) nitromethane in 

CW helium beams; (Right) Stark curves for nitromethane in J states ≤3. 
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Relevant astrophysical molecules of empirical formula C2H3NO are characterized using 

explicitly correlated coupled cluster methods (CCSD(T)-F12/AVTZ-F12). We present results 

for four species: the most stable methyl isocyanate (CH3NCO), as well as, methyl cyanate 

(CH3NCO), acetonitrile oxide (CH3CNO) and hydroxyacetonitrile (HOCH2CN). 

Whereas acetonitrile oxide is a linear C3v structure, the remaining isomers are non-rigid 

species derived from methyl or OH group torsions.The recently detected methyl isocyanate 

shows a very low torsional energy barrier (V3=16.2 cm-1). All the torsional energy levels lye 

over the barrier. Thus, the methyl group can be considered a free rotor. The ground vibrational 

state rotational constants have been calculated to be A0 =76164.32 MHz, B0 =4411.89 MHz 

and C0 =4254.58 MHz. Although, the rotational parameters are really dependent of the skeletal 

motions, our parameters are in a very good agreement with the experimental ones [1]. 

Methyl cyanate shows a more conventional behavior. In this case, V3= 364.84 cm-1. The 

rotational constants A0 =39089.80 MHz, B0 = 5314.78 MHz and C0 = 4816.35 MHz were 

determined in a very agreement with the experimental ones [2]. Hydroxyacetonitrile show two 

different conformers which energy separation is 1.5 kcal/mol. The hydroxyl group display 

internal rotation restricted by two energy barriers (Vt=540 cm-1 and Vg→g=446.4 cm-1. 

Finally, we provide anharmonic frequencies, predicting possible Fermi interactions, 

centrifugal distortions constants and torsional transitions. These last were calculated 

variationally using a CCSD(T)-F12 potential energy surface. 
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The hydrogen bond is the strongest intermolecular interaction. It occurs when a molecule 

with a hydrogen atom bonded to an electronegative atom donates the hydrogen to another 

electronegative element. This interaction is also of paramount importance for the development 

of life on Earth as we know it, for it plays a major role in the formation of Watson-Crick base 

pairs in the DNA and RNA molecules. It is the reason for more than 70 anomalous properties of 

water [1]. All this makes the hydrogen bond important to research and we want to know the 

strength of the hydrogen bond and the correlations with the properties of atoms involved in 

making it. 

In this work, we have calculated the strength of the hydrogen bond between different 

hydrides of the upper right part of the periodic table (HF, H2O, H2S, NH3 etc.), altogether 90 

different dimmers using the Gaussian 09 [2] program suite, employing MP2 (full) method [3] with 

the Aug-CC-pVTZ basis set [4]. Energies of hydrogen bonds were calculated and then 

correlation checked between the strength of the interaction and the electronegativity of the 

participating atoms as well as connections with geometries of molecules and charges 

distributions. 

References: 

[1] S. Glazier, N. Marano and L. Eisen, Journal of Chemical Education 2010, 87 (12), 1336–1341. 

[2] M. J. Frisch, G. W. Trucks, H. B. Schlegel et. all, Gaussian 09, Revision A.1 2009, Gaussian Inc., Wallingford, 

CT.  

[3] C. Møller, M. S. Plesset, Phys. Rev. 1934, 46, 618-622. 

[4] F. Weigend, F. Furche, R. Ahlrichs, J. Chem. Phys 2003, 119, 12753-12762. 



56 

 

An efficient fitting procedure for high-dimensional  

potential energy surfaces 

B. Ziegler1,* and G. Rauhut1 

1Institute for Theoretical Chemistry, Universität Stuttgart,  

Pfaffenwaldring 55, D-70569 Stuttgart, Germany 
*Corresponding author: ziegler@theochem.uni-stuttgart.de 

Many quantum chemical calculations, e.g. dynamics calculations or anharmonic frequency 

calculations, require an accurate representation of the multi-dimensional potential energy 

surface (PES). For our purpose, namely the calculation of anharmonic frequencies of polyatomic 

molecules, a grid-based multimode expansion of the PES is a proper choice. To speed up 

variational vibrational calculations, it is recommendable to transform the grid representation to 

an analytical one. Within the framework of linear least squares fitting, a highly efficient 

algorithm is presented, which relies on a direct product representation of the PES and an 

iterative use of Kronecker products. In comparison to customary linear least squares fitting 

algorithms, this algorithms leads to significant speed-ups and memory savings by several orders 

of magnitude. Furthermore different fitting bases, like polynomials, B-splines and distributed 

Gaussians, are tested. 
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